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Sepsis is the leading cause of death among critically ill 
patients worldwide. This clinical syndrome is charac-

terized by systemic inflammatory response and bacteremia 
that promote multiorgan failure and mortality.1 The lung is 
usually the first organ to be affected by this process. Sepsis-
induced acute respiratory failure has a mortality rate greater 
than 40%.2,3 Despite advancements in life-support care, 
improvements in patient survival rates after sepsis have been 
limited because of the increasing resistance of some bacte-
rial strains to antimicrobial agents.1,3,4 Thus, approaches to 
enhance the host immune response are becoming particu-
larly important for addressing such infectious threats.

Macrophages are the resident sentinel cells within the body 
and play a key role in innate immunity during the early phase 

What We Already Know about This Topic

•	 Sphingosine 1-phosphate receptor 2 (S1PR2) modulates 
endotoxin-induced inflammation in endothelial cells. 	
Although it is a highly expressed S1P receptor in 
macrophages, its role concerning antimicrobial defense in 
sepsis is unclear.

What This Article Tells Us That Is New

•	 Deficiency in S1PR2 enhanced bacterial clearance and 	
improved survival in the mouse model of sepsis. These 
beneficial effects are attributed to an increase in the 
phagocytic activity of S1PR2-deficient macrophages. 	
Interventions targeting S1PR2 signaling may thus offer a 
promising therapeutic approach for the prevention and/or 
treatment of sepsis.
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ABSTRACT

Background: Sepsis is characterized by an inappropriate systemic inflammatory response and bacteremia that promote mul-
tiorgan failure and mortality. Sphingosine 1-phosphate receptor 2 (S1PR2) modulates endotoxin-induced inflammation in 
endothelium. However, as a highly expressed S1P receptor in macrophages, its role in regulating macrophage response to 
bacterial infection remains unclear.
Methods: Cecal ligation and puncture or intratracheal instillation of Escherichia coli was induced in wild-type or S1pr2-
deficient mice. The antibacterial ability of cell-specific S1PR2 was tested in bone marrow reconstitution mice or mice with 
macrophage-specific deletion. Signaling molecules responsible for S1PR2-mediated phagocytosis were also measured in the 
bone marrow–derived macrophages. In addition, S1PR2 expression levels and its correlation with severity of sepsis were deter-
mined in critically ill patients (n = 25).
Results: Both genetic deletion and pharmaceutical inhibition of S1PR2 significantly limited bacterial burden, reduced lung 
damage, and improved survival (genetic deletion, 0% in S1pr2+/+ vs. 78.6% in S1pr2−/−, P < 0.001; pharmaceutical inhibition, 
9.1% in vehicle vs. 22.2% in S1PR2 antagonist, P < 0.05). This protection was attributed to the enhanced phagocytic function 
of S1PR2-deficient macrophages (mean fluorescent intensity, 2035.2 ± 202.1 vs. 407.8 ± 71.6, P < 0.001). Absence of S1PR2 
in macrophage inhibits RhoA-dependent cell contraction and promotes IQGAP1-Rac1-dependent lamellipodial protrusion, 
whose signaling pathways depend on extracellular stimulators. In septic patients, increased S1PR2 levels in peripheral blood 
mononuclear cells were positively correlated with the severity of sepsis (r = 0.845, P < 0.001).
Conclusions: This study implies that S1PR2, as a critical receptor in macrophage, impairs phagocytosis and antimicrobial 
defense in the pathogenesis of sepsis. Interventions targeting S1PR2 signaling may serve as promising therapeutic approaches 
for sepsis. (Anesthesiology 2015; 123:409-22)
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of infection. Effective internalization and clearance of invad-
ing pathogens through phagocytosis by alveolar macrophages 
(AMs) is a key defense mechanism in maintaining the sterility 
of the airway tract.5,6 Phagocytosis is a dynamic and diverse 
process using various receptors and signaling pathways to 
remodel the actin cytoskeleton specifically to engulf particu-
late targets.7 In addition to the well-studied opsonin-mediated 
mechanisms, recent studies have reported that oxidized phos-
pholipids, which are generated through peroxidation of host 
membrane phospholipids during infection and inflammation, 
participate in the signaling events that drive actin reorganiza-
tion.8,9 These findings uncovered a vital role for endogenous 
lipid mediators in orchestrating phagocytosis.

Sphingosine-1-phosphate (S1P) is a natural bioactive 
metabolite of mammalian membrane sphingolipids and reg-
ulates biological functions of many cells.10 The cell-extrinsic 
function of S1P is mediated by five different transmembrane 
G protein-coupled receptors: sphingosine 1-phosphate 
receptor 1 (S1PR1) to S1PR5, in which S1PR2 is one of 
the most studied. Activation of S1PR2 is critical for mast 
cell degranulation and follicular helper T-cell retention.11–13 
Endothelial S1PR2 is a key regulator of vascular inflam-
mation during endotoxemia.14,15 Studies have also shown 
that S1PR2 is the most abundant S1P receptor on macro-
phages.16,17 The biological role of S1PR2 in antimicrobial 
host defense has not been well characterized. Recent stud-
ies have found that macrophages isolated from S1PR2-null 
mice were defective in opsonic phagocytosis of fungus and 
that in the absence of opsonization, S1PR2-silenced den-
dritic cells had enhanced endocytic function.16,18 The incon-
sistency of these findings requires further clarification using 
more appropriate methodology and physiologically relevant 
mouse models. Herein, we hypothesized that S1PR2 sig-
naling is important in macrophage phagocytosis in cecal 
ligation and puncture (CLP)–induced sepsis and bacterial 
infusion sepsis models. Therefore, we dissected the role of 
S1PR2 in sepsis and elaborated the signaling mechanisms 
involved in S1PR2-mediated phagocytosis in vitro.

Materials and Methods

Animals
CD45.2 mice (C57BL/6 × 129Sv mixed background) with 
targeted disruption of the S1pr2 gene were obtained from the 
Mutant Mouse Regional Resource Centers (USA; MMRRC 
Strain ID, 12830). Mice were maintained in a specific 
pathogen-free mouse facility with food and water ad libi-
tum. All mice used in this study, including wild-type (WT, 
S1pr2+/+), heterozygote (S1pr2+/−), and knockout (S1pr2−/−), 
were sex- and age-matched littermates. CD45.1 WT mice 
(C57BL/6) were kindly provided by Prof. Zhenyu Ju, M.D. 
(Institute of Aging Research, School of Medicine, Hangzhou 
Normal University, Hangzhou, Zhejiang Province, China). 
All animal experiments were approved by the Animal Care 
and Use Committee of Zhejiang University (Hangzhou, 

China). Animals were randomized to experimental condi-
tions. Blinding of the experimenters was used in any fashion.

Polymicrobial Sepsis and Microbiology Inspection
The polymicrobial septic mouse model was induced using CLP 
as described recently.19 Mortality was assessed daily. To deter-
mine the bacterial burden, peritoneal lavage fluid, blood sam-
ples, and lung homogenate were obtained at 72 h after CLP 
challenge, serially diluted in 10-fold with sterile phosphate-
buffered saline (PBS), and assayed as described previously.19

Pulmonary Bacterial Infection and Sample Harvest
Mice were treated by intratracheal instillation of 50 μl saline 
containing 2 × 106 colony-forming units of Escherichia coli 
(ATCC 25922) as described previously.20 In some experi-
ments, a single dose of JTE-013 (4 mg/kg; Tocris Biosci-
ence, USA) or vehicle only was administered intratracheally 
30 min before bacterial inoculation. Mortality was assessed 
hourly. Bronchoalveolar lavage fluid (BALF), blood, and 
lung tissue were obtained at 0, 4, and 18 h after infection 
and were assayed as described previously.21

Bone Marrow Transplantation
The recipients, namely WT CD45.2 or S1pr2−/− CD45.2 
mice (8-week old), were lethally irradiated with a single dose 
of 8 Gy using the RS 2000 X-ray Biological Irradiator (Rad 
Source Technologies, USA). Two to three hours later, freshly 
isolated bone marrow (BM) cells (3 to 5 × 106) from young 
adult donors, namely WT CD45.1 or S1pr2−/− CD45.2, 
were administrated to the recipients through retro-orbital 
injection to create the following BM chimeras: WT→WT, 
S1pr2−/− → S1pr2−/−, WT→ S1pr2−/−, and S1pr2−/− →WT. 
The chimeras were allowed to recover under sterile condi-
tions for 8 weeks. Hematopoietic reconstitution by the 
donor cells was verified with flow cytometry analysis of the 
CD45.1/CD45.2 expression ratio on the myeloid lineage 
cells in blood, BM, and BALF of the recipients.

Depletion of AMs In Vivo
Mouse AMs were depleted as described previously.22 Briefly, 
100 μl of either clodronate-conjugated liposomes or control 
liposomes (FormuMax Scientific, USA) were administered 
to the mouse through intratracheal instillation 48 h before 
inoculation with E. coli. AM depletion was confirmed via 
flow cytometry analysis of BALF.

Cell Culture
See text documents, Supplemental Digital Content 1, 
http://links.lww.com/ALN/B157, which lists the necessary 
methods used in this study.

Phagocytosis and Bactericidal Assay
AMs, BM-derived macrophages (BMDMs), or periph-
eral blood mononuclear cells (PBMCs) were cultured in 
Dulbecco’s minimum essential medium containing 2% 
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charcoal-treated fetal calf serum for 24 h. On the following 
day, cells were starved in serum-free Dulbecco’s minimum 
essential medium for another 2 h and then incubated with E. 
coli for 30 or 60 min at 37°C. Phagocytosis was stopped by 
washing three times with cold PBS.

To opsonize bacteria, 100 μl of the reconstituted opsoniz-
ing reagent (rabbit polyclonal IgGs, Life Technologies, USA) 
was mixed with either 100 μl Texas Red coupled E. coli (Life 
Technologies) or 100 μl live E. coli (1 × 108 colony forming 
units) and incubated at 37°C for 1 h. After three washes, the 
mixture was resuspended in cold PBS. The multiplicity of 
infection of viable bacteria was estimated as described.23

Macrophage bactericidal assays were performed as described 
previously.24 AMs were incubated with either opsonized or 
unopsonized live E. coli (multiplicity of infection = 20) for 1 h. 
Gentamicin was then added to a final concentration of 1 μg/
ml, and the mixture was incubated for an additional 30 min to 
kill extracellular bacteria. Cells were washed twice with warm 
PBS and cultured in fresh growth media. At 0, 4, and 12 h 
after incubation, AMs were lysed in 0.1% Triton X-100/PBS. 
Surviving bacteria were quantified as described.19

S1P Measurement
See text documents, Supplemental Digital Content 1, 
http://links.lww.com/ALN/B157, which lists the necessary 
methods used in this study.

Confocal Microscopy
See text documents, Supplemental Digital Content 1, 
http://links.lww.com/ALN/B157, which lists the necessary 
methods used in this study.

Western Blot, Pull Down Assay, and 
Coimmunoprecipitation
See text documents, Supplemental Digital Content 1, 
http://links.lww.com/ALN/B157, which lists the necessary 
methods used in this study.

Small Interfering RNA, Semiquantitative Reverse 
Transcription–Polymerase Chain Reaction and Quantitative 
Reverse Transcription–Polymerase Chain Reaction

See text documents, Supplemental Digital Content 1, 
http://links.lww.com/ALN/B157, which lists the necessary 
methods used in this study, and see Supplemental Digital 
Content 1, table 1, http://links.lww.com/ALN/B157, which 
lists all the primers used in this study

Human Subjects
See Supplemental Digital Content 1, tables 2 and 3, http://
links.lww.com/ALN/B157, which lists all the patients char-
acteristics studied in this study.

Statistical Analysis
Data are presented as the means ± SD unless stated other-
wise. A two-tailed Student t test or a Mann–Whitney test 
was used to compare difference between two independent 

groups. Multigroup comparisons were assessed using 
ANOVA followed by Bonferroni post hoc tests. Among 
which, the two-way ANOVA was conducted to examine the 
effects of two independent variables (cell types and stimulus) 
on E. coli phagocytosis and RhoA or Rac1 activity separately. 
Survival rates were analyzed with the Mantel–Cox test. The 
relationship between S1PR2 expression levels in PBMCs 
and Acute Physiology and Chronic Health Evaluation II 
score of the septic patients were assessed using the Pearson 
correlation analysis. Sample sizes were based on our previ-
ous experience. All statistical analyses were performed using 
SPSS 16.0 (SPSS Inc., USA) or Prism 6.0 (GraphPad soft-
ware Inc., USA), and P value less than 0.05 was considered 
statistically significant.

Results

S1PR2 Signaling Negatively Regulates Host Response to 
Infection
We first assessed the overall effect of S1PR2 during polymi-
crobial sepsis. In a sublethal CLP model, the survival rate of 
the S1pr2−/− mice was 66.7%, whereas only 28.6% of WT 
mice survived more than 10 days (fig. 1A). Next, we evalu-
ated the bacterial burden in the mice. S1PR2 deficiency 
led to a significant decrease in bacterial counts within the 
peritoneal lavage fluid and peripheral blood at 72 h after 
CLP (fig. 1, B and C). Furthermore, a decreased pulmo-
nary bacterial burden was also observed in the S1pr2−/− 
mice (fig. 1D), which was concomitant with alleviated lung 
injury in these mice (fig.  1E). This finding suggests that 
S1PR2 deficiency plays a protective role in polymicrobial 
sepsis and its related lung injury.

To further investigate whether S1PR2 participates in 
lung immune defense against bacterial infection, mice with 
different genotypes were challenged with E. coli intratra-
cheal inoculation. There was no survival of WT and hetero-
zygote mice beyond 32 h. Remarkably, 80% of S1pr2−/− mice 
were still alive 48 h after E. coli challenge (fig. 2A). Four 
hours after inoculation of E. coli, bacterial counts in the 
blood collected from the WT mice were higher than those 
from the S1pr2−/− mice by 10-folds. Bacterial counts con-
tinued to increase at 18 h after E. coli inoculation in the 
WT mice (fig.  2B). In contrast, bacterial counts in the 
blood samples taken from the S1pr2−/− mice remained very 
low from 4 to 18 h (fig. 2B). Consistent with the serologic 
findings, bacterial counts in BALF from the WT mice were 
significantly higher than those from the S1pr2−/− mice at 
both time points (fig. 2C). Along with reduced pulmonary 
bacterial load, diminished lung injury and permeability 
were observed in the S1pr2−/− group (fig. 2, D–F). Taken 
together, our results indicate that the absence of S1PR2 
enhances lung immune defense to eliminate invading E. 
coli and prevents the pathogen from spreading, ultimately 
improving the outcome.
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Deletion of S1PR2 in Macrophage Is Responsible for Its 
Protective Function against Bacterial Infection
To identify which cells were responsible for the different rates 
of bacterial clearance observed earlier (see S1PR2 Signaling 
Negatively Regulates Host Response to Infection; fig. 2, B 
and C), we created reciprocal BM transplantation between 
WT and S1pr2−/− mice (see Supplemental Digital Content 
1, fig. 1A, http://links.lww.com/ALN/B157, which con-
firms the successful generation of BM chimeras). The chi-
meras were then subjected to intratracheal E. coli challenge. 
Replacement of WT mouse BM with that from S1pr2−/− 
mice mirrored the phenotype observed in the S1pr2−/− mice, 
but engraftment of WT BM into the S1pr2−/− recipients 
restored the WT phenotype (fig.  3A). The S1pr2−/−→WT 
chimeric mice survived from bacterial infection better than 
the WT→WT chimeras (fig. 3B). These data indicate that 
deletion of S1PR2 in the BM-derived cells leads to increased 
bacterial clearance activity in the lung.

The primary BM-derived cells involved in acute pul-
monary infections are AMs and neutrophils. We found 
that AMs were dominant in the BALF samples at 0 and 
4 h after infection. The recruitment of neutrophils dra-
matically increased 18 h after infection. However, far fewer 
neutrophils were present in S1pr2−/− mice BALF samples, 
indicating that less pulmonary injury was present in the 
S1pr2−/− mouse cohort (see Supplemental Digital Content 1, 
fig. 1, B–D, http://links.lww.com/ALN/B157, which shows 
the immune cell numbers). Interestingly, the mRNA level 

of S1PR2 was approximately 25-fold higher in AMs than 
in neutrophils, regardless of E. coli stimulation (see Supple-
mental Digital Content 1, fig. 1E, http://links.lww.com/
ALN/B157, which shows the expression levels of S1PR2 in 
immune cells). On the basis of the findings detailed earlier 
(Supplemental Digital Content 1, fig. 1, B–E, http://links.
lww.com/ALN/B157), we hypothesized that the deletion of 
S1PR2 in AMs is responsible for the increased host defense 
observed in S1pr2−/− mice. To test this, we depleted AM 
populations through intratracheal administration of lipo-
some-encapsulated clodronate before E. coli challenge (see 
Supplemental Digital Content 1, fig. 1F, http://links.lww.
com/ALN/B157, which confirms the successful depletion of 
AMs in vivo). Clodronate treatment abrogated the difference 
of bacterial loads and survival between the S1pr2−/− and WT 
cohorts (fig. 3, C and D). Together, these findings demon-
strate that deletion of S1PR2 in AMs improves pulmonary 
bacterial clearance and leads to increased survival rates after 
bacterial infection.

S1PR2 Signaling Suppresses Phagocytic Function
The functional enhancement present in S1pr2−/− AMs was 
further confirmed. S1pr2−/− AMs exhibited increased rates 
of bacterial engulfment (fig.  4, A and B). Opsonizing E. 
coli using rabbit IgG increased ingestion of the bacteria by 
approximatrely threefold in WT AMs but did not increase 
phagocytosis in S1pr2−/− AMs (fig. 4, A and B). Significantly 
increased phagocytosis of Texas Red–labeled microspheres 

Fig. 1. S1PR2 signaling negatively regulates host response to cecal ligation and puncture (CLP) sepsis. (A) Survival curves of 
wild-type (WT, S1pr2+/+) and S1pr2-deficient (S1pr2−/−) littermates after performance of CLP. Survival rates were monitored for 10 
days. Data consist of two independent experiments (n = 15 for WT group, n = 14 for S1pr2−/− group) and were analyzed by the 
Mantel–Cox test. (B–D) Peritoneal lavage fluid (PLF, B), blood (C), and lung tissue (D) were collected at 72 h after performance of 
CLP. Bacterial burden was determined as colony-forming unit (CFU). Horizontal bars represent median values, and dots repre-
sent individual mice. n = 6 per group. Data are presented as mean ± SD. Student t test was used to compare difference between 
two independent groups. (E) Representative images of hematoxylin and eosin staining of mouse lung tissue sections taken at 
72 h after performance of CLP. Magnification is ×100 and that of the inset is ×400. S1PR2 = sphingosine 1-phosphate receptor 
2. *P < 0.05 and **P < 0.01.
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was also found in S1pr2−/− AMs (see Supplemental Digital 
Content 1, fig. 2, http://links.lww.com/ALN/B157, which 
shows the Texas Red–labeled microspheres phagocytosis by 
AMs). These data indicate that S1PR2 deficiency enhances 
AMs phagocytic function in a substrate-independent 
manner.

We next used bactericidal assays to determine whether 
S1PR2 plays a role in killing E. coli internalized by AMs. 
Bactericidal events took place mainly within the first 4 h after 
ingestion and very few intracellular bacteria survived more 
than 12 h (fig.  4, C and D). These data indicate that the 
bactericidal rate of AMs is varied in the short term depend-
ing on the quantity of ingested bacteria, but presence of 
S1PR2 does not affect bactericidal capacity in the long run. 

In agreement with these conclusions, 50% of WT mice sur-
vived at 33 h postchallenge with opsonized E. coli (fig. 4E), 
which is 15 h longer than when they were challenged with 
unopsonized E. coli (fig. 2A). As expected, opsonization of E. 
coli did not affect the survival rate of S1pr2−/− mice (fig. 4E). 
These data demonstrate that S1PR2 deficiency enhances the 
phagocytic function of AMs, thereby improving host defense 
and survival rates after bacterial infection.

RhoA and Rac1 Differently Mediate S1PR2 Signaling–
induced Negative Regulation of Macrophage Phagocytosis
Opsonization-induced bacterial phagocytosis of cultured 
WT AMs was within very close range to that measured for 
S1pr2−/− AMs. However, survival rate of WT mice challenged 

Fig. 2. S1PR2 signaling negatively regulates host response to bacterial infection caused by intratracheal inoculation with Esch-
erichia coli. (A) Survival curves of S1pr2+/+, S1pr2+/–, and S1pr2−/− littermates after inoculation with E. coli (2 × 106 colony-forming 
units [CFU]). Data consist of two independent experiments (n = 14 for S1pr2+/+ and S1pr2−/− group, n = 10 for S1pr2+/– group) 
and were analyzed by the Mantel–Cox test. (B, C) Number of E. coli bacteria recovered from blood (B) and lung tissues (C) from 
the infected S1pr2−/− and wild-type (WT, S1pr2+/+) mice at indicated time points. n = 4 for blood detection, n = 6 for lung tissue 
detection. *Significant difference was compared with respective WT control mice. Data were analyzed by Student t test. (D) Rep-
resentative images of hematoxylin and eosin staining of mouse lung tissue sections taken at indicated time points. Magnification 
is ×100 and that of the inset is ×400. (E, F) The pulmonary wet-to-dry weight ratio (E) and bronchoalveolar lavage fluid (BALF) 
total protein levels (F) were assayed before and after E. coli administration. *Significant difference was compared with respective 
WT control mice. Data are presented as mean ± SD and were analyzed by the Student t test. S1PR2 = sphingosine 1-phosphate 
receptor 2. *P < 0.05, **P < 0.01, and ***P < 0.001.
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with opsonized E. coli was not improved as much as expected 
compared with those measured for S1pr2−/− mice, suggesting 
other host factors may also contribute to the survival of bac-
terial infection. During acute lung infection, S1P concentra-
tion within collected BALFs increased from 0 to 18 h after 
bacterial infection (fig. 5A). In contrast, secretion of endog-
enous S1P from WT and S1pr2−/− BMDMs before and after 
E. coli infection alone was very limited (fig. 5A). We further 
found that incubation with exogenous S1P (from 100 nM to 
5 μM) reduced phagocytosis by approximately 40% in WT 
BMDMs. However, phagocytosis by S1pr2−/− BMDMs was 
not inhibited (fig. 5B). This could explain why opsonization 
of E. coli did not increase survival rates in vivo as efficiently 
as it enhanced phagocytosis in vitro where very low levels of 
S1P are present in the growth media.

Pseudopodia are formed by microtubule and filament 
structures including lamellipodia and serve a locomotive 
function by sensing and capturing “prey” for phagocytosis.25 
Exogenous S1P treatment stimulated rapid redistribution 
of actin in WT BMDMs leading to the cellular adop-
tion of a round-shaped morphology within 10 min of S1P 
application; however, no such morphological changes were 
observed in S1pr2−/− cells (see Supplemental Digital Con-
tent 1, fig. 3, http://links.lww.com/ALN/B157, which 
shows the morphology of cells). When incubating cells 
with E. coli alone, autocrine signaling of S1PR2 through 

the macrophage-derived S1P ligand failed to induce cel-
lular contraction; instead, it was found that S1PR2 signal-
ing decreased the presence of prey-stimulated formation of 
lamellipodia in WT cells (fig.  5C, F-actin). However, the 
presence of prey did not induce lamellipodiual formation in 
WT cells pretreated with S1P.

Contraction of actin filaments requires RhoA.26 Exoge-
nous S1P treatment increased RhoA-GTP levels in WT cells 
but not in S1pr2−/− cells (fig. 5D). Incubation with E. coli 
alone did not significantly affect the levels of RhoA-GTP 
(fig.  5D), suggesting that E. coli–stimulated formation of 
lamellipodia is independent of RhoA. Therefore, these find-
ings suggest that activation of the S1P-S1PR2-RhoA path-
way impairs the phagocytic function of WT macrophages 
and that a RhoA-independent mechanism enhances phago-
cytosis in S1pr2−/− macrophages.

Translocation of Rac1 from the cytosol to the site of 
particle attachment is a prerequisite for rearrangement 
of the actin cytoskeleton and formation of lamellipodial 
protrusions or pseudopodia. Immunofluorescent staining 
revealed that Rac1 was primarily localized within the peri-
nuclear area of the cytoplasm in both WT and S1pr2−/− 
BMDMs in the absence of bacterial stimulation (fig. 6A). 
However, when S1pr2−/− cells were challenged with E. coli, 
Rac1 almost completely relocated from the perinuclear 
area to the cell periphery. In contrast, Rac1 localization 

Fig. 3. Deletion of S1PR2 in macrophages improves host defense against intratracheal bacterial infection. (A) Numbers of bacte-
ria recovered in bronchoalveolar lavage fluid (BALF) from various bone marrow (BM) chimeric mice at 4 h after Escherichia coli in-
fection. Data were analyzed by one-way ANOVA with Bonferroni corrections for multiple comparisons and represented by mean 
± SD. (B) Survival of BM chimeras as indicated. n = 10 for wild-type (WT, S1pr2+/+) →WT chimeras, and n = 8 for S1pr2−/−→WT 
chimeras. Data were analyzed by the Mantel–Cox test. (C, D) WT and S1pr2−/− mice were intratracheally treated with control or 
clondronate liposomes before E. coli challenge. Bacteria in BALF were quantified at 4 h (C), and survival rates were evaluated (D). 
Data are presented as mean ± SD and were analyzed using one-way ANOVA with Bonferroni corrections (C) or Mantel–Cox test 
(D). CFU = colony forming units; S1PR2 = sphingosine 1-phosphate receptor 2. *P < 0.05.
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did not substantially change in WT BMDMs after cel-
lular exposure to E. coli (fig. 6A). As expected, incubation 
with E. coli stimulated a dramatic increase of Rac1-GTP 
levels in S1pr2−/− BMDMs, but only a mild increase of 
Rac1 activity in WT cells (fig.  6B). Consistent with the 
findings in cultured BMDMs, Rac1-GTP levels were 
greatly increased in both WT and S1pr2−/− AMs isolated 
4 h after intratracheal inoculation of E. coli, with far more 
robust Rac1 activation in S1pr2−/− AMs versus WT AMs 
(see Supplemental Digital Content 1, fig. 4, http://links.
lww.com/ALN/B157, which shows the Rac1-GTP levels 
in BALF cells isolated from normal mice or 4 h after mice 
challenged with E. coli).

Lamellipodial formation results from Rac1-activated 
reorganization of actin structures.27 The leading edges of 
lamellipodia contain detergent-insoluble polymerized actin 
filaments (F-actin).28 Consistent with Rac1-GTP levels in 
these cells, bacterial incubation increased the presence of 
F-actin slightly in WT BMDMs and greatly in the S1pr2−/− 
BMDMs (fig. 6C). Together, these results demonstrate that 
the absence of S1PR2 increased both Rac1 activation and 
the formation of phagocytic pseudopodia in macrophages 
after bacterial stimulation.

IQGAP1 is a widely expressed Rac1-binding protein.29 
Binding of IQGAP1 to Rac1 inhibits intrinsic Rac1 GTPase 
activity and stabilizes its GTP-bound form. Similar to Rac1, 

Fig. 4. S1PR2-deficient alveolar macrophages (AMs) show enhanced phagocytic function. (A) Representative microscopic images 
of red fluorescent–labeled Escherichia coli engulfed by isolated wild-type (WT, S1pr2+/+) and S1pr2−/− AMs. The bacteria were also 
pretreated with or without opsonin. Magnification is ×200. (B) Quantification of phagocytosis according to fluorescent microscopic 
images in A. In each microscopic field, total AMs and fluorescent intensity (FI) inside these cells were quantified. The average FI 
per AM was calculated as total FI per field/total number of AMs per field. Three fields per sample were analyzed. n = 4 for WT AMs 
groups, and n = 6 for S1pr2−/− AMs groups. Data are presented as mean ± SD and were analyzed by two-way ANOVA with Bonfer-
roni corrections. (C, D) Killing curves of internalized E. coli in WT and S1pr2−/− AMs. n = 4 per group. Data are presented as mean 
± SD and were analyzed by Mann–Whitney test. (E) Survival curve in S1pr2−/− and WT mice with opsonized E. coli (2 × 106 colony 
forming units [CFU]) induced lung injury. Data consist of two independent experiments (n = 13 or WT group, n = 14 for S1pr2−/− 
group) and were analyzed by Mantel-Cox test. S1PR2 = sphingosine 1-phosphate receptor 2. **P < 0.01 and ***P < 0.001.
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IQGAP1 was found to be located in the cytosol of both WT 
and S1pr2−/− BMDMs. E. coli incubation efficiently induced 
membrane localization of IQGAP1 in S1pr2−/− BMDMs but 
not in WT cells (fig. 7A). Furthermore, there was a greater 
degree of colocalization between IQGAP1 and Rac1 in 
S1pr2−/− cells after bacterial stimulation, consistent with the 
coimmunoprecipitation result that bacterial stimulation led 
to a greater quantity of Rac1 pulled down with IQGAP1 
in S1pr2−/− cells (fig. 7B). Interestingly, a greater degree of 
IQGAP1 tyrosine phosphorylation was also observed in 
S1pr2−/− cells (fig.  7B). To determine the degree to which 
IQGAP1 is required for enhanced phagocytosis in S1pr2−/− 
macrophages, IQGAP1 was silenced with siRNA (fig. 7C). 

Knockdown of IQGAP1 resulted in negligible levels of 
Rac1-GTP in both WT and S1pr2−/− BMDMs after E. coli 
stimulation and reduced bacterial phagocytosis to a similar 
degree in both cell types (fig. 7, D and E). Thus, these find-
ings identify IQGAP1 as a downstream effector of S1PR2 
that is required for the enhancement of phagocytosis in 
S1PR2-deficient macrophages.

Pharmacologic Inhibition of S1PR2 Demonstrates a 
Protective Effect on Host Defense against Bacterial Infection
JTE-013 is a well-characterized S1PR2 antagonist.10 In 
the current study, WT BMDMs pretreated with JTE-013 
not only retained their morphology after stimulation with 

Fig. 5. Engagement of S1PR2 with exogenous S1P leads to RhoA activation and inhibition of phagocytosis. (A) S1P levels in 
bronchoalveolar lavage fluid (BALF) from wild-type (WT, S1pr2+/+) and S1pr2−/− mice, as well as in the supernatants of cultured 
bone marrow–derived macrophages (BMDMs), at different time points (as indicated) after challenge with live Escherichia coli. 
Data are presented as the mean ± SD and were analyzed by Student t test. n = 6 per group. (B) Phagocytosis of fluorescent E. 
coli by BMDMs challenged with various doses of S1P. Data are presented as mean ± SD from three independent experiments 
and analyzed by two-way ANOVA with Bonferroni corrections. FI = fluorescent intensity. (C) Activation of S1PR2 with S1P pre-
vents phagocytosis of fluorescent E. coli (red) in BMDMs. WT and S1pr2−/− BMDMs were starved and pretreated with or without 
S1P (100 nM) for 30 min and then incubated with fluorescent E. coli for 30 min. F-actin (green) and nuclei (blue) were fluorescently 
stained. (D) S1P activates small RhoA GTPase in BMDMs through S1PR2. RhoA-GTP level was detected in E. coli-stimulated 
WT and S1pr2−/− BMDMs using glutathione-S-transferase pull-down assay. Total RhoA protein was used a loading control. Data 
are presented as mean ± SD from three independent experiments and were analyzed by two-way ANOVA with Bonferroni cor-
rections. S1PR2 = sphingosine 1-phosphate receptor 2. *P < 0.05, **P < 0.01, and ***P < 0.001.
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100 nM S1P (see Supplemental Digital Content 1, fig. 5A, 
http://links.lww.com/ALN/B157, which shows the function 
of JTE-013 in protecting against S1P-induced macrophage 
contraction) but also showed significantly increased phago-
cytosis of E. coli, regardless of the presence or absence of 
S1P (fig. 8A). However, treatment with any combination of 
S1P and JTE-013 did not affect the phagocytic function in 
S1pr2−/− BMDMs (fig. 8A), indicating that any inhibitory 
effects caused by treatment with JTE-013 are S1PR2 spe-
cific. After JTE-013 pretreatment, 50% of the mice survived 
for at least 36 h after bacterial infection, but only 10% of 
the mice treated with vehicle survived for this length of time 
(fig. 8B). Moreover, the bacterial burdens measured within 
the blood and BALF of these mice were also significantly 
reduced after JTE-013 treatment (fig. 8, C and D). In addi-
tion, a single dose of JTE-013 (4 mg/kg) or vehicle was also 
intratracheally administered immediately after administra-
tion of E. coli intratracheally. Notably, the survival time of 
WT mice received JTE-013 was prolonged by 1.5 times 
compared with that of the vehicle-treated mice, although all 
the mice died in both of the groups (see Supplemental Digi-
tal Content 1, fig. 5B, http://links.lww.com/ALN/B157, 
which shows the function of JTE-013 in protecting against 
E. coli infection). These findings are consistent with our 
studies in S1pr2−/− mice, suggesting that JTE-013 may be 
a promising therapeutic for enhancing host defense against 
bacterial infection.

S1PR2 Expression in Monocytes Was Increased in  
Septic Patients
We also determined the expression level of S1PR2 in PBMCs 
obtained from 25 septic patients and 9 nonseptic controls. 

As shown in figure 9A, S1PR2 mRNA levels were signifi-
cantly higher in septic patients compared with those in non-
septic controls. Furthermore, an increased S1PR2 expression 
was positively correlated with the severity of sepsis, evalu-
ated by Acute Physiologic and Chronic Health Evaluation II 
scores (r = 0.845, fig. 9B). The relationship between S1PR2 
expression level and phagocytic function of PBMCs was also 
assayed in one nonseptic control and newly recruited three  
septic patients (see Supplemental Digital Content 1, table 3, 
http://links.lww.com/ALN/B157, which lists the four 
patients characteristics studied in this study). Significantly 
decreased phagocytosis of red fluorescent–labeled E. coli was 
found in PBMCs collected from septic patients (fig. 9, C). 
Moreover, PBMCs with higher expression levels of S1PR2 
showed lower phagocytic ability, which further supports the 
positive relationship between S1PR2 expression and severity 
of sepsis (fig. 9, B and D).

Discussion
In the current study, we discovered a previously unrecog-
nized role of S1PR2 in sepsis. Knockout of S1PR2 alleviated 
lung injury and improved survival rates in mouse models 
of polymicrobial sepsis and intratracheal inoculation with 
E. coli. This protective effect was attributed to the absence 
of S1PR2 on macrophages, which altered their phagocytic 
function and increased bacterial clearance. Importantly, we 
elaborated an extracellular stimulator-dependent mechanism 
for S1PR2 in activating Rho family proteins and regulating 
actin rearrangement during phagocytosis.

The role of S1PR2 in host antibacterial defense is unclear. 
McQuiston’s in vitro study suggested that extracellular S1P 
increased opsonin-mediated phagocytosis of Cryptococcus 

Fig. 6. Engagement of S1PR2 with Escherichia coli alone prevents Rac1 activation and F-actin polymerization. (A) Translocation 
of Rac1 in bone marrow–derived macrophages (BMDMs) on E. coli stimulation. Wild-type (WT, S1pr2+/+) and S1pr2−/− BMDMs 
were starved and incubated with live E. coli for 30 min. Rac1 (green) and nuclei (blue) were fluorescently stained. (B) Deletion 
of S1PR2 increases E. coli–induced Rac1-GTP levels in BMDMs. GTP-bound Rac1 levels were determined with glutathione-
S-transferase pull-down assays and normalized to the total Rac1. Data are presented as mean ± SD from three independent 
experiments and were analyzed by Student t test. *Significant difference was compared with respective WT control cells. (C) An 
increased actin polymerization in S1pr2−/− BMDMs. Data are presented as mean ± SD from three independent experiments and 
were analyzed by Student t test. **Significant difference was compared with respective WT control cells. S1PR2 = sphingosine 
1-phosphate receptor 2. *P < 0.05 and **P < 0.01.
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neoformans through S1PR2 by up-regulating the expression of 
the phagocytic Fcγ receptors (FcγRI, FcγRII, and FcγRIII). 
In our in vitro study, S1pr2−/− AMs exhibited increased rates 
of E. coli engulfment in an opsonin-independent manner. 
Mechanistically, absence of S1PR2 in macrophages inhibits 
RhoA-dependent cell contraction and promotes IQGAP1-
Rac1–dependent lamellipodial protrusion, both of which 
promoted E. coli phagocytosis. This different responses 
observed by the two studies are probably because of the dif-
ferent functions of S1PR2 in bacterial and fungal defense. 
In McQuiston’s in vivo study, they found S1pr2+/+ mice 
survived significantly shorter than S1pr2−/− mice and dem-
onstrated that the deficiency in S1PR2 provides protection 
against cryptococcosis. They speculated that the conflicting 
results might be due to decreased ability of C. neoformans 
to pass through the endothelial lining of the lungs to enter 

into bloodstream and then cause disseminated disease in 
S1pr2-deficient mice. However, the assessments of lung bac-
terial burden and lung edema were ignored in their study. 
Therefore, it is difficult to attribute the observed protective 
effects in this model only to the effects of S1PR2 signaling 
on vascular permeability. In our in vivo study, we found 
that both genetic deletion and pharmaceutical inhibition 
of S1PR2 significantly limited bacterial burden, alleviated 
lung damage, and improved survival in experimental sepsis. 
The observation that the survival of S1pr2−/−→WT chimeric 
mice was better than the WT→WT chimeras but still worse 
than S1pr2−/− mice suggests that the effect of S1PR2 signaling 
on endothelial cells may also be relevant. However, the pul-
monary edema (wet-to-dry weight ratio and BALF protein 
levels) did not show differences at the early time point of this 
model, i.e., at 4 h, when clear differences were already noted 

Fig. 7. S1PR2 inhibits Rac1 activation in macrophages through IQGAP1. (A) Localization of IQGAP1 and Rac1 in bone marrow–
derived macrophages (BMDMs) on Escherichia coli challenge. IQGAP1 (red) and Rac1 (green) were detected with immuno-
fluorescent staining, and nuclei were stained with DAPI (blue). (B) E. coli induced phosphorylation of IQGAP1 and association 
between IQGAP1 and Rac1. IQGAP1 was immunoprecipitated, and Rac1 and IQGAP1 levels were examined using Western 
blot. (C) Knockdown of IQGAP1 with siRNA in wild-type (WT, S1pr2+/+) and S1pr2−/− BMDMs. Glyceraldehyde 3-phosphate  
dehydrogenase (GAPDH) was used as a loading control. (D) Knockdown of IQGAP1 diminishes E. coli–induced Rac1-GTP levels 
in both S1pr2−/− and WT BMDMs. Data are presented as mean ± SD from three independent experiments and were analyzed by 
two-way ANOVA with Bonferroni corrections. (E) Knockdown of IQGAP1 expression abolishes enhanced phagocytosis caused 
by S1PR2 deficiency. Data are presented as mean ± SD from three independent experiments and were analyzed by two-way 
ANOVA with Bonferroni corrections. ns = not significant; S1PR2 = sphingosine 1-phosphate receptor 2. **P < 0.01.
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in bacterial burden and histology. Depletion of AMs further 
demonstrated the pivotal role of AMs S1PR2 expression in 
eliminating invading bacteria, which is consistent with our 
in vitro study. Taken together, both in vitro and in vivo find-
ings support the hypothesis that S1PR2-mediated effects on 
pulmonary immune defense, rather than S1PR2-mediated 
direct modulation of endothelial permeability, plays a major 
role during E. coli infection.

S1PR2 signaling functions in response to receptor activa-
tion by S1P. S1P is synthesized in most cells by the phosphory-
lation of sphingosine via sphingosine kinase 1 (Sphk1) and  
2 (Sphk2). Although the activation of Sphk1/2 was not mea-
sured in this study, it is worth considering that the increased 
levels of S1P that were observed following E. coli challenge may 
result from an increase in Sphk1/2 activity within contami-
nated pulmonary cells at early stages of infection (less than 4 h).  
As infection progresses, S1P could leak out of blood vessels 
and into alveolar space due to increased permeability of alve-
olar capillary barriers resulting from inflammation. Previous 
studies have found that the degree to which S1P mediates 
biological responses produced by S1PRs is largely dependent 
on S1P concentration.30,31 As E. coli infection of BMDMs 
induced only low levels of S1P production in vitro, during 
our mechanistic studies, we used this condition to repre-
sent early stage bacterial infection and then further applied 

exogenous S1P (100 nM) to mimic an in vivo environment 
representative of later stages of the disease (18 h).

Small GTPases of the Rho family—primarily Rho, Rac, 
and Cdc42—have a central role in actin reorganization and cell 
shaping during particle internalization. These Rho GTPases 
produce distinct effects on the actin cytoskeleton: RhoA-GTP 
induces the formation of contractile actomyosin filaments, 
whereas Rac1-GTP and Cdc42-GTP direct peripheral actin 
assemblies into the formation of lamellipodia and filopo-
dia.32 By using confocal microscopy, we observed that WT 
cells adopted a contracted round morphology on stimulation 
with 100 nM S1P and produced fewer membrane protrusions 
in response to E. coli challenge relative to S1pr2−/− BMDMs. 
In agreement with the morphological changes, an increased 
amount of RhoA-GTP was observed in WT cells on stimula-
tion with exogenous S1P and a decreased level of Rac1-GTP 
was observed in response to E. coli challenge. These findings are 
consistent with those demonstrating that S1P-S1PR2 signaling 
activates RhoA-GTP and inhibits Rac1-GTP through differ-
ent intracellular G-proteins.32,33 Furthermore, we also found 
that activated IQGAP1 participated in S1PR2-mediated 
actin translocation and phagocytosis via binding to Rac1 in 
macrophages. Taken together, our data demonstrate a ligand 
dose-dependent S1PR2 signaling mechanism for regulating 
actin rearrangement and phagocytosis in macrophages that can 

Fig. 8. Pharmacologic inhibition of S1PR2 increases bacterial phagocytosis of macrophages and improved survival of wild-type 
(WT, S1pr2+/+) mice challenged with a lethal dose of Escherichia coli. (A) Inhibition of S1PR2 enhances phagocytosis of WT 
bone marrow–derived macrophages (BMDMs). WT and S1pr2−/− BMDMs were starved and pretreated with 5 μM JTE-013 (an 
S1PR2 antagonist) or vehicle for 30 min before stimulation with 100 nM S1P for another 30 min. Phagocytosis was assessed as 
described in fig. 3B. Data were analyzed by two-way ANOVA with Bonferroni corrections. (B) JTE-013 treatment protects WT 
mice from lethal infection caused by E. coli infection. WT mice were intratracheally instilled with JTE-013 (4 mg/kg) or vehicle 
30 min before E. coli infection. The survival rates were assessed. n = 11 for the vehicle control group, and n = 9 for JTE-013 
group from two independent experiments. Data were analyzed by Mantel–Cox test. (C, D) Number of E. coli bacteria recov-
ered from blood (C) and lung tissue (D) from the JTE-013 treatment group or control group at 4 h after bacterial infection. n = 5  
at each time point. Data are presented as mean ± SD and were analyzed by Student t test. BALF = bronchoalveolar lavage fluid.  
S1PR2 = sphingosine 1-phosphate receptor 2. *P < 0.05, **P < 0.01, and ***P < 0.001.
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account for the severity of pulmonary infection observed in 
WT mice during different stages of E. coli challenge (fig. 10).

Given the clinical success of sphingosine analog FTY720 in 
treating multiple sclerosis, interventions targeting S1PR2 for 
the treatment of bacterial infection were expected. JTE-013 
has been considered a S1PR2 antagonist and is widely used 
to characterize S1PR2-dependent effects. Although many 
studies have shown the usefulness of JTE-013 in targeting 
S1PR2, this compound also antagonizes S1PR4 and has off-
target effects.10,34,35 Therefore, the results obtained with JTE-
013 should be validated by genetic knockout studies. Indeed, 
inhibition of endogenous S1PR2 with JTE-013 could reverse 
the suppressed phagocytic function of macrophages and res-
cue mice from fatalities caused by E. coli infection, consistent 
with the results from the S1pr2−/− mice. The survival of JTE-
013 inhibited mice was certainly better than that of vehicle 
controls, but still much worse than that of S1pr2−/− mice. This 
is probably due to the solubility and distribution of JTE-013 
in the lung. Combined with the reciprocal correlation of 
S1PR2 expression levels with the severity of septic patients, 
it may be promising to develop more selective and potent 
S1PR2 inhibitors and to translate these antagonists into clini-
cal pharmaceutical therapy for sepsis.

The current study has uncovered a number of implica-
tions that should be considered in future research exam-
ining the role of S1PR2 in human disease states. First, a 
number of Gram-negative pathogens possess virulence 
factors that can escape from clearance by phagocytes.36 
It would be interesting to determine whether modula-
tion of the S1PR2 signaling has the potential to augment 
phagocytosis of these pathogens. Furthermore, this work 
primarily aimed at assessing the role of S1PR2 signaling 
in different stages of bacterial infection. An increased risk 
of bacterial infection is usually a complicating factor of 
chronic diseases, such as type 2 diabetes and end-stage 
renal failure.37,38 The reasons behind this enhanced suscep-
tibility to bacterial infection are not well understood, sug-
gesting it would be prudent to explore the role of S1PR2 
under these conditions.

In summary, the current study finds that interfering with 
S1PR2 enhances bacterial clearance and improves survival in 
the mouse model of sepsis. These beneficial effects are attrib-
uted to increased phagocytic activity of S1PR2-deficient 
macrophages. Interventions targeting S1PR2 signaling may 
offer a promising therapeutic approach for the prevention 
and/or treatment of sepsis.

Fig. 9. Increased S1PR2 levels in peripheral blood mononuclear cells were positively correlated with the severity of sepsis. 
(A) S1PR2 mRNA levels in peripheral blood mononuclear cells isolated from human subjects. Expression level of S1PR2 was 
evaluated using quantitative reverse transcription–polymerase chain reaction. β-Actin was used as an internal control. n = 9 for 
controls, and n = 25 for septic patients. Dots represent individual subjects, and data are presented as mean ± SD. Data were 
analyzed by Student t test. (B) Correlations of S1PR2 expression with Acute Physiologic and Chronic Health Evaluation II scores 
in the septic patients (r = 0.845, P < 0.001). Data were analyzed by Spearman correlation test. (C) Representative microscopic 
images of red fluorescent–labeled Escherichia coli engulfed by monocytes collected from peripheral blood of septic patients 
or controls. n = 1 for nonseptic patient group, and n = 3 for septic patients groups. Magnification is ×200. (D) Peripheral blood 
mononuclear cells of each patient (C) were isolated by density gradient centrifugation. Gene transcripts of S1PR2 were detected 
by semiquantitative reverse transcription–polymerase chain reaction and analyzed on an agarose gel by electrophoresis. β-Actin 
was served as an internal control. S1PR2 = sphingosine 1-phosphate receptor 2. *P < 0.05.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/2/409/267596/20150800_0-00027.pdf by guest on 13 M
arch 2024



Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:409-22	 421	 Hou et al.

CRITICAL CARE MEDICINE

Acknowledgments
The authors thank Zhenyu Ju, M.D., Institute of Aging  
Research, School of Medicine, Hangzhou Normal University, 
Hangzhou, Zhejiang Province, China, for critical materials 
and use of his facilities, as well as Weiwei Yi, M.Sc.,  
Institute of Aging Research, School of Medicine, Hangzhou 
Normal University, for technical support.

This work was supported by a key program (grant 81130036) 
and programs (grants 81201495, 81102226, and 91229204) from 
the National Natural Science Foundation of China, Beijing,  
China; Specialized Research Fund for the Doctoral Pro-
gram of Higher Education of China (grant 20130101120029),  
Beijing, China; and the National Science & Technology  
Pillar Program during the Twelfth Five-year Plan Period 
(grant 2012BAI11B05), Beijing, China.

Competing Interests
The authors declare no competing interests.

Correspondence
Address correspondence to Dr. Fang: Department of Anes-
thesiology, the First Affiliated Hospital, School of Medicine, 
Zhejiang University, QingChun Road 79, 310003 Hangzhou,  
China. xiangming_fang@163.com. Information on purchasing 
reprints may be found at www.anesthesiology.org or on the 
masthead page at the beginning of this issue. Anesthesiology’s 
articles are made freely accessible to all readers, for personal 
use only, 6 months from the cover date of the issue.

References
	 1.	 Angus DC, van der Poll T: Severe sepsis and septic shock.  

N Engl J Med 2013; 369:840–51

	 2.	 Perl M, Lomas-Neira J, Venet F, Chung CS, Ayala A: 
Pathogenesis of indirect (secondary) acute lung injury. 
Expert Rev Respir Med 2011; 5:115–26

	 3.	 Matthay MA, Zemans RL: The acute respiratory distress syn-
drome: Pathogenesis and treatment. Annu Rev Pathol 2011; 
6:147–63

	 4.	 Boucher HW, Talbot GH, Bradley JS, Edwards JE, Gilbert 
D, Rice LB, Scheld M, Spellberg B, Bartlett J: Bad bugs, no 
drugs: No ESKAPE! An update from the Infectious Diseases 
Society of America. Clin Infect Dis 2009; 48:1–12

	 5.	 Donnelly LE, Barnes PJ: Defective phagocytosis in airways 
disease. Chest 2012; 141:1055–62

	 6.	 Hussell T, Bell TJ: Alveolar macrophages: Plasticity in a tis-
sue-specific context. Nat Rev Immunol 2014; 14:81–93

	 7.	 Underhill DM, Goodridge HS: Information processing during 
phagocytosis. Nat Rev Immunol 2012; 12:492–502

	 8.	 Matt U, Sharif O, Martins R, Furtner T, Langeberg L, Gawish 
R, Elbau I, Zivkovic A, Lakovits K, Oskolkova O, Doninger B, 
Vychytil A, Perkmann T, Schabbauer G, Binder CJ, Bochkov 
VN, Scott JD, Knapp S: WAVE1 mediates suppression of 
phagocytosis by phospholipid-derived DAMPs. J Clin Invest 
2013; 123:3014–24

	 9.	 Knapp S, Matt U, Leitinger N, van der Poll T: Oxidized phos-
pholipids inhibit phagocytosis and impair outcome in gram-
negative sepsis in vivo. J Immunol 2007; 178:993–1001

	10.	 Kunkel GT, Maceyka M, Milstien S, Spiegel S: Targeting the 
sphingosine-1-phosphate axis in cancer, inflammation and 
beyond. Nat Rev Drug Discov 2013; 12:688–702

	11.	 Michaud J, Im DS, Hla T: Inhibitory role of sphingosine 
1-phosphate receptor 2 in macrophage recruitment during 
inflammation. J Immunol 2010; 184:1475–83

	12.	 Oskeritzian CA, Price MM, Hait NC, Kapitonov D, Falanga 
YT, Morales JK, Ryan JJ, Milstien S, Spiegel S: Essential roles 
of sphingosine-1-phosphate receptor 2 in human mast cell 
activation, anaphylaxis, and pulmonary edema. J Exp Med 
2010; 207:465–74

	13.	 Moriyama S, Takahashi N, Green JA, Hori S, Kubo M, Cyster 
JG, Okada T: Sphingosine-1-phosphate receptor 2 is critical 

Fig. 10. Proposed mechanism involved in impaired bacterial clearance mediated by S1PR2 signaling in macrophage.  
S1PR2 = sphingosine 1-phosphate receptor 2.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/2/409/267596/20150800_0-00027.pdf by guest on 13 M
arch 2024

http://www.anesthesiology.org


Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:409-22	 422	 Hou et al.

An Important Role of S1PR2 in Phagocytic Function

for follicular helper T cell retention in germinal centers.  
J Exp Med 2014; 211:1297–305

	14.	 Zhang G, Yang L, Kim GS, Ryan K, Lu S, O’Donnell RK, 
Spokes K, Shapiro N, Aird WC, Kluk MJ, Yano K, Sanchez T: 
Critical role of sphingosine-1-phosphate receptor 2 (S1PR2) 
in acute vascular inflammation. Blood 2013; 122:443–55

	15.	 Skoura A, Sanchez T, Claffey K, Mandala SM, Proia RL, Hla 
T: Essential role of sphingosine 1-phosphate receptor 2 in 
pathological angiogenesis of the mouse retina. J Clin Invest 
2007; 117:2506–16

	16.	 McQuiston T, Luberto C, Del Poeta M: Role of sphingosine-
1-phosphate (S1P) and S1P receptor 2 in the phagocyto-
sis of Cryptococcus neoformans by alveolar macrophages. 
Microbiology 2011; 157(pt 5):1416–27

	17.	 Hughes JE, Srinivasan S, Lynch KR, Proia RL, Ferdek P, 
Hedrick CC: Sphingosine-1-phosphate induces an antiinflam-
matory phenotype in macrophages. Circ Res 2008; 102:950–8

	18.	 Japtok L, Schaper K, Bäumer W, Radeke HH, Jeong SK, 
Kleuser B: Sphingosine 1-phosphate modulates antigen cap-
ture by murine Langerhans cells via the S1P2 receptor sub-
type. PLoS One 2012; 7:e49427

	19.	 Chen Q, Zhang K, Jin Y, Zhu T, Cheng B, Shu Q, Fang X: 
Triggering receptor expressed on myeloid cells-2 protects 
against polymicrobial sepsis by enhancing bacterial clear-
ance. Am J Respir Crit Care Med 2013; 188:201–12

	20.	 Su X, Matthay MA, Malik AB: Requisite role of the cholinergic 
alpha7 nicotinic acetylcholine receptor pathway in suppress-
ing Gram-negative sepsis-induced acute lung inflammatory 
injury. J Immunol 2010; 184:401–10

	21.	 D’Alessio FR, Tsushima K, Aggarwal NR, West EE, Willett 
MH, Britos MF, Pipeling MR, Brower RG, Tuder RM, McDyer 
JF, King LS: CD4+CD25+Foxp3+ Tregs resolve experimental 
lung injury in mice and are present in humans with acute 
lung injury. J Clin Invest 2009; 119:2898–913

	22.	 Mutlu GM, Green D, Bellmeyer A, Baker CM, Burgess Z, 
Rajamannan N, Christman JW, Foiles N, Kamp DW, Ghio AJ, 
Chandel NS, Dean DA, Sznajder JI, Budinger GR: Ambient 
particulate matter accelerates coagulation via an IL-6-
dependent pathway. J Clin Invest 2007; 117:2952–61

	23.	 Quinton LJ, Jones MR, Robson BE, Simms BT, Whitsett JA, 
Mizgerd JP: Alveolar epithelial STAT3, IL-6 family cytokines, 
and host defense during Escherichia coli pneumonia. Am J 
Respir Cell Mol Biol 2008; 38:699–706

	24.	 Qian X, Numata T, Zhang K, Li C, Hou J, Mori Y, Fang X: 
Transient receptor potential melastatin 2 protects mice 
against polymicrobial sepsis by enhancing bacterial clear-
ance. Anesthesiology 2014; 121:336–51

	25.	 Flannagan RS, Jaumouillé V, Grinstein S: The cell biology of 
phagocytosis. Annu Rev Pathol 2012; 7:61–98

	26.	 Allen WE, Jones GE, Pollard JW, Ridley AJ: Rho, Rac and 
Cdc42 regulate actin organization and cell adhesion in mac-
rophages. J Cell Sci 1997; 110(pt 6):707–20

	27.	 Hall A: Rho GTPases and the actin cytoskeleton. Science 
1998; 279:509–14

	28.	 Bear JE, Gertler FB: Ena/VASP: Towards resolving a pointed con-
troversy at the barbed end. J Cell Sci 2009; 122(pt 12):1947–53

	29.	 Brown MD, Sacks DB: IQGAP1 in cellular signaling: Bridging 
the GAP. Trends Cell Biol 2006; 16:242–9

	30.	 Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, 
Brinkmann V, Allende ML, Proia RL, Cyster JG: Lymphocyte 
egress from thymus and peripheral lymphoid organs is 
dependent on S1P receptor 1. Nature 2004; 427:355–60

	31.	 Witt W, Jannasch A, Burkhard D, Christ T, Ravens U, Brunssen 
C, Leuner A, Morawietz H, Matschke K, Waldow T: Sphingosine-
1-phosphate induces contraction of valvular interstitial cells 
from porcine aortic valves. Cardiovasc Res 2012; 93:490–7

	32.	 Sugimoto N, Takuwa N, Okamoto H, Sakurada S, Takuwa Y: 
Inhibitory and stimulatory regulation of Rac and cell motility 
by the G12/13-Rho and Gi pathways integrated downstream 
of a single G protein-coupled sphingosine-1-phosphate 
receptor isoform. Mol Cell Biol 2003; 23:1534–45

	33.	 Okamoto H, Takuwa N, Yokomizo T, Sugimoto N, Sakurada 
S, Shigematsu H, Takuwa Y: Inhibitory regulation of Rac 
activation, membrane ruffling, and cell migration by the G 
protein-coupled sphingosine-1-phosphate receptor EDG5 
but not EDG1 or EDG3. Mol Cell Biol 2000; 20:9247–61

	34.	 Pyne NJ, Pyne S: Selectivity and specificity of sphingosine 
1-phosphate receptor ligands: “Off-targets” or complex phar-
macology? Front Pharmacol 2011; 2:26

	35.	 Salomone S, Waeber C: Selectivity and specificity of sphin-
gosine-1-phosphate receptor ligands: Caveats and critical 
thinking in characterizing receptor-mediated effects. Front 
Pharmacol 2011; 2:9

	36.	 Sarantis H, Grinstein S: Subversion of phagocytosis for 
pathogen survival. Cell Host Microbe 2012; 12:419–31

	37.	 Kato S, Chmielewski M, Honda H, Pecoits-Filho R, Matsuo 
S, Yuzawa Y, Tranaeus A, Stenvinkel P, Lindholm B: Aspects 
of immune dysfunction in end-stage renal disease. Clin J Am 
Soc Nephrol 2008; 3:1526–33

	38.	 Muller LM, Gorter KJ, Hak E, Goudzwaard WL, Schellevis FG, 
Hoepelman AI, Rutten GE: Increased risk of common infec-
tions in patients with type 1 and type 2 diabetes mellitus. 
Clin Infect Dis 2005; 41:281–8

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/123/2/409/267596/20150800_0-00027.pdf by guest on 13 M
arch 2024


