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involved in the regulation of peritoneal B-1 cell
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B-1 cells are crucially involved in immune defense and regulation of inflammation and
autoimmunity. B-1 cells are predominantly located in the peritoneal and pleural cavities,
although body cavity B-1 cells recirculate systemically under steady-state conditions. The
chemokines CXCL12 and CXCL13 have been identified as the main regulators of peri-
toneal B-cell trafficking. In mice deficient for sphingosine-1-phosphate receptor 4 (S1PR4),
B-1a and B-1b cell numbers are reduced in the peritoneal cavity by an unknown mecha-
nism. In this study, we show that S1PR4-mediated S1P signaling modifies the chemotactic
response of peritoneal B cells to CXCL13 and CXCL12 in vitro. In vivo, S1PR4-mediated
S1P signaling affects both immigration into and emigration from the peritoneal cavity.
Long-term reconstitution experiments of scid mice with wt or s1pr4

–/– peritoneal B cells
revealed a distinct distributional pattern in secondary lymphoid organs. As a functional
consequence, both plasmatic and mucosal IgM levels, the main product of B-1a cells, are
reduced in mice reconstituted with s1pr4

–/– peritoneal cells. In summary, our data iden-
tify S1PR4 as the second S1P receptor (besides S1PR1), which is critically involved in the
regulation of peritoneal B-1 cell function.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

The immune system of the peritoneal cavity is an important com-
ponent of the host’s defense against infectious pathogens enter-
ing the host organism via breaches in the intestinal barrier, or
against ascending infections via the female genital tract, as well as
being involved in the development of peritoneal tumor spread and
pathologies due to ectopic tissues (i.e. endometrioses) [1, 2]. The
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peritoneal cavity contains several hematopoietic immune cells,
with peritoneal B cells representing the quantitatively most impor-
tant population, followed in decreasing numbers by macrophages,
CD4+ and CD8+ T cells, and neutrophils [3, 4]. Peritoneal B cells
comprise a heterogeneous B-cell population consisting of three
major subtypes: B-1a, B-1b, and B-2 cells [5–9]. Peritoneal B-
cell populations are characterized by a distinct phenotype, bio-
logical function, B-cell receptor (BCR) repertoire, and metabolism
[10–12]. While peritoneal B-1b and B-2 cell populations depend
on constant inflow from bone marrow B-cell precursors, B-1a
cells are predominantly maintained by self-renewal throughout
life [13]. Distinct functional properties exist between B-1 and B-2
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cells: in contrast to B-2 cells, B-1 cells do not proliferate well in
response to BCR-mediated stimulation but are efficiently activated
by BCR-independent innate immune signals ([14], reviewed in
[15]). In response to BCR-independent stimuli such as LPS, IL-5,
and IL-10, peritoneal B cells migrate to the spleen or mucosal
sites and predominantly differentiate into IgM (B-1a cells) or
IgA (B-1b cells) secreting cells (reviewed in [16]). B-1b cells can
accumulate as long-lived memory B cells in the peritoneal cavity
and secrete antigen-specific IgM against TI-1 antigens [17]. While
peritoneal B-1a cells located in the peritoneal cavity secrete only
small amounts of natural IgM, both the spleen and bone marrow
contain B-1a cell populations that spontaneously produce numer-
ous circulating natural IgM antibodies. Thus, B-1 cells contribute
to the early neutralization of invading pathogens and enhance the
later pathogen-specific B-2 cell response [16]. B-1 cells also have
an immunoregulatory function by influencing T-cell-dependent
antibody production by B-2 cells by their ability to produce high
amounts of IL-10 and by scavenging apoptotic cells (reviewed in
[10]). In contrast, the population of B-2 cells, comprising follicu-
lar B cells and marginal zone B cells, is responsible for the T-cell-
dependent adaptive B-cell response and for the T-cell-dependent
and independent B-cell responses to blood-born antigens, respec-
tively (reviewed in [18]). Although B-1 cells constitute the main
B-cell population in the coelomic cavities of the body (peritoneal
and pleural cavities) [13], all peritoneal B-cell subpopulations cir-
culate from the peritoneal cavity through distant tissues and back
to the peritoneal micromilieu under steady-state conditions and
B-1 cells can be found in other tissues in lower numbers [19,
20]. The CXC chemokines CXCL12 and CXCL13 have been iden-
tified as the main regulators of peritoneal trafficking of B cells
[21–23]. In a previous study, we found reduced numbers of B-
1a and B-1b cells in the peritoneal cavity of mice deficient for
sphingosine-1-phosphate receptor (S1P) type 4 (s1pr4

–/–) [24].
S1P is a bioactive sphingolipid that acts as an intra- and extra-
cellular messenger and mediates a wide variety of biological cell
functions (reviewed in [25, 26]), the majority of which, especially
in the immune system, is regulated by its interaction with five
membrane-bound G-protein–coupled receptors (S1PR1–S1PR5)
[27]. S1P binding to its membrane receptors regulates the traf-
ficking of various immune cells and their positioning within the
compartments of secondary lymphoid organs, often also by mod-
ifying chemokine-induced migration processes [28, 29]. S1PR1

and S1PR4 are differentially expressed in peritoneal B-cell sub-
populations [24, 30]. S1PR1 expression is downregulated upon
TLR4 stimulation [30]. No expression of the remaining S1P recep-
tors S1PR2, S1PR3 and S1PR5 has been shown in peritoneal B
cells [24].

In this manuscript, we describe the mechanisms responsible
for the reduced peritoneal B-1 cell number in s1pr4

–/– mice, as
reported previously [24]. To this end, we characterized the impact
of S1PR4-mediated signaling on the migration, proliferation, and
viability of peritoneal B cells in vitro and in vivo. Using adop-
tive transfer models, we demonstrated S1PR4-mediated mod-
ulation of peritoneal B-cell trafficking, immunoglobulin, and
cytokine secretion. Our findings suggest an important role of

S1PR4-mediated signaling in the regulation of peritoneal B-cell
biology.

Materials and methods

Mice

Female C57BL/6J mice (wt) were purchased from Charles River.
Female B6.Cg-Prkdcscid/SzJ mice on a C57BL/6J background
(scid) were purchased from The Jackson Laboratory. All mice
were kept in the animal facility for at least 2 weeks before
the initiation of experiments to allow them to adapt to local
conditions. The scid mice were kept under sterile conditions
using flow boxes with separate air supplies. S1pr4

−/− mice on
a C57BL/6J background were initially created in the Martin
Lipps Lab at the Max-Delbrück-Centrum für Molekulare Medizin
Berlin-Buch, Germany [31]. The animals used for the experi-
ments reported herein were bred under specific pathogen-free
conditions in the animal facility of the Universitätsmedizin Greif-
swald, Germany (Zentrale Service- und Forschungseinrichtung
für Versuchstierkunde; ZSFV). Mice aged between 10 and 14
weeks were used for all experiments. All animal care practices
and experimental procedures were performed in accordance with
the German Animal Protection Law (TierSchuG) and controlled
by the veterinary government authority (Landesamt für Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-
Vorpommern; LALLF-MV; Project identification code:
7221.3-1.1-044/19).

Isolation of peritoneal cells

Cells of the murine peritoneal cavity were obtained by peritoneal
lavage, in which 10 mL of ice-cold PBS supplemented with 0.5%
fatty acid-free BSA (Sigma-Aldrich) was injected intraperitoneally.
After gently moving the mice, the lavage fluid was aspirated and
was centrifuged at 120 × g for 10 min. The supernatant was
discarded and the cell pellet was used for further analysis and
experiments. Absolute cell numbers were determined using BD
TruCount tubes (BD Biosciences).

Flow cytometry

Nonspecific antibody binding was blocked with an anti-FcII/III
antibody (anti-CD16/32; BD Pharmingen). The following anti-
bodies and conjugates were used: anti-CD5-PE/Cy7 (clone
53–7.3; Biolegend), anti-CD19-eFluor 660 (clone 1D3; eBio-
science, Thermo Fisher Scientific), anti-CD23-PE (clone B3B4;
eBioscience), anti-CD3-FITC (clone 145-2c11; Biolegend), anti-
CD11b-APC-eFluor 780 (clone M1/70; eBioscience), anti-CXCR4-
eFluor 450 (clone 2B11; eBioscience), and anti-CXCR5-BV650
(clone L138D7; Biolegend). For adoptive transfer, viability, and
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proliferation assays, cells were stained with CellTrace CFSE (Life
Technologies) or Tag-it Violet (Biolegend) according to the manu-
facturer’s instructions. All cells were stained with 7-AAD Viability
Staining Solution (Biolegend) before dead cell exclusion analy-
sis. Stained cells were analyzed using a BD LSR II Flow Cytome-
ter (BD Biosciences) and evaluated with FlowJo software (Ver-
sion 10, LLC). B-cell subpopulations were identified using the fol-
lowing antibody panels: B–1a cells: CD19+ CD5+ CD23−; B–1b
cells: CD19+ CD5− CD23−; and B–2 cells: CD19+ CD5− CD23+.
The gating strategy is shown in Supporting Information Fig. S1.

Transwell migration assays

Following the isolation of peritoneal cells, samples were resus-
pended in migration medium (RPMI-1640 + GlutaMAX-I [Gibco,
Thermo Fisher Scientific], 0.5% fatty acid-free BSA [Sigma-
Aldrich], 25 mM HEPES [Biochrom], 100 U/mL penicillin with
100 µg/mL streptomycin [Gibco]) at a final concentration of 5 ×
106 cells/mL. The lower chambers of a 24-well plate were filled
with 600 µL migration medium containing appropriate concentra-
tions of chemoattractants. Subsequently, the upper chambers of a
transwell insert (5-µm pore size; Corning Costar) were inserted
into the previously filled wells and loaded with 100 µL of the
cell suspension containing 5 × 106 cells/mL. Three wells without
inserts were filled with the same cell suspension as controls. Fol-
lowing incubation for 4 h at 37°C under 5% CO2, the numbers
of B-1a, B-1b, and B-2 cells migrating to the lower chamber were
analyzed after staining with the aforementioned antibody panels
by FACS using BD TruCount tubes (BD Biosciences). Migration
was calculated as follows: (cell number of the lower chambers
with insert/cell number loaded into the lower chamber without
insert) × 100. For each mouse, the mean of three technical repli-
cates was used for further statistical analysis.

The S1PR4-specific antagonist CYM50358 (Hycultec) was sol-
ubilized according to the recommendations of the manufacturer
and used to demonstrate the S1PR4-specific effects of S1P at the
concentrations specified in the results section.

CXCR4 and CXCR5 expression in vitro

The S1PR4-specific agonist CYM50308 (Sigma-Aldrich, Sigma-
Aldrich) and the S1PR4-specific antagonist CYM50358 (Hycultec)
were solubilized according to the recommendations of the man-
ufacturer. 2.5 × 105 peritoneal cells were incubated in the pres-
ence of the agonist/antagonist for 36 h at 37°C under 5% CO2.
Cells were re-stimulated with the appropriate amount of ago-
nist/antagonist after 24 h. After 36 h, cells were harvested and
analyzed by flow cytometry.

Adoptive cell transfer

Cells isolated from the PerC of wt and s1pr4
−/− mice were

adjusted to the same concentration and stained with Cell-

Trace CFSE (Life Technologies) or Tag-it Violet (Biolegend)
according to the manufacturer’s instructions. After half of the
experiments had been conducted, the staining of the geno-
types was inversed to exclude the influence of the labeling
substances on the experimental outcome. Per mouse, 2.5 ×
106 labeled wt and s1pr4

−/− cells were mixed and adminis-
tered intraperitoneally or intravenously. The organs were har-
vested after 12 or 48 h, and the total number of trans-
ferred cells from each population and genotype were deter-
mined by flow cytometry for each tissue (Supporting Information
Fig. S2). Total numbers were calculated using BD TruCount tubes
(BD Biosciences).

Fluorescence microscopy of splenic tissue sections

Harvested spleens were embedded in TissueTek (Sakura Finetek
Europe B.V.) and snap-frozen in isopentane cooled by liquid nitro-
gen. Cryostat sections (3 µm) were dried for 24 h and then fixed
in acetone at −20°C for 10 min. Nonspecific binding sites were
blocked with PBS + 10% fetal calf serum for 30 min and biotin-
binding sites were blocked using the Dako Biotin Blocking Sys-
tem (Dako North America Inc.) according to the manufacturer’s
instructions. Sections were stained with anti-CD4-BV421 (clone:
GK1.5), anti-B220-FITC (clone: RA3-6B2), and anti-IgD-biotin
(clone: MD78Z) at 4°C for 16 h. The sections were then incubated
with rhodamine-conjugated streptavidin (Jackson ImmunoRe-
search Laboratories Inc.) at room temperature for 1 h and cell
nuclei were stained with Draq5 (Biolegend). Stained sections
were stored at 4°C for at least 24 h before analysis. All images
were acquired on the same day at constant exposure time and
magnification.

Immunoglobulin and cytokine analysis

The concentrations of immunoglobulins and cytokines were
determined using the LEGENDplex multi-analyte flow assay
kit (Biolegend) according to the manufacturer’s instructions
(immunoglobulins: Legendplex MU immunoglobulin isotyping
panel (6-plex) w/ VbP, Cat: 740493; cytokines: Legendplex Mouse
B-cell Panel (13-plex) w/FP, Cat: 740818). Blood plasma was
obtained by centrifugation of EDTA-anticoagulated blood sam-
ples. For gastrointestinal lavage fluid (GILF), the small intes-
tine of mice was explanted, washed twice in ice-cold PBS,
and flushed with gastrointestinal lavage buffer containing 25
mM NaCl, 10 mM Na2SO4, 10 mM KCl, 20 mM NaHCO3,
50 mM EDTA, 162 mg/mL polyethylene glycol 3350, 1 mM
phenylmethanesulfonyl fluoride, and 0.1 mg/mL Soybean trypsin
inhibitor dissolved in distilled water [32, 33]. The fluid was
then centrifuged twice at 13,000 rpm and 4°C for 10 min.
Blood plasma and GILF were stored at –80°C until further
usage.
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ELISPOT

Freshly isolated cells from the spleen and bone marrow were
used to determine the number of IgM-secreting cells using the
ImmunoSpot Mouse IgM Single-Color ELISPOT assay kit (CTL-
Europe GmbH) according to the recommendations of the man-
ufacturer. Briefly, appropriate cells numbers in three serial dilu-
tions (spleen: 1.6 × 105; 5.0 × 104; 1.6 × 104; bone marrow:
5.0 × 105; 1.6 × 105; 5.5 × 104) were transferred to the previ-
ously coated 96-well PVDF filter plates provided in the kit. Cells
were incubated in the assay medium for 8 h at 37°C and 5%
CO2. Plates were then washed and incubated with anti-mouse
IgM detection solution for 2 h in the dark at room temperature.
Plates were then dried, treated with tertiary solution, and finally
developed by adding CTL-TrueBlue substrate solution according
to the protocol of the manufacturer. IgM-secreting B cells were
enumerated using a Mabtech IRIS2 ELISPOT reader (Mabtech
AB) with filtering for spot size using the Mabtech Apex Software
(Mabtech AB).

Assessment of proliferation and viability

CellTrace CFSE (Life Technologies) was used for in vitro and in
vivo measurement of cell proliferation. For in vitro experiments,
B cells were incubated with various concentrations of LPS to
induce cell division. After incubation for 4 h at 37°C and 5% CO2,
the reduction in cellular CFSE concentration was measured using
the mean fluorescence intensity via flow cytometry. For coculture
experiments, spleen cells were incubated at a 1:1 ratio with peri-
toneal cells of the same donor animal. Proliferation was assessed
after incubation for 24 h at 37°C and 5% CO2. Cell proliferation
was measured using 7-aminoactinomycin D (7-AAD; BioLegend)
uptake via flow cytometry. For in vivo experiments, the mean
7-AAD fluorescence intensity was measured by flow cytometry
48 h after intraperitoneal transfer in B6.Cg-Prkdcscid/SzJ (scid)
mice.

Results

Differential migration of peritoneal B-cell
subpopulations to combined chemokine-S1P
gradients in vitro

Recently, the impact of S1P-mediated signaling on the peritoneal
egress of B cells under inflammatory conditions has been demon-
strated [30]. The role of CXCL13, another chemotactic molecule,
in peritoneal trafficking has also been described [22]. However,
interactions between S1P- and CXCL13-mediated signaling have
not yet been studied. Therefore, the migration of peritoneal B
cells to combined gradients of S1P and CXCL13 was assessed in
vitro. Both B-1a and B-1b cells showed dose-dependent chemo-
taxis toward S1P gradients, which peaked for both cell popu-
lations at 10 nM S1P (2.22% versus 1.72% for B-1a and B-1b

cells, respectively). In contrast, no chemotactic response to S1P
gradients was observed in B-2 cells (Fig. 1A). Using a combi-
nation of S1P gradients with a constant CXCL13 gradient, the
chemotactic response of all B-cell populations was significantly
increased compared with that of S1P gradients alone. Again,
both B-1 cell populations showed the highest migration rates at
10 nM S1P in a combined gradient with CXCL13 (5.57% ver-
sus 4.96% for B-1a and B-1b cells, respectively). Although B-2
cells showed a chemotactic response to the CXCL13 gradient, no
dose-dependent increase in migration was observed following the
addition of S1P gradients. No relevant effect of S1P was mea-
sured at higher CXCL13 concentrations (Supporting Information
Fig. S3).

S1PR4 mediates the modifying effect of S1P on
chemokine-induced chemotaxis in peritoneal B cells

S1PR4 has been shown to be one of the main membrane recep-
tors mediating the effect of S1P on the egress of peritoneal B-
cell populations from the peritoneal cavity under inflammatory
conditions [30]. In this study, we used peritoneal B cells from
an S1PR4 deficient knock-out mouse strain (s1pr4

–/–) to evalu-
ate the impact of S1PR4 expression on their chemotactic response
to S1P in vitro. S1PR4 deficient B-1a cells showed a significantly
reduced chemotactic response to the S1P gradient compared with
wt cells (1.00% versus 0.32% for wt and s1pr4

–/– cells, respec-
tively; Fig. 1B). In contrast, we observed no significant difference
in the chemotactic migration of B-1b or B-2 cells to S1P gradients.
Since various S1PR are expressed on peritoneal B cells we used
the S1PR4-specific antagonist CYM50358 to show the implica-
tion of S1PR4-mediated S1P signaling in the observed migrational
response. The results corroborating the data obtained in s1pr4

–/–

cells in vitro are shown in Supporting Information Fig. S4. In the
presence of combined gradients of S1P and CXCL13, all s1pr4

–/–

peritoneal B-cell populations showed reduced chemotactic migra-
tion compared with wt cells. Similarly, all s1pr4

–/– peritoneal B
cells displayed a reduced chemotactic response toward combined
gradients of S1P and CXCL12, another chemokine implicated in
peritoneal cell trafficking [21]. In conclusion, S1PR4-mediated
S1P signaling can modify the migratory behavior of peritoneal
B-cell populations induced by chemokines involved in peritoneal
cell trafficking.

S1PR4 deficiency reduces CXCR4 and CXCR5 surface
expression on peritoneal lymphocytes

Given the effect of S1P signaling on CXCL13-induced chemo-
taxis, we next sought to determine whether S1PR4-mediated
signaling affects the expression of the receptors for CXCL13
and CXCL12, CXCR5, and CXCR4, respectively. Flow cytomet-
ric analysis of CXCR4 and CXCR5 on peritoneal B cells revealed
decreased expression levels in all peritoneal s1pr4

–/– B-cell pop-
ulations compared with their wt counterparts (Fig. 1C). To
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Figure 1. Chemotactic response of s1pr4
–/– peritoneal B cells in vitro (A) Peritoneal B cells were isolated from the PerC of wt and s1pr4

–/– mice
and seeded in the upper chamber of a Transwell migration assay. The lower chambers were filled with different concentrations of S1P alone (solid
line) or with 100 ng/mL CXCL13 (dotted line). After incubation, the number of cells that migrated to the lower chamber was quantified using flow
cytometry. Migration was computed as the percentage of cells from the upper well. Values represent the mean ± SD of n = 3 per concentration.
The results are representative of three independent experiments. (B) Transwell migration of peritoneal B cells to medium, 10 nM S1P, 10 nM S1P +
200 ng/mL CXCL12, and 10 nM S1P + 100 ng/mL CXCL13. Data are shown as individual values obtained from n = 8 donors per group. (C) Expression
of CXCR4 and CXCR5 on peritoneal cell populations quantified by flow cytometry (n = 8). (D) Expression of CXCR4 and CXCR5 on peritoneal B cells
that were stimulated with the selective S1PR4 agonist CYM50308 or selective S1PR4 antagonist CYM50358 in the presence of S1P. Bars represent the
mean values + SD. *p < 0.05; **p < 0.01; ***p < 0.001 as computed by Student’s t-test.

further corroborate these data obtained in the s1pr4
–/– back-

ground, we used the S1PR4-specific agonist CYM50308 and
the S1PR4-specific antagonist CYM50358 to assess the impact
of S1PR4-mediated signaling on CXCR4 and CXCR5 expres-
sion on peritoneal B cells of wt mice. In peritoneal B-1a cells,
both CXCR4 and CXCR5 expression was decreased in the pres-
ence of S1PR4-specific antagonist CYM50358 (Fig. 1D). In the
presence of the S1PR4-specific agonist CYM50308 both CXCR4
and CXCR5 expression increased, but only the increase of
CXCR5 expression reached statistical significance. B-1b and B-
2 cells also showed differential expression profiles after incuba-
tion with S1PR4-specific agonist and antagonist. The decrease
of CXCR4 expression on peritoneal B-1a cells upon incubation
with the S1PR4-specific antagonist CYM50358 in the presence
of S1P was concentration-dependent (Supporting Information
Fig. S5).

Emigration of peritoneal B cells from the abdominal
cavity is affected by S1PR4 deficiency

The regulation of peritoneal B-cell trafficking is a complex process
and the exact mechanisms governing both egress from and immi-
gration into the peritoneal cavity remain incompletely under-
stood. After demonstrating that S1P signaling via S1PR4 con-
tributes to the chemotactic response of peritoneal B cells in a
subpopulation-specific manner in vitro, we sought to investigate
the contribution of S1PR4–mediated S1P signaling to peritoneal
B-cell trafficking in vivo in a model of adoptive cell transfer. To
this end, we examined the migration of wt and s1pr4

–/– peri-
toneal B cells after intraperitoneal adoptive transfer in scid recip-
ient mice. After 12 h, there were significantly more s1pr4

–/– B-1a
cells than wt counterparts in the peritoneal lavage fluid (Fig. 2). At
this time point, the majority of B cells remained in the peritoneal
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Figure 2. Migrational behavior of peritoneal B cells after intraperitoneal transfer. A mixture of differentially labeledwt and s1pr4
–/– peritoneal cells

was transferred into the PerC of scid mice. Twelve and 48 h after transfer, cells from the peritoneal lavage (PerC), omentum majus (omentum),
spleen, mesenterial lymph nodes (mLN), and inguinal lymph nodes (iLN) were quantified by flow cytometry. Bars represent the mean values + SD
of n = 10 recipients. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 as computed by one-way ANOVA with Dunnett’s multiple comparison post hoc
test.

environment and only low cell numbers could be detected in
the other tissues screened. After 48 h, the wt B-cell numbers of
all peritoneal B-cell subsets were significantly lower than those
of s1pr4

–/– genotype in the PerC. The omentum majus (omen-
tum) is a major access and exit route for peritoneal cells [22,
34, 35]. Increased numbers of wt B-1a cells were recovered from
the omentum after 48 h compared with s1pr4

–/– B-1a cells, while
the differences in recovered B-1b and B-2 cells did not reach sta-
tistical significance. In the mesenterial lymph nodes (mLN), the
spleen, and the inguinal lymph nodes (iLN), the cell numbers
of recovered wt peritoneal B-cell subpopulations were increased
compared with the s1pr4

–/– genotype 48 h after intraperitoneal
transfer. These data suggest that after 48 h, s1pr4

–/– peritoneal
B cells showed reduced peritoneal egress and migration to sec-
ondary lymphoid organs comp wt B cells.

S1PR4 deficiency inhibits peritoneal B-cell homing to
the peritoneal cavity

The net number of intraperitoneal cells does not only depend on
peritoneal egress but also on the intensity of the cellular immigra-
tion into the peritoneal cavity. In this process, the omentum has
been described as the main route of entry [23]. Twelve hours after
intravenous transfer, peritoneal B cells showed a very heteroge-
neous distribution among the various tissues examined (Fig. 3).
In the PerC, a significantly lower number of s1pr4

–/– B-1a cells
were recovered compared with wt B-1a cells after 12 h. After
48 h, the number of s1pr4

–/– B-1a cells remained clearly infe-
rior to that of wt B-1a cells in the PerC. Moreover, s1pr4

–/– B-1a
cells showed reduced numbers in the omentum, mLN, and spleen
12 and 48 h after transfer. In contrast, the number of s1pr4

–/–
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Figure 3. Migrational behavior of peritoneal B cells after intravenous transfer. A mixture of differentially labeled wt and s1pr4
–/– peritoneal cells

was transferred together into the tail vein of scid mice. Twelve and 48 h after transfer, cells from the peritoneal lavage (PerC), omentum majus
(omentum), spleen, mesenterial lymph nodes (mLN), and inguinal lymph nodes (iLN) were quantified using flow cytometry. Bars represent the
mean values + SD of n = 16 recipients. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 as computed by one-way ANOVA with Dunnett’s multiple
comparison post hoc test.

B-1a cells was increased compared with wt B-1a cells in iLN after
both twelve and 48 h after intravenous transfer. This distribu-
tion of transferred B-1a cells in recipient mice indicates reduced
immigration of s1pr4

–/– cells through the omentum and into the
PerC. In contrast, s1pr4

–/– B-1b and B-2 cells showed no prefer-
ence for peripheral lymph nodes or those draining the gut (e.g.
mLN). Twelve hours after transfer, wt, and s1pr4

–/– B-2 cell num-
bers were similar in the PerC, while the s1pr4

–/– B-1b cell num-
ber was superior to the number of their wt counterparts. In con-
trast, at the 48 h time point, similar numbers of wt and s1pr4

–/–

B-1b, but higher numbers of s1pr4
–/– B-2 cells were present in

this compartment. S1PR4-deficient B-1b cells showed increased
migration to the omentum and reduced migration to the spleen
compared with wt B-1b cells. Increased numbers of wt B-2 cells
were observed in the omentum after 48 h and in the spleen
after 12 and 48 h. In the mLN, s1pr4

–/– B-2 cell numbers were
slightly increased compared with wt B-2 cells 48 h after transfer.
In summary, our data suggest that s1pr4

–/– B-1a cells in particu-
lar were hindered in their attempt to access the peritoneal envi-

ronment, instead appearing to be preferentially directed to the
peripheral lymph nodes (e.g. iLN), with increasing numbers at
later time points. Compared with B-1a cells, S1PR4 deficiency had
a reduced effect on the peritoneal immigration of both B-1b and
B-2 cells.

Long-term reconstitution of peritoneal B-cell
populations after adoptive intraperitoneal transfer in
scid mice

The long-term effects of impaired peritoneal trafficking of
s1pr4

–/– peritoneal B cells were studied 14 days after intraperi-
toneal transfer into scid mice. In peritoneal lavage, B-1a and B-1b
cells were more abundant in mice that received wt cells than those
that received s1pr4

–/– cells (Fig. 4A). In the spleen, equivalent
numbers of cells with a B-1a and B-1b phenotype were found,
while B-2 cells were found at comparable numbers in the PerC
and spleen of recipients of wt and s1pr4

–/– cells. However, upon

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 4. Reconstitution of B-cell populations in scid mice. Peritoneal cells from wt and s1pr4
–/– mice were separately transferred into the PerC of

scid mice. Fourteen days after transfer, organs were harvested and the splenic architecture and cell numbers in the spleen and PerC were analyzed
in n = 9 animals per group. (A) The cell numbers in the peritoneal lavage fluid (lavage) and spleen of recipients were quantified using flow cytometry.
(B) Sections of the recipient spleens were stained with Draq5 (nuclei, red), CD4-BV421 (blue), B220-FITC (green), and IgD-rhodamine (yellow); Scale
bars: 50 µm. Bars represent the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 as computed by Mann–Whitney U-test.

microscopical analysis of splenic sections, differences between
transplants from both genotypes were found. The spleens of recip-
ients of s1pr4

–/– cells showed only loose and small clusters of
B and T cells, while those from recipients of wt cells revealed
larger lymphocyte aggregates that resembled primitive follicles
(Fig. 4B). These cell conglomerates must have arisen after the
second day of cell transfer since no comparable structures were
found twelve and forty-eight hours after adoptive cell transfer
(Supporting Information Fig. S6).

Mucosal and systemic IgM levels and systemic IL-10
levels are affected by S1PR4 deficiency in peritoneal B
cells

To evaluate the impact of S1PR4 deficiency on immunoglobulin
production, the levels of natural antibodies (IgA, IgM) and IgG
species were measured in plasma and GILF 14 days after adoptive
intraperitoneal transfer of peritoneal cells. The results showed no
significant difference in IgA levels in GILF and plasma between
the two genotypes (Fig 5A). In contrast, the recipients of s1pr4

–/–

cells showed lower levels of IgM in both GILF and plasma. As
B-1 cells in the peritoneal cavity produce only small amounts
of IgM but migrate to other lymphatic organs where they sig-
nificantly increase antibody production and secretion, we mea-
sured the number of IgM-secreting cells in the spleen and the
bone marrow [15, 54]. In both organs, significantly lower num-
bers of IgM-secreting cells were found in s1pr4

–/– animals com-
pared with wt controls (Fig. 5C). As IL-10 secretion is the basis
for the immunomodulatory role of peritoneal B-1 cells and has
been shown to affect peritoneal B-cell migration, we also assessed
the levels of IL-10 in the reconstituted mice [36, 37]. The results
showed that the IL-10 levels were significantly lower in mice
reconstituted with s1pr4

–/– peritoneal cells than in those recon-
stituted with wt cells (Fig. 5B).

Proliferation and viability of peritoneal B cells are
unaffected by S1PR4 deficiency

Throughout this study, the extent of migration was deduced from
changes in cell numbers in various tissues; however, this only

© 2024 The Author(s). European Journal of Immunology published by
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Figure 5. Impact of S1PR4 deficiency onmucosal and systemic IgA and IgM levels and systemic IL-10 levels. (A) Peritoneal cells fromwt and s1pr4
–/–

mice were separately transferred into the PerC of scid mice. Fourteen days after transfer, organs were harvested and the splenic architecture and
cell numbers in the spleen and PerC were analyzed in n = 9 animals per group. Quantification of IgM and IgA in the gastrointestinal lavage fluid
(GILF) and blood plasma (plasma) of recipient mice, as measured by cytometric bead assay. (B) Quantification of IL-10 from the blood plasma of
recipient scidmice after intraperitoneal transfer of peritoneal cells as described above. (C) The number of IgM-producing cells in the spleen and the
bone marrow in naïve wt and s1pr4

–/– mice were determined by ELISPOT (n = 5) *p < 0.05; ***p < 0.001; ****p < 0.0001 as computed by Mann–Whitney
U-test.

reflects migratory processes under the assumption that there is no
difference in proliferation and viability between the cells of both
genotypes. Therefore, to prove the validity of this assumption, in
vitro peritoneal B-cell proliferation was induced using different
concentrations of LPS (Fig. 6A). The results showed no signifi-
cant difference in cell divisions in wt and s1pr4

–/– peritoneal B
cells. While B-1a cells showed high proliferation in response to
LPS, the response of B-1b cells was modest. Moreover, no pro-
liferative response of B-2 cells could be detected in response to
LPS. Several authors have described the dependence of B-1 B-
cell population persistence on the splenic environment [38, 39].
Therefore, we next employed a co-culture model of peritoneal
and splenic cells to assess differences in the proliferative response
between the genotypes under these conditions (Fig. 6B). The
results showed no significant difference between wt and s1pr4

–/–

peritoneal B cells after culture of peritoneal cells only (PC) or
in combination with splenic cells (PC+SC). Next, the viability of
peritoneal B-cell subsets was assessed in vitro and in vivo after
48 h. The results showed no significant difference in the in vitro
viability of B-1a, B-1b, or B-2 cells (Fig. 6C). Similarly, no sig-
nificant difference in the viability in transferred PerC-resident

peritoneal B-cell subsets was detected in the model of adoptive
transfer to scid mice (Fig. 6D). Therefore, it seems reasonable
to assume that the observed changes in cell numbers in vari-
ous organs reflect the migration of the relevant cell populations
and are not due to differences in their proliferative capacity or
viability.

Discussion

Mice deficient for S1PR4 possess significantly reduced peritoneal
B-1a and B-1b cell numbers compared with wt animals, while their
peritoneal B-2 cell numbers are similar [24]. The causes leading
to this distinctive feature of s1pr4

–/– animals remain incompletely
understood. A role for S1P signaling in peritoneal B-cell traffick-
ing has been previously implied by Kunisawa et al. Using the non-
selective functional antagonist of S1P, FTY720, Kunisawa et al.
[40] showed strongly reduced peritoneal B-1 and B-2 cell num-
bers in the peritoneum of FTY720-treated mice. The exact sub-
type of S1P receptor mediating this effect has not been identified
yet. In this study, we demonstrate that S1PR4-mediated signaling

© 2024 The Author(s). European Journal of Immunology published by
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Figure 6. Proliferation and viability of peritoneal B cells from wt and s1pr4
–/– mice. (A) Peritoneal B cells of wt and s1pr4

–/– mice were stimulated
with various concentrations of LPS to stimulate their proliferation in vitro. The percentages of dividing cells were measured by the decline in CFSE
by flow cytometry (n = 3). (B) Peritoneal cells alone (PC) or in co-incubation with splenic cells (PC+SC) from wt and s1pr4

–/– mice were cultured ex
vivo to assess proliferation (n = 8). (C) The in vitro viability of wt and s1pr4

–/– B cells was assessed using flow cytometry after 24 h in cell culture
medium (n = 6). (D) The in vivo viability ofwt and s1pr4

–/– B cells was assessed 48 h after their transfer into scidmice using 7-AAD in flow cytometry.
Bars represent the mean ± SD. ***p < 0.001 as computed by one-way ANOVA with Dunnett’s multiple comparison post hoc test.

modulates the chemotactic response of peritoneal B cells to
chemokine gradients in a subpopulation-dependent manner. Our
in vitro data clearly show that S1P signaling modifies CXCL13-
induced chemotaxis of peritoneal B cells in a cell subtype-
specific manner. Interestingly, the expression of the receptor for
CXCL13, CXCR5, but also the expression of CXCR4, the recep-
tor for CXCL12, which is also critically implicated in the con-
trol of peritoneal B-cell migration, is significantly reduced in
s1pr4

−/- animals [22, 23, 41]. Using adoptive cell transfer tech-
niques, we show that S1PR4 deficiency results in altered distri-
bution patterns of peritoneal B cells within different immuno-
logical compartments, while peritoneal B-cell proliferation and
viability were unaffected by the absence of S1PR4 expression.
These data strongly support the hypothesis that the changes in
the composition of the peritoneal cell populations observed in
s1pr4

–/– mice are driven by the modulation of peritoneal B-
cell trafficking. As reported by other investigators, S1P gradi-
ents had only a relatively weak direct chemotactic effect induc-
ing the migration only of a relatively small fraction of B cells in
our experimental setting [42–44]. This contrasts with the impor-
tant reduction of peritoneal B-cell subpopulations seen in the
s1pr4

–/– animals. This discrepancy may be due to an activation-
dependent S1P responsiveness of B cells in various activational
states or may be due to the S1P-induced modification of the
action of stronger chemoattractants, that is, CXCL12 or CXCL13.

Recently, the first description of an interaction between S1PR4 and
CXCR4, the main receptor for CXCL12, has been published [34].
In human CD8+ T lymphocytes, activation of S1PR4 increases
the expression of CXCR4. For circulatory B cells, a reduction
in CXCR4 expression and CXCL12-mediated migration has been
described after treatment with FTY720 [35]. The observation
that CXCR4 and CXCR5 expression is reduced in s1pr4

–/– ani-
mals indicates that S1P-induced increased expression of these
molecules, at least partly, contributes to the increased migration
of B-1a and B-1b cells to combined gradients of CXCL13 and S1P.
It has been previously shown that signaling via other S1P recep-
tors affects the expression levels of chemokine receptors such as
CXCR4 [45]. However, this is the first description of the modu-
lating action of S1PR4-mediated signaling on chemokine recep-
tor expression levels in B lymphocytes. Interestingly, s1pr4

–/– B-
2 cells also showed reduced chemotaxis toward combined S1P
and CXCL12 or CXCL13 gradients compared with their wt coun-
terparts, although a single S1P gradient did not induce signif-
icant chemotaxis in peritoneal B-2 cells. This observation sup-
ports the hypothesis that S1P-mediated modification of CXCL12
and CXCL13 chemotaxis of peritoneal B cells is predominantly
mediated by the S1P-induced alteration of chemokine receptor
expression levels.

Having established that S1PR4-mediated signaling modi-
fies chemokine-induced chemotaxis in vitro, we addressed the

© 2024 The Author(s). European Journal of Immunology published by
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question of whether this function affects the migration of peri-
toneal B cells, such as emigration from and immigration into the
peritoneal cavity in vivo. Our data shows that s1pr4

–/– peritoneal
B cells possess a reduced capacity to exit the peritoneal cavity or to
translocate to other peritoneal compartments that are inaccessible
for peritoneal lavage. Interestingly, Kunisawa et al. [40] showed
increased emigration of peritoneal B cells from the peritoneal cav-
ity by blocking S1P signaling with FTY720, which binds to S1PR1

as well as to S1PR3-5 and induces internalization of S1PR1 and
inactivation of S1PR1-mediated signaling.

Intravenous transfer experiments of peritoneal B cells revealed
distinctive migration patterns of the various peritoneal B-cell sub-
sets. It has been reported that peritoneal B cells show a pref-
erence to return to the peritoneal environment [18]. Consistent
with this finding, our results showed early and robust numbers
of peritoneal B cells of all subsets in the peritoneal cavity after
intravenous transfer. S1PR4-deficient peritoneal B-1a cells showed
the quantitatively most important impairment of peritoneal immi-
gration compared with wt B-1a cells. Interestingly, transferred
peritoneal B-1a cells showed preferential migration to peripheral
lymph nodes, whereas migration to the mLNs and spleen was
reduced compared with wt cells. Considering the observation of
reduced peritoneal immigration of intravenously transferred peri-
toneal B cells in FTY720-treated animals reported by Kunisawa
et al. [40], our results suggest a synergistic action of S1PR1 and
S1PR4 in this process.

In conclusion, our data implicate S1PR4-mediated signaling in
emigration from and immigration into the peritoneal cavity. The
net result of these actions is strongly reduced peritoneal B-1a cell
numbers in s1pr4

–/– animals, suggesting that in vivo inhibition of
immigration into the peritoneal cavity quantitatively exceeds the
inhibition of emigration from the peritoneal cavity [24]. How-
ever, alternative mechanisms must also be considered. Pedersen
et al. [38] reported that the splenic compartment is required
for the maintenance of normal peritoneal B-1a cell numbers. In
their model, splenectomy resulted in reduced peritoneal B-1a cell
numbers in adult animals. Our data reveal reduced migration of
peritoneal B-1a and B-1b cells to the spleen after both intraperi-
toneal and intravenous transfer; thus, reduced accessibility of
s1pr4

–/– B-1 cells to splenic survival niches could impair their
population maintenance. Further research is required to elucidate
the precise mechanism. When interpreting peritoneal B-cell num-
bers in the abdominal cavity and the omentum, potential relo-
cation of peritoneal B cells to other lymphoid structures within
the peritoneal cavity, for example, fat-associated lymphoid clus-
ters located within the fatty tissue of the mesentery and foliate
lymphoid aggregates associated with the serous membranes of the
peritoneal cavity should be taken into account [46, 47]. Reloca-
tion of peritoneal B cells in these organs has been shown to rely on
chemokine signaling, for example, CXCL13 and CCL21 [46, 47].
Further research is required to determine the influence of S1PR4-
mediated signaling on the migration of peritoneal B cells to these
compartments.

The mechanistic interpretation of our findings is impeded by
the lack of data on physiological intraperitoneal S1P concentra-

tions. Peritoneal B-1 cells depend on chemokine signaling for
their emergence and renewal; both CXCL12 and CXCL13 are
essential in this process, and their absence leads to a substan-
tial reduction of peritoneal B-1 cells [41, 48]. Although these
chemokines are produced in the peritoneal environment, so far,
no such evidence has been described for S1P, which is primarily
found in blood and lymph [22, 49]. Further research on peritoneal
S1P concentrations in health and disease is necessary to inter-
pret the interaction of analogous or inverse chemokine and S1P
gradients.

Peritoneal B cells are the source of natural antibody produc-
tion and participate significantly in the production of secretory
antibodies found in the blood and gut lumen [16, 50, 51]. To
assess whether the observed migratory alterations of peritoneal
B cells induced by S1PR4 deficiency affect the capacity for sys-
temic and mucosal antibody production, IgA and IgM levels were
measured in the plasma and gut. Although mucosal and systemic
IgA levels were unaffected by S1PR4 deficiency, both systemic and
mucosal IgM levels were reduced in scid mice reconstituted with
s1pr4

–/– peritoneal cells. Peritoneal B-1 cells do not secrete sub-
stantial amounts of IgM, but upon activation, they migrate to the
spleen where they significantly increase antibody production and
secretion [15, 52]. Although the final numbers of B-1a and B-
1b cells in the spleen of reconstituted scid mice were similar, our
short-term transfer experiments revealed a significant reduction
in B-1a cell migration in s1pr4

–/– animals, suggesting that this
migratory defect may be implicated in the observed reduction of
systemic IgM levels. This conclusion is further supported by our
finding of reduced numbers of IgM-producing cells in the spleen
and the bone marrow of s1pr4

–/– animals compared with wt con-
trols. In the intestine, IgA is the predominant isotype of secre-
tory antibodies, followed by IgM and IgG [53]. S1P signaling has
been shown to affect the migration of peritoneal B cells to the
intestinal mucosa in a model using FTY720 blockage of S1P sig-
naling [40]. In this experimental setting, mucosal IgA levels were
significantly reduced, whereas mucosal IgM levels were normal.
In our model of selective impairment of S1PR4-mediated signal-
ing, mucosal IgM levels were reduced in mice reconstituted with
s1pr4

–/– cells. These observations suggest that S1PR4-mediated
signaling also affects the migration of peritoneal B-1 cells to the
nonorganised lymphatic tissue of the gut. These data clearly show
that binding of the common ligand S1P to distinct S1P receptor
classes differentially affects the cellular functions of peritoneal B
cells.

The secretion of IL-10 is a further crucial physiological role of
peritoneal B-1 cells, which confers them with an immunoregula-
tory role [36]. In line with the reduced B-1 cell number in s1pr4

–/–

mice, IL-10 levels were significantly reduced in mice reconstituted
with s1pr4

–/– peritoneal cells. However, the reduction in IL-10 lev-
els adds another level of complexity to the S1P-CXCL12/13 inter-
action. IL-10 has been shown to affect both CXCL12- and CXCL13-
induced chemotaxis by its chemokinetic action in peritoneal B
cells in vivo [37]. Further exploration of the role of reduced IL-10
levels in the genesis of the observed differences in the migratory
behavior of s1pr4

–/– peritoneal B cells is required.
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Although no quantitative differences were observed in the
splenic B-cell population after long-term reconstitution of scid
mice with peritoneal B cells of s1pr4

–/– and wt genotypes, the
histopathological analysis of the spleen of reconstituted mice
revealed structural differences. Mice reconstituted with wt peri-
toneal cells developed splenic follicles, as seen in scid mice after
transfer of splenocytes, while no follicles were observed in scid
mice reconstituted with s1pr4

–/– peritoneal cells. In scid mice, pri-
mary B-cell follicles also form in the absence of follicular dendritic
cells, suggesting a defect in the interaction between s1pr4

–/– B
cells and T cells or other splenic cell populations [54]. As follicles
are formed by conventional B-2 cells, this defect is likely to con-
cern s1pr4

–/– B-2 cells. This observation is also in line with earlier
descriptions that after polymicrobial intraperitoneal stimulation,
migration of peritoneal B cells showed a distinctive distributional
pattern in secondary lymphoid organs of s1pr4

–/– animals [55].
Further research is required to establish the exact mechanisms
leading to this distinctive structural feature.

In summary, our data indicate that the distinctive quantita-
tive changes in peritoneal B-cell populations observed in s1pr4

–/–

mice are due to a modification of chemokine-induced chemotaxis
by S1PR4-mediated S1P signaling. These quantitative differences
result in distinctive functional features, including a modification
of systemic and mucosal IgM production. To date, S1PR1 has been
described as an S1P receptor involved in the S1P-mediated con-
trol of peritoneal B-cell functions. Our data identify S1PR4 as a
further S1P receptor critically involved in the regulation of peri-
toneal B-cell function.
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