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Sphingosine-1-phosphate (S1P) lyase catalyzes the degrada-
tion of S1P, a potent signaling lysosphingolipid. Mice with an
inactive S1P lyase gene are impaired in the capacity to degrade
S1P, resulting in highly elevated S1P levels. These S1P lyase-
deficient mice have low numbers of lymphocytes and high
numbers of neutrophils in their blood. We found that the S1P
lyase-deficient mice exhibited features of an inflammatory re-
sponse including elevated levels of pro-inflammatory cyto-
kines and an increased expression of genes in liver associated
with an acute-phase response. However, the recruitment of
their neutrophils into inflamed tissues was impaired and their
neutrophils were defective in migration to chemotactic stimu-
lus. The IL-23/IL-17/granulocyte-colony stimulating factor
(G-CSF) cytokine-controlled loop regulating neutrophil home-
ostasis, which is dependent on neutrophil trafficking to tissues,
was disturbed in S1P lyase-deficient mice. Deletion of the
S1P4 receptor partially decreased the neutrophilia and inflam-
mation in S1P lyase-deficient mice, implicating S1P receptor
signaling in the phenotype. Thus, a genetic block in S1P degra-
dation elicits a pro-inflammatory response but impairs neutro-
phil migration from blood into tissues.

Sphingosine 1-phosphate (S1P)3 is a sphingolipid signaling
molecule that exerts important physiologic functions through
its interaction with a family of G protein-coupled receptors
(S1P1–5) (1–4). S1P is synthesized by the phosphorylation of
sphingosine by either of two sphingosine kinases, Sphk1 and
Sphk2 (5, 6). After its formation, S1P may be either dephos-
phorylated back to sphingosine by the action of two specific

S1P phosphatases, Sgpp1 and Sgpp2, or permanently de-
graded by the S1P lyase Sgpl1 to the nonsphingolipid sub-
strates hexadecenal and phosphoethanolamine (7). Alterna-
tively, S1P can be exported out of the cell where it is able to
interact with the S1P receptors (5, 8).
S1P is found highly enriched in the circulation-in both

blood and lymph-while its concentration in tissues remains
very low by comparison, as the result of the combined syn-
thetic and degradative activities involved in the S1P biosyn-
thetic pathway (9). Blood S1P is produced by erythrocytes
(10–12), but other cells such as mast cells and platelets can
also secrete S1P (13, 14). Endothelial cells can contribute to
the circulating S1P pool (15, 16) and are likely responsible for
the S1P that is present in the lymph (12).
The proper compartmentalization of S1P in circulation and

in tissues is important for the trafficking and positioning of
lymphocytes. The egress of lymphocytes out of primary and
secondary lymphoid organs is dependent on S1P receptors on
lymphocytes (17–23), which recognize the higher concentra-
tions of S1P around exit points leading to the blood and
lymph (12, 24, 25). When the activity of S1P lyase is inhibited
or deleted as in the S1P lyase-knock-out (Sgpl1�/�) mice,
compartmental S1P concentrations are altered, blocking lym-
phocyte egress and resulting in lymphophenia (24, 26, 27).
In S1P lyase-deficient mice, neutrophils are highly elevated

in blood, in contrast to their low lymphocyte numbers (26).
Here we report that the S1P lyase-null mice have an elevated
pro-inflammatory response with impaired migration of neu-
trophils into tissues resulting in an abnormal neutrophil ho-
meostatic regulatory loop. These results implicate S1P lyase
activity as a regulator of inflammatory responses and neutro-
phil trafficking.

EXPERIMENTAL PROCEDURES

Mice—Sgpl1�/� mice were obtained from Philip Soriano,
Mount Sinai School of Medicine, New York, and have been
described previously (28, 29). LysMcre mice, S1pr4�/� mice
and Tlr4�/� mice were obtained from The Jackson Labora-
tory, Bar Harbor, ME. The Sgpl1�/� and control Sgpl1�/�

mice were generated from Sgpl1�/� matings. To specifically
delete the S1P1 receptor from granulocytes and macrophages,
we established S1Pr1fl/fl mice (30) carrying a lysozyme pro-
moter-driven Cre recombinase transgene (Gr-S1pr1KOmice)
derived from LysMcre mice (31). The following double
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knock-out (DKO) mice were produced through cross-breed-
ing: Sgpl1�/� Gr-S1pr1KO, Sgpl1�/� S1pr4�/� and Sgpl1�/�

Tlr4�/�. Because Sgpl1�/� mice die around 3 to 5 weeks of
age (26, 28, 29), all mice were analyzed at postnatal day 18
(P18) unless specified. Mice were housed in a clean conven-
tional facility that excluded specific mouse pathogens. Mice
were genotyped by multiplex PCR from tail snips using the set
of primers and conditions for each mouse line listed below.
Sgpl1: 5�-CGCTCAGAAGGCTCTGAGTCATGG-3�,
5�-CATCAAGGAAACCCTGGACTACTG-3�, 5�-CCAAGT-
GTACCTGCTAAGTTCCAG-3�; conditions were previously
described (29). S1pr1loxP: 5�-GAGCGGAGGAAGTTAAAA-
GTG-3�, 5�-CCTCCTAAGAGATTGCAGCAA-3�; conditions
were previously described (30). Cre: 5�-GCCTGCATTACCG-
GTCGATGC-3�, 5�-CAGGGTGTTATAAGCAATCCC-3�;
the following conditions were used: denaturation, 94 °C � 5
min; amplification, 94 °C � 1 min, 60 °C � 1 min, 72 °C � 1
min (35 cycles); extension, 72 °C � 3 min. The Cre allele pro-
duces a band of about 500 bp. S1pr4: 5�-CCCCGTAGAGGC-
TCAGGATAGCCAC-3�, 5�-GGCCTACGTGGTCAACGTG-
CTGC-3�. 5�-GACGAGTTCTTCTGAGGGGATCGATC-3�;
the following conditions were used: denaturation, 94 °C � 5
min; amplification, 94 °C � 1 min, 60 °C � 30 s, 72 °C � 1.5
min (35 cycles); extension, 72 °C � 2 min. The S1pr4�/�

allele produces a band of about 380 bp and the S1pr4�/�

allele produces a band of 600 bp. Tlr4: 5�-CAGGGTTGTAC-
TTTAGGAGAGAGAGAAAGC-3�, 5�-GCTGCCCGGATC-
ATCCAGG-3�, 5�-CCACCCATATTGCCTATACTCATTA-
GTTG-3�, 5�-GCCATGCCATGCCTTGTCTTCA-3�; the
following conditions were used: denaturation, 95 °C � 10
min; amplification, 95 °C � 30 s, 57 °C � 1 min, 72 °C � 1
min (40 cycles); extension, 72 °C � 7 min. The Tlr4�/� allele
produces a band of about 410 bp and the Tlr4�/� allele pro-
duces a band of 290 bp.
Bone Marrow Transplantation—Total bone marrow cells

were isolated from Sgpl1�/� and Sgpl1�/� mice by flushing
the femur and tibia from both legs two times with 1 ml of
PBS. Cells were injected i.v. into lethally irradiated Rag2�/�

mice (Taconic, Germantown, NY). Transplanted mice were
analyzed 8 weeks after the procedure.
LPS Treatment—Sgpl1�/�, and Sgpl1�/� mice were in-

jected intraperitoneal with 10 mg/kg of body weight of LPS
from Escherichia coli 055:B5 (Sigma-Aldrich) and observed
for 5 days. In other experiments, mice were euthanized 60, 90,
and 120 min after LPS injection.
Thioglycollate-induced Peritonitis—Sgpl1�/� and Sgpl1�/�

mice were injected intraperitoneal with 300 �l of 4% thiogly-
collate (Sigma-Aldrich). After 4 h, mice were euthanized and
blood collected by heart puncture. Cells that were recruited
into the peritoneal cavity were collected by lavage using 1 ml
of ice-cold PBS three times.
Leukocyte Preparation—Total bone marrow cells were iso-

lated from mice by flushing the femur and tibia from both legs
two times with 1 ml of PBS. To obtain total leukocytes, spleen
and mesenteric lymph nodes were dissected and mechanically
disaggregated. Single-cell suspensions were obtained using a
40-�m cell strainer. Peripheral blood was obtained by cardiac
puncture. Red blood cells were removed from blood samples

and splenic single-cell suspensions by ammonium chloride
lysis. For some experiments, neutrophils were sorted from
total bone marrow cells using anti-Ly-6G magnetic mi-
crobeads (Miltenyi Biotec, Auburn, CA). The absolute num-
ber of each cell subpopulation was determined by flow cytom-
etry using CALTAG counting beads (Invitrogen, Carlsbad,
CA). For bone marrow and spleen, the absolute cell counts
were normalized by the individual body weight expressed in
grams. Alternatively, blood cell counts were determined in
the Department of Laboratory Medicine at the National Insti-
tutes of Health.
Histological Analysis—Tissues from Sgpl1�/� and Sgpl1�/�

mice were fixed and embedded in paraffin. Sections were
stained with H&E. A comprehensive histologic evaluation of
the sections was performed by the National Institutes of
Health Division of Veterinary Resources Pathology Service.
Flow Cytometry—Cells were diluted in 1% BSA-PBS and

incubated with anti-Fc�R antibody (BD Biosciences, San Jose,
CA) to block binding of conjugated antibodies to Fc�R (BD
Biosciences). Antibodies anti-mouse Gr-1 (FITC- and allo-
phycocyanin [APC]-conjugated), anti-CD11b (phycoerythrin
(PE)- and FITC-conjugated), anti-CD4 (peridinin chlorophyll
protein [PerCP]-conjugated), anti-CD8 (PE-conjugated), anti-
B220 (APC-conjugated), anti-CD62L (APC-conjugated),
anti-CD11a (PE-conjugated), anti-CD49d (PE-conjugated),
anti-CD18 (FITC-conjugated), anti-IL-17 (PE-conjugated),
and anti-Foxp3 (FITC-conjugated) were purchased from BD
Biosciences. After cells were labeled with the appropriate anti-
bodies for 30 min on ice and fixed in 1% paraformaldehyde in
PBS, they were subjected to flow cytometry on a FACScalibur
(BD Biosciences). Data were analyzed using the FlowJo soft-
ware (Tree Star, Ashland, OR). Myeloid cells in bone marrow
were identified as Gr-1high CD11b� and Gr-1low CD11b�.
Neutrophils in blood and spleen were identified as Gr-1high
CD11b� cells and monocytes as Gr-1low/� CD11b� cells. T
lymphocytes were identified as CD4� or CD8� cells and B
lymphocytes as B220� cells. Th-17 cells were detected by de-
termining the intracellular production of IL-17 in CD4� cells.
Lymphocytes were isolated from mesenteric lymph nodes,
activated with 50 ng/ml phorbol 12-myristate 13-acetate and
500 ng/ml ionomycin for 2 h and incubated with BD Golgi-
Plug (BD Biosciences) for 2 h. Cells were then stained with
anti-CD4 PerCP-conjugated antibody on ice for 30 min, fixed,
and permeabilized using the BD Cytofix/Cytoperm kit (BD
Biosciences), and stained with IL-17 PE-conjugated and
Foxp3 FITC-conjugated antibodies. Th-17 cells were identi-
fied as CD4� IL-17� Foxp3� cells.
BrdU Labeling—For bromodeoxyuridine (BrdU) labeling,

mice were injected intraperitoneally once with 100 �l of a 10
mg/ml BrdU solution (BD Biosciences) and analyzed 48 h
later. BrdU-positive cells were detected using a FITC-BrdU
Flow kit (BD Biosciences) by flow cytometry.
Corticosterone Quantification—Serum levels of corticoster-

one were determined by ELISA (AssayPro, St. Charles, MO).
Cytokine Quantification—Serum levels of cytokines IL-12,

TNF, IFN-g, monocyte chemoattractant protein (MCP)-1,
IL-10, and IL-6 were determined using the BD Cytometric
Bead Array (CBA, BD Biosciences). Serum IL-17 was detected
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by ELISA (R&D Systems, Minneapolis, MN). Serum granulo-
cyte-colony stimulating factor (G-CSF) was detected using the
mouse cytokine/chemokine LINCOplex kit fromMillipore
(St. Charles, MO). IL-23 expression was studied by determin-
ing the levels of the Il23a subunit mRNA by real-time-quanti-
tative PCR (RT-qPCR) as described below.
s-CD62L in Serum—The concentration of shed, soluble

CD62L (s-CD62L) in serum from Sgpl1�/� and Sgpl1�/�

mice was determined by ELISA (R&D Systems).
Chemotaxis Assay—The response of neutrophils toward

formyl-methionyl-leucyl-phenylalanine (fMLP) was studied
using 6.5 mm Transwell inserts with a 5-�m pore size (Corn-
ing, Cambridge, MA). A splenocyte suspension in RPMI 1640
plus 0.4 mg/ml fatty acid-free (FAF)-BSA (Sigma-Aldrich)
(medium � FAF-BSA) was added to each insert in a well con-
taining 600 �l of a solution of 1 �M fMLP (SigmaAldrich) pre-
pared in medium � FAF-BSA. Wells containing medium �
FAF-BSA without fMLP were used as controls. After 3 h at
37 °C, cells in the bottom of the wells were harvested,
counted, and analyzed by flow cytometry.
Gene Expression—For RT-qPCR, total RNA was purified

from bone marrow neutrophils and from liver using
TRIZOL (Invitrogen). The mRNA expression levels of
mouse Tnf (Mm00443258_m1), Vcam-1 (Mm00449197_m1),
Saa1 (Mm00656927_g1), Saa3 (Mm00441203_m1),
Sell (Mm00441291_m1), Il23a (Mm00518984_m1),
S1pr1 (Mm00514644_m1), S1pr2 (Mm01177794), S1pr3
(Mm00515669_m1), S1pr4 (Mm00468695_s1), and S1pr5
(Mm00474763_m1) genes were determined by RT-qPCR
using Assay-on-Demand probes and primers (Applied Bio-
systems, Foster City, CA) on an ABI Prism 7700 Sequence
Detection System (Applied Biosystems). Glyceraldehyde-3-
phosphate dehydrogenase (Mm99999915_g1) mRNA level
was used as an internal control. For microarray analysis,
RNA purified from Sgpl1�/� and Sgpl1�/� livers was pre-
pared and analyzed on Affymetrix GeneChip Mouse Ge-
nome 430 2.0 arrays as described (29). The National Center
for Biotechnology Information Gene Expression Omnibus
accession number for the microarray data is GSE18745.
Genes that belong to the Gene Ontology (GO) category
“acute inflammation” were compared between Sgpl1�/�

and Sgpl1�/� mRNA samples using a heat map generated
using the Partek Genomic Suite 6.5 software (Partek Inc.,
St. Louis, MO).
Lipid Analysis of Serum—Sphingolipids in serum were

measured by high-performance liquid chromatography-tan-
dem mass spectrometry (HPLC-MS/MS) by the Lipidomics
Core at the Medical University of South Carolina on a
Thermo Finnigan (Waltham, MA) TSQ 7000 triple quadru-
pole mass spectrometer, operating in a multiple reaction
monitoring-positive ionization mode as described (32).
Statistical Analysis—Statistical significance was determined

using the Mann-Whitney or Student’s t test. In all cases, val-
ues of p � 0.05 were considered statistically significant.

RESULTS

Profound Neutrophilia in Sgpl1�/� Mice—Sgpl1�/� mice
generally die soon after weaning (26, 28, 29), necessitating

studies on young mice, at P18 unless otherwise indicated. The
Sgpl1�/� mice were severely lymphopenic, with deficiencies
of both T (CD4�, CD8�) cells and B (B220�) cells in blood
(supplemental Fig. S1, A and C). Low numbers of T and B
cells were also apparent in the spleen of the Sgpl1�/� mice
(supplemental Fig. S1, B and D). The lymphocyte deficiency in
the Sgpl1�/� mice has been attributed to a number of possible
sources, including a block in the egress of recirculating lym-
phocytes from secondary lymphoid organs and to defects in
the development of T cells and B cells (27). In contrast to the
severe lymphopenia, blood levels of neutrophils, and mono-
cytes were highly elevated in the Sgpl1�/� mice (Fig. 1A) (26).
Sgpl1�/� mice had normal blood cell counts indicating that
both Sgpl1 alleles must to be deleted to produce this immune
phenotype (supplemental Fig. S2A).
We next determined the numbers and percentages of neu-

trophils and monocytes in the spleen and their precursors in
the bone marrow. Compared with the WT mice, the percent-
ages of splenic neutrophils and monocytes were dramatically
elevated in Sgpl1�/� compared with WT mice (Fig. 1C). The
total numbers of neutrophils and monocytes in spleen, when
normalized by body weight, were also significantly increased
in the Sgpl1�/� mice compared with WT mice (Fig. 1D). We
enumerated myeloid cells, the precursors of neutrophils and
monocytes, in bone marrow and found a substantial increase
of both immature and mature myeloid cells in the Sgpl1�/�

mice when expressed as either percentage of total cells or ab-
solute cell numbers normalized by body weight (Fig. 1, E and
F). The ratio of immature to mature myeloid cells was similar
between Sgpl1�/� and WT mice suggesting differentiation of
neutrophil precursors in the bone marrow of Sgpl1�/� mice
was normal.
To establish whether increased granulopoiesis was respon-

sible for the elevated neutrophil numbers in Sgpl1�/� mice,
we labeled proliferating precursor cells in bone marrow by
BrdU incorporation and determined the appearance of BrdU�

neutrophils in blood after 48 h. The numbers of BrdU� neu-
trophils generated in Sgpl1�/� mice were significantly higher
than in WT mice (Fig. 1B). These data indicate that increased
granulopoiesis was occurring in the Sgpl1�/� mice.

We also determined the circulating ceramide, sphingosine,
and S1P levels at P6 and P18 by HPLC-MS/MS analysis (sup-
plemental Fig. S3). Both ceramide and S1P levels were sub-
stantially elevated at P6 and P18 in the Sgpl1�/� mice com-
pared with WT mice. With increasing age, ceramide and S1P
levels increased in the Sgpl1�/� mice. Sphingosine remained
at similar low levels at both ages tested. Sgpl1�/� mice had
serum sphingolipid levels similar to WT mice (supplemental
Fig. S2B).
To rule out stress-induced changes on peripheral lympho-

cytes and neutrophils, we measured circulating corticosterone
levels and found that there was no significant difference be-
tween the values of Sgpl1�/� and WT mice (supplemental
Fig. S4).
Inflammation in Sgpl1�/� Mice—Neutrophilia can be asso-

ciated with inflammation. Microarray analysis of P18 liver
mRNA using Affymetrix mouse genome GeneChips revealed
that the GO category of “acute inflammation” was signifi-
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cantly different between Sgpl1�/� and WT mice (p � 0.001).
Acute-phase reactants, serum amyloids (Saa1–4), orosomu-
coids (Orm1–3), and LPS binding protein (Lbp) were highly
elevated in the livers of the Sgpl1�/� mice compared with
those of WT mice, indicative of an acute inflammatory pro-
cess (Fig. 2A).
We next determined the progression of inflammatory

changes in Sgpl1�/� mice by examining the mRNA expres-
sion of some genes related to inflammation in liver at P6 and
P18. An increase in Tnf, Saa1, and Saa3 was detected by RT-
qPCR at both ages in the Sgpl1�/� livers compared with those

of WT mice (Fig. 2B). We also detected an increase in the ex-
pression level of the endothelial adhesion molecule Vcam-1 in
the P18 Sgpl1�/� livers when compared with controls (Fig.
2B). Vcam-1 is elevated during the endothelium response to
inflammatory stimuli (33). Together, these results indicate
the presence of a pro-inflammatory process in the liver of
Sgpl1�/� mice that intensifies with age.
In the serum of Sgpl1�/� mice, we detected a significant

increase in the levels of the pro-inflammatory cytokines TNF,
IFN-�, MCP-1, and IL-6 compared with levels observed in
WT mice (Fig. 2C), demonstrating that the inflammation was
systemic. Sgpl1�/� mice did not display any elevated serum
cytokine levels (supplemental Fig. S2C). Injection of Sgpl1�/�

mice with a dose of LPS, which was not lethal to WT mice,
caused their death by 8 h (supplemental Fig. S5A). Within
120 min after the LPS injection, the Sgpl1�/� mice ex-
pressed substantially higher levels of TNF, IL-6, and
MCP-1 in serum compared with the WT mice injected
with LPS (supplemental Fig. S5B). Serum ceramide, sphin-
gosine, and S1P concentrations were not significantly ele-
vated over the respective baseline values in either Sgpl1�/�

or control mice after LPS treatment during the same time
period (supplemental Fig. S5C).
The pro-inflammatory state of the Sgpl1�/� mice raised the

possibility that stimulation of the innate immune system by
opportunistic bacterial infection, perhaps as a result of their
severe lymphocyte deficiency, might be inducing systemic
inflammation. We found no histologic evidence for the pres-
ence of infection in the tissue of Sgpl1�/� mice compared
with WT mice (supplemental Fig. S6). We therefore studied
the effect of deleting the Toll-like receptor-4 (Tlr4) in
Sgpl1�/� mice (Fig. 3). Tlr4 is a receptor that detects the LPS
of Gram-negative bacterial cell walls, and triggers a cascade of
events that activates the transcription of many pro-inflamma-
tory genes involved in the innate immune response (34). If the
inflammatory response in Sgpl1�/� mice was the result of a
Gram-negative bacterial infection, the inflammation in the
Sgpl1�/� Tlr4�/� double knock-out (DKO) mice should be
suppressed relative to the Sgpl1�/� mice. We found that
the Sgpl1�/� Tlr4�/� DKO and Sgpl1�/� mice had similarly
depressed lymphocyte and elevated neutrophil blood counts
(Fig. 3A) and similar elevations of pro-inflammatory cytokines
in serum (Fig. 3B) and of mRNA levels for Tnf and Vcam-1
in liver (Fig. 3C). Whereas the Sgpl1�/� mice were hyper-
sensitive to LPS, dying by 8 h after being challenged with a
nonlethal dose of LPS, the Sgpl1�/� Tlr4�/� DKO mice
were resistant (supplemental Fig. S5A). These results indi-
cate that the pro-inflammatory condition of the Sgpl1�/�

mice was unlikely to be the result of an activation of the
innate immune system by an opportunistic Gram-negative
bacterial infection.
Impaired Neutrophil Migration into Sites of Inflammation

in Sgpl1�/� Mice—We next sought to determine if the neu-
trophilia was correlated with large numbers of neutrophils
infiltrating into the liver of Sgpl1�/� mice, as would be ex-
pected based on the acute inflammation exhibited by this tis-
sue (Fig. 2, A and B). Surprisingly, we found that the liver pa-
renchyma in Sgpl1�/� mice appeared similar to Sgpl1�/�

FIGURE 1. Numbers of neutrophils and monocytes are increased in
Sgpl1�/� mice. A, numbers of neutrophils and monocytes in the blood of
Sgpl1�/� and Sgpl1�/� mice. Cells were stained with anti-Gr-1 and anti-
CD11b antibodies and analyzed by flow cytometry. Neutrophils were identi-
fied as Gr-1high CD11b� and monocytes as Gr-1low/- CD11b�. Results are
shown as the number of cells per �l of blood. The bars represent mean val-
ues, and the closed circles are individual mice. B, increased granulopoiesis in
Sgpl1�/� mice. Sgpl1�/� and Sgpl1�/� mice were pulsed with BrdU, and
neutrophils from peripheral blood were analyzed by flow cytometry using
anti-Gr-1 and anti-CD11b antibodies in combination with BrdU detection.
Results are shown as absolute numbers of BrdU� Gr-1� CD11b� neutro-
phils per 100 �l of blood. The bars represent mean values and the closed
circles are individual mice. C and D, flow cytometry analysis of neutrophils
and monocytes in spleen from Sgpl1�/� and Sgpl1�/� mice. Neutrophils
and monocytes were identified as in A. Results are shown as the percentage
of cells analyzed (C) and absolute numbers normalized by body weight (D).
The bars represent mean values, and the closed circles are individual mice.
E and F, flow cytometry analysis of myeloid progenitor cells in bone marrow
from Sgpl1�/� and Sgpl1�/� mice. Myeloid progenitor cells were identified
as Gr-1low CD11b� (immature) and Gr-1high CD11b�(mature). Results are
shown as the percentage of cells analyzed (E) and absolute numbers nor-
malized by body weight (F). The bars represent mean values, and the closed
circles are individual mice. Sgpl1�/� mice (open bars), Sgpl1�/� mice (gray
bars). All mice were analyzed at P18. *, p � 0.05; **, p � 0.01; ***, p � 0.005.
ns, not significant.
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mice and did not exhibit extensive neutrophil infiltration (Fig.
4, A and B); however, we did observe abnormally high accu-
mulations of neutrophils that appeared to be confined at the

hepatic sinusoids in Sgpl1�/� mice compared with Sgpl1�/�

mice (Fig. 4, C and D). These results suggested a possible im-
pairment of neutrophil recruitment from the blood into the

FIGURE 2. Pro-inflammatory markers are elevated during development in Sgpl1�/� mice. A, affymetrix microarray gene expression analysis was per-
formed with liver mRNA from p18 Sgpl1�/� and Sgpl1�/� mice (n � 3 per genotype). The raw signal values of the genes from the GO category “acute in-
flammatory response” were clustered to produce a heat map. Red color corresponds to higher expression relative to blue. Probe sets corresponding to
acute phase reactants, Orm1–3, Saa1– 4, and Lbp, are indicated. B, expression of mRNA for genes related to the inflammatory response in the liver of
Sgpl1�/� and Sgpl1�/� mice at P6 and at P18. RT-qPCR was performed on liver mRNA from Sgpl1�/� and Sgpl1�/� mice. Data are shown as mean values �
S.D. n � 6 mice per genotype for P6 and n � 7 for P18. C, concentrations of pro-inflammatory cytokines in the serum of Sgpl1�/� (open bars) and Sgpl1�/�

(gray bars) mice. Concentration of serum pro-inflammatory cytokines determined using the BD CBA Array. Data are shown as mean values � S.D. n � 8 for
Sgpl1�/�, n � 12 for Sgpl1�/� mice. Sgpl1�/� mice (open bars), Sgpl1�/� mice (gray bars). *, p � 0.05; **, p � 0.01; ***, p � 0.005.

FIGURE 3. Tlr4 deletion does not affect neutrophil levels in blood or pro-inflammatory markers in Sgpl1�/� mice. Lymphocyte and neutrophil blood
numbers, pro-inflammatory cytokines in serum, and inflammatory-related markers in liver in WT (open bars), Sgpl1�/� (light gray bars), Tlr4�/� (dark gray
bars), and Sgpl1�/� Tlr4�/� DKO (red bars) mice. A, blood lymphocyte and neutrophil counts were determined by the Department of Laboratory Medicine at
the NIH using an automated blood cell analyzer. Results are shown as number of cells per �l of blood. The bars represent mean values, and the closed circles
are individual mice. B, concentration of pro-inflammatory cytokines in serum determined using the BD CBA Array. Data are shown as mean values � S.D.,
n � 9 –17 mice per genotype. C, Tnf and Vcam-1 mRNA expression in liver determined using RT-qPCR. Data are shown as mean values � S.D., n � 4 mice
per genotype, all mice were analyzed at P18. *, p � 0.05; ***, p � 0.005. ns, not significant.
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inflamed tissue in the Sgpl1�/� mice. A survey of other
Sgpl1�/� tissues showed that they were spared from substan-
tial neutrophil infiltration (supplemental Fig. S6, C–L). As
reported previously (26), the Spgl1�/� lungs contained a
slight increase in macrophages within alveoli (supplemental
Fig. S6, A and B).
To establish whether Sgpl1 deficiency altered the ability of

neutrophils to migrate to sites of inflammation, we injected
mice intraperitoneal with thioglycollate and examined the
influx of neutrophils into the peritoneal cavity after 4 h. We
calculated the number of neutrophils recruited into the peri-
toneum relative to the available neutrophils in the blood (Fig.
5, A and B) and found that Sgpl1�/� mice had a significantly
lower efficiency of neutrophil recruitment into thioglycollate-
treated peritoneum than did the WT mice (Fig. 5B).
We tested the ability of neutrophils from Sgpl1�/� mice to

migrate to a chemotaxic stimulus. As shown in Fig. 5C, neu-
trophils from Sgpl1�/� mice were significantly impaired rela-
tive to WT neutrophils in their ability to migrate toward
fMLP peptide.
Abnormal Adhesion Molecule Expression on Neutrophils of

Sgpl1�/� Mice—Because mice deficient in some adhesion
molecules show neutrophilia and/or impaired recruitment to
sites of inflammation (35–46) similar to that observed for
Sgpl1�/� mice, we next determined the expression profile of
adhesion molecules on blood neutrophils in Sgpl1�/� (WT)
and Sgpl1�/� mice. Sgpl1�/� blood neutrophils expressed
substantially lower levels of CD62L (L-selectin), than neutro-
phils fromWT blood (Fig. 6, A and F). In addition, the surface
expression of CD11b (integrin �M or Mac-1), CD11a (inte-
grin �L), CD18 (integrin �2), and CD49d (integrin �2) on
blood neutrophils was all significantly decreased in Sgpl1�/�

mice compared with WT mice (Fig. 6, B–E and G–J).
The lower levels of CD62L on the Sgpl1�/� neutrophils did

not appear to be the result of enhanced surface shedding of

this molecule, because the serum levels of soluble CD62L
were similar in Sgpl1�/� and Sgpl1�/� mice (supplemental
Fig. S7A). Instead, the lower expression levels correlated
with a significantly lower expression of CD62L (Sell)
mRNA in Sgpl1�/� compared with Sgpl1�/� mice (supple-
mental Fig. S7B).
Neutrophilia and Inflammation Are Conferred by the

Sgpl1�/� Hematopoietic System—To determine if the neutro-
philia and inflammation phenotype could be conferred by the
Sgpl1�/� hematopoietic system, we established Sgpl1�/� chi-
meras by transplanting bone marrow cells from Sgpl1�/� do-
nors into WT Rag2�/� recipients (Sgpl1�/�3 Rag2�/�).
Rag2�/� mice lack mature T and B cells, which can be re-
stored by transplantation with recipient bone marrow cells.
Compared with control chimeras that received Sgpl1�/� bone
marrow cells (Sgpl1�/�3 Rag2�/�), the Sgpl1�/� chimeras
showed higher neutrophil levels and lower T-cell numbers in
blood, higher TNF and IL-6 levels in serum, and higher Tnf
and Vcam-1mRNA in liver (Fig. 7, A–C). Furthermore, blood
neutrophils from the Sgpl1�/� chimeras expressed lower sur-
face levels of CD62L compared with neutrophils from the
control chimeras (Fig. 7D). The circulating S1P levels, but not
the ceramide or sphingosine, were significantly elevated in the
Sgpl1�/� chimeras compared with the Sgpl1�/� chimeras
(Fig. 7E).

FIGURE 4. Neutrophils are confined to the sinusoids in the liver of
Sgpl1�/� mice. Paraffin sections from liver from Sgpl1�/� (A, C) and
Sgpl1�/� (B, D) mice were stained with H&E and examined on a Leica DMLB
microscope. All mice were analyzed at P18. A and B, �10 magnification.
C and D, �100 magnification. Arrows point to leukocytes in the hepatic
sinusoids.

FIGURE 5. Neutrophil migration is impaired in Sgpl1�/� mice. A and B,
Sgpl1�/� and Sgpl1�/� mice were injected intraperitoneal with thioglycol-
late. After 4 h, blood neutrophils and peritoneal neutrophils in the lavage
were analyzed by flow cytometry. A, neutrophil blood counts after thiogly-
collate treatment. B, efficiency of neutrophil recruitment into the peritoneal
cavity (PC) was determined by dividing the concentration of neutrophils
obtained in the peritoneal lavage by the concentration of neutrophils in
blood after thioglycollate treatment. Results are shown as neutrophil
counts per �l of blood (A) and ratio of neutrophil counts in the PC/neutro-
phil counts in blood. C, deletion of Sgpl1 alters the migration capacity of
neutrophils toward fMLP. Total splenocytes from Sgpl1�/� and Sgpl1�/�

mice were added to a Transwell insert and allowed to respond to 1 �M

fMLP in the lower well. Percentages of the input that were found in the
lower well after a 3-h incubation were plotted for neutrophils. Bars repre-
sent averages, and circles individual mice. n � 6 in three independent ex-
periments. The bars represent mean values, and the closed circles are indi-
vidual mice. Sgpl1�/� mice (open bars), Sgpl1�/� mice (gray bars). All mice
were analyzed at P18. **, p � 0.01; ***, p � 0.005.
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S1P4 Receptor Contributes to Inflammatory Responses in
Sgpl1�/� Mice—We next determined whether the neutro-
philia and the increase in pro-inflammatory markers in the
Sgpl1�/� mice were mediated through S1P receptors. Neutro-
phils purified from Sgpl1�/� mice expressed S1pr1 and S1pr4
mRNA at higher levels compared with S1pr2, S1pr3, and
S1pr5mRNA (supplemental Fig. S8). We therefore generated
DKO mice for the Sgpl1 gene together with S1pr1 or with
S1pr4 genes (Fig. 8). Because the S1pr1 deletion causes lethal-

ity during embryogenesis, we deleted S1pr1 specifically in
macrophages and granulocytes (Gr-S1pr1KO).
Sgpl1�/� Gr-S1pr1KO mice did not significantly differ

from the single mutant Sgpl1�/� mice in blood levels of lym-
phocytes and neutrophils and in serum concentrations of
pro-inflammatory cytokines (Fig. 8, A and B). In contrast,
Sgpl1�/� S1pr4�/� mice had significantly lower blood neu-
trophil counts and serum pro-inflammatory cytokines than
the single-mutant Sgpl1�/� mice, although both Sgpl1�/�

FIGURE 6. Expression of adhesion molecules is decreased on neutrophils from Sgpl1�/� mice. Blood neutrophils were analyzed by flow cytometry for
the expression of CD62L (A, F), CD11b (B, G), CD11a (C, H), CD18 (D, I), and CD49d (E, J). Results are shown as histograms (A–E), mean fluorescence intensity
(MFI) (F–I), and the ratio of CD49dhigh/CD49dlow Gr-1� cells (J) from Sgpl1�/� and Sgpl1�/� mice. In A, B, and E, isotype control staining is shown as a dotted
line. In F–J, the bars represent mean values, and the closed circles are individual mice. Sgpl1�/� mice (black lines and open bars), Sgpl1�/� mice (red lines and
red bars). All mice were analyzed at P18. *, p � 0.05; ***, p � 0.005.

FIGURE 7. Neutrophilia and inflammation are transferred by Sgpl1�/� bone marrow-derived hematopoietic cells. Total bone marrow cells from p18
Sgpl1�/� and Sgpl1�/� mice were injected i.v. into lethally irradiated adult Rag2�/� mice to generate control Sgpl1�/�3 Rag2�/� and Sgpl1�/�3
Rag2�/�. Transplanted mice were analyzed 8 weeks after the procedure. A, blood cell counts determined by flow cytometry. Results are shown as number
of cells per �l of blood. The bars represent mean values, and the closed circles are individual mice. B, concentration of pro-inflammatory cytokines in serum
determined using the BD CBA Array. Data are shown as mean values � S.D., n � 9 mice per genotype. C, Tnf and Vcam-1 mRNA expression in liver deter-
mined using RT-qPCR. Data are shown as mean values � S.D. for Sgpl1�/�3 Rag2�/� mice (n � 5) and for Sgpl1�/�3 Rag2�/� mice (n � 6). D, CD62L ex-
pression on the surface of blood neutrophils was analyzed by flow cytometry. Results are shown as a histogram. The inset shows the mean fluorescence
intensity (MFI) for Sgpl1�/�3 Rag2�/� (n � 5) neutrophils as percentage of control Sgpl1�/�3 Rag2�/� (n � 4) neutrophil values. Data are shown as
mean values � S.D. E, sphingolipid concentration in serum analyzed by HPLC-MS/MS. Data are shown as mean values � S.D., n � 12 mice per genotype.
Sgpl1�/�3 Rag2�/� (open bars and black line) and Sgpl1�/�3 Rag2�/� (red bars and red line). *, p � 0.05. ns, not significant.
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S1pr4�/�, and Sgpl1�/� mice were similarly lymphopenic
(Fig. 8, D and E). The expression of CD62L on the Sgpl1�/�

neutrophils was not normalized by either the deletion of
S1pr1 or S1pr4�/� (Fig. 8, E and F). The results indicate that
the S1P4 receptor plays a role in the extent of pro-inflamma-
tory responses caused by the S1P lyase deficiency. However,
the S1P1 receptor, when specifically deleted in the granulo-
cyte lineage, does not alter the phenotype.
Homeostatic Regulation of Neutrophil Production Is Abnor-

mal in Sgpl1�/� Mice—Neutrophils normally traffic to tissues
where they undergo apoptosis and are phagocytosed by
macrophages and dendritic cells, down-regulating cytokine

production and leading to increased granulocyte production.
When transmigration of neutrophils to tissues is blocked, as is
the case in mice deficient in leukocyte or endothelial adhesion
molecules, IL-23 production by macrophages and dendritic
cells increases, stimulating IL-17 generation by T cells. IL-17
in turn induces G-CSF production, leading to higher granulo-
poiesis in the bone marrow and elevated circulating neutro-
phils (Fig. 9E) (47, 48).

We next determined if this negative feedback loop for neu-
trophil homeostasis was disrupted in the Sgpl1�/� mice. An
increase in IL-23 mRNA expression was found in Sgpl1�/�

lung, liver, kidney, and small intestine compared with levels

FIGURE 8. S1pr4 deletion lowers blood neutrophil levels and inflammatory markers in Sgpl1�/� mice. S1Pr1fl/fl, Gr-S1pr1KO, Sgpl1�/�, and Sgpl1�/�

Gr-S1pr1KO DKO mice (A, C, E), and WT, S1pr4�/�, Sgpl1�/�, and Sgpl1�/� S1pr4�/� DKO mice (B, D, F) were analyzed for blood cell counts, pro-inflamma-
tory cytokines, and CD62L expression on neutrophils. A and B, blood lymphocyte and neutrophil counts were determined by the Department of Laboratory
Medicine at the NIH using an automated blood cell analyzer. Results are shown as number of cells per �l of blood. The bars represent mean values, and the
closed circles are individual mice. Results are shown as number of cells per �l of blood. The bars represent mean values, and the closed circles are individual
mice. C and D, concentration of pro-inflammatory cytokines in serum determined using the BD CBA Array. Data are shown as mean values � S.D., n � 5.
E and F, CD62L expression on the surface of blood neutrophils from DKO mice. E, expression levels of CD62L on S1Pr1fl/fl, Gr-S1pr1KO, Sgpl1�/�, and
Sgpl1�/� Gr-S1pr1 DKO neutrophils are shown as mean fluorescence intensity (MFI). F, expression levels of CD62L on WT, S1pr4�/�, Sgpl1�/�, and Sgpl1�/�

S1pr4�/� DKO neutrophils are shown as the MFI. The bars represent mean values, and the closed circles are individual mice. All mice were analyzed at P18. *,
p � 0.05; **, p � 0.01; ***, p � 0.005. ns, not significant.
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observed in Sgpl1�/� mice (Fig. 9A). To investigate IL-17 gen-
eration, we analyzed the presence of IL-17-producing Th-17
cells in mesenteric lymph nodes and found a significant in-
crease in the percentage of IL-17� Foxp3� CD4� cells in the
Sgpl1�/� mice compared with percentages observed in
Sgpl1�/� mice (Fig. 9B). We also determined the serum con-
centration of IL-17 and found elevated levels of IL-17 in the
serum of Sgpl1�/� mice compared with those in the serum of
Sgpl1�/� mice (Fig. 9C). Finally, the G-CSF concentration in
serum was significantly increased in the Sgpl1�/� mice
compared with the G-CSF concentration in Sgpl1�/� mice
(Fig. 9D).

DISCUSSION

In the absence of S1P lyase, Sgpl1�/� mice lack the major
degradation pathway for S1P and, as a result, express high
levels of S1P in circulation and in tissues (26, 29). These mice
show diverse phenotypic abnormalities including a shortened

lifespan, abnormal lipid metabolism and severe immune sys-
tem disturbances affecting both the adaptive and innate
components.
As shown here, the Sgpl1�/� mice were deficient in B and

T lymphocytes yet had high blood levels of neutrophils and
monocytes along with elevated expression of pro-inflamma-
tory cytokines. Surprisingly, their tissues were largely clear of
infiltrating leukocytes.
Peripheral blood numbers of neutrophils are tightly regu-

lated by a homeostatic feedback loop that controls granulo-
poiesis (Fig. 9E) (47, 48). Within the loop, IL-23 is expressed
by tissue resident macrophages and dendritic cells to initiate a
cytokine cascade that links IL-17 and G-CSF. First, IL-23 po-
tently elevates IL-17 levels through increases in the numbers
of IL-17-secreting T cells; then, IL-17 induces an increase in
the levels of G-CSF, which promotes the proliferation of pro-
myelocytes and the maturation of granulocytes in the bone
marrow (47, 48). Normally, after release from the bone mar-
row, neutrophils move from blood to tissues, where they un-
dergo apoptosis and are phagocytosed by macrophages and
dendritic cells (47). This process of phagocytosis supplies a
potent signal to macrophages and dendritic cells that sup-
presses IL-23 synthesis, closing the feedback loop.
We found that the Sgpl1�/� mice have disturbed neutro-

phil homeostasis. They have activation of the IL-23/IL-17/G-
CSF cytokine axis leading to increased granulopoiesis. The
increased neutrophil production in the bone marrow of the
Sgpl1�/� mice did not appear to be the result of a bacterial
infection, because their tissues appeared clear of infectious
agents upon histologic examination, and because neutrophil
numbers did not decrease when the LPS sensor Tlr4 was de-
leted from the Sgpl1�/� mice. Instead, our results point to
direct effects by the Sgpl1 deficiency on neutrophil
homostasis.
A key point in neutrophil homeostasis occurs with the

transmigration of neutrophils across the endothelium and
into tissues. When this step is blocked, as with mice with inte-
grin and selectin deficiencies (35–46) or with humans with
leukocyte adhesion deficiencies (49, 50), neutrophilia is a
prominent feature. Adhesion molecules, both selectins and
integrins, on neutrophils are essential for their interaction
with the endothelium and entry into tissues (51). The increase
in blood neutrophils is not a passive phenomenon in the ad-
hesion molecule deficiencies, but rather is due to activation of
the IL-23/IL-17/G-CSF cytokine axis. This axis is activated by
the absence of suppressive signals due to the inability of
neutrophils to transmigrate into tissues where they are
phagocytosed by macrophages and dendritic cells (47, 48). As
has been reported for several of the adhesion molecule knock-
out mice, the Sgpl1�/� mice exhibited reduced efficiency of
the recruitment of neutrophils to sites of inflammation (35–
46). The reduced expression of multiple adhesion molecules
on the neutrophils in Sgpl1�/� mice is one mechanism to ex-
plain the reduced entry of blood neutrophils into tissues,
thereby disrupting the homeostatic regulatory loop and acti-
vating the IL-23/IL-17/G-CSF pathway controlling granulo-
poiesis. The greatest adhesion molecule deficiency on the
Sgpl1�/� neutrophils was found for CD62L, with smaller de-

FIGURE 9. Cytokine-controlled loop regulating neutrophil homeosta-
sis is affected in Sgpl1�/� mice. A, Il23a mRNA expression was deter-
mined in various tissues by RT-qPCR in Sgpl1�/� and Sgpl1�/� mice.
Data are shown as mean values � S.D. n � 4 –7 mice for each genotype.
B, CD4� T cells from mesenteric lymph nodes from Sgpl1�/� and
Sgpl1�/� mice were stained for IL-17 expression and analyzed by flow
cytometry. Data are shown as mean values � S.D., n � 6. C, IL-17 was
measured in the serum of Sgpl1�/� and Sgpl1�/� mice by ELISA. Data
are shown as mean values � S.D., n � 5. D, concentration of G-CSF in the
serum of Sgpl1�/� and Sgpl1�/� mice determined using the mouse cyto-
kine/chemokine LINCOplex kit. All mice were analyzed at P18. Data are
shown as mean values � S.D., n � 7. E, impact of the Sgpl1 deletion on
neutrophil homeostasis (green and red arrows) based on the model pro-
posed by Klaus Ley and co-workers (47, 48). Sgpl1 deletion impedes the
migration of blood neutrophils into tissues. Tissue macrophages and
dendritic cells respond to reduced phagocytosis of apoptotic neutro-
phils by increased Il-23 production leading to elevated 1L-17 and G-CSF
synthesis. Sgpl1�/� (open bars) and Sgpl1�/� (gray bars). *, p � 0.05.
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creases in surface expression of CD11b, CD11a, CD18, and
CD49d. Whereas a single deficiency of CD62L did not lead to
neutrophilia in mice (37), compound deficiencies of CD62L
with other adhesion molecules did result in elevated numbers
of neutrophils in blood (42, 44, 45). The large decrease of sur-
face CD62L expression on Sgpl1�/� neutrophils did not ap-
pear to be the result of enhanced shedding, which occurs dur-
ing neutrophil activation, because the levels of soluble CD62L
in serum were similar in Sgpl1�/� and Sgpl1�/� mice. Fur-
thermore, levels of CD11b, a marker of neutrophil activation
(52), were reduced on the Sgpl1�/� neutrophils. Instead, a
transcriptional mechanism appeared to be responsible for the
decreased expression of CD62L, because of significantly de-
creased levels of its mRNA in the Sgpl1�/� neutrophils.
The Sgpl1�/� neutrophils also displayed a reduced capacity

in vitro to navigate toward a strong chemotaxic stimulus sug-
gesting intrinsic defects in their migration response, which
may also contribute to their reduced recruitment to imflamed
tissues. Inhibition of chemotaxis by extracellular S1P have
been reported previously for other cell types (53–55).
Heightened S1P levels in the Sgpl1�/� mice may also inter-

sect at another point on the neutrophil homeostatic loop to
enhance pro-inflammatory signaling. Acting through the
S1P1 receptor on T cells, S1P has the same capacity as IL-23
to augment the number of Th-17 cells and the secretory activ-
ity of IL-17 by Th-17 cells (56). In the Sgpl1�/� mice, al-
though the total numbers of T cells were reduced, the
percentage of Th-17 cells was significantly elevated, demon-
strating a specific enrichment of the Th-17 lineage. Th-17
cells are highly proinflammatory (57), and may contribute to
the systemic inflammation observed in the Sgpl1�/� mice.
IL-17 acts on many cell types to stimulate the production of
pro-inflammatory cytokines, including TNF, IL-6, and
MCP-1, which were all found to be elevated in the Sgpl1�/�

mice. Sphingosine kinase and its product, S1P, have been
shown to have pro-inflammatory effects by acting, in some
cases, through cell-surface receptors (58–64). Also, intracel-
lular S1P has recently been shown to act as a cofactor for the
E3 ubiquitin-ligase TRAF2, which stimulates NF-�B activa-
tion (65).
The deletion of the S1P4 receptor in the Sgpl1�/� back-

ground caused a decrease in the pro-inflammatory responses,
implying that signaling through the S1P4 receptor is contrib-
uting to this phenotype. Because S1P binds and activates the
S1P4 receptor at concentrations that are substantially higher
than those for the other S1P receptors (66), it is possible that
the S1P4 receptor becomes engaged in the Sgpl1�/� mice due
to high concentrations of S1P. The S1P4 receptor is widely
expressed on the cells of the immune and hematopoietic sys-
tems (67, 68), suggesting several possible cellular sites of ac-
tion (including on neutrophils, T cells, and macrophages). In
T cells, the S1P4 receptor has been reported to regulate pro-
liferation and cytokine secretion (69) and could potentially
control the levels of cytokines expressed in the Sgpl1�/� mice.
Excessive signaling through the S1P4 receptor does not seem
to be the primary cause of the early demise of the Sgpl1�/�

mice because the Sgpl1�/� S1pr4�/� DKOmice do not live
longer than single mutant Sgpl1�/� mice (data not shown).

The partial normalization of the inflammatory phenotype
in the Sgpl1�/� mice by the S1pr4 deletion indicates that
other receptor signaling pathways may be operating. The
S1P1 receptor, when deleted within granulocytes and mono-
cytes in the Sgpl1�/� mice, failed to significantly reduce the
levels of pro-inflammatory markers observed in Sgpl1�/�

mice; however, it is possible that the S1P1 receptor might
function in other tissues or cells to regulate inflammatory
pathways in the Sgpl1�/� mice. The S1P1 receptor has an
important role in controlling endothelial barrier integrity (70),
and its activation in endothelial cells in the Sgpl1�/� mice
may impede neutrophil migration into tissues (Fig. 9E). The
S1P1 receptor also activates the Stat3 pathway, which regu-
lates the acute-phase response in liver and the generation of
Th-17 cells, both features of the Sgpl1�/� mice (71–73).
Our results show that in the absence of S1P lyase activity

pro-inflammatory responses are elevated while neutrophil
migration into inflamed tissues is impaired, thereby disrupt-
ing homeostatic regulation of neutrophils. S1P lyase activity
and the relevant S1P receptor signaling pathways represent
new potential targets for manipulating neutrophil levels, their
function, and inflammation.
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