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ABSTRACT The tumor necrosis factor (TNF) recep-
tor family member CD40 plays an essential role in the
activation of antigen-presenting cells, B cell maturation,
and immunoglobulin (Ig) class switching critical for
adaptive immunity. Although the bioactive sphingolipid
metabolite sphingosine-1-phosphate (S1P) and the ki-
nase that produces it, sphingosine kinase 1 (SphKl),
have long been implicated in the actions of TNF
mediated by engagement of TNFRI, nothing is yet
known of their role in CD40-mediated events. We have
now found that ligation of CD40 activates and translo-
cates SphKIl to the plasma membrane, leading to gen-
eration of SIP. SphKl inhibition in human tonsil B
cells, as well as inhibition or deletion of SphKl in
mouse splenic B cells, significantly reduced CD40-
mediated Ig class switching and plasma cell differenti-
ation ex vivo. Optimal activation of downstream CD40
signaling pathways, including NF-kB, p38, and JNK,
also required SphKl. In mice treated with a SphKl
inhibitor or in SphKI~/~ mice, isotype switching to
antigen-specific IgE was decreased in vivo by 70 and
55%, respectively. Our results indicate that SphKl is
important for CD40-mediated B cell activation and
regulation of humoral responses and suggest that tar-
geting SphKI1 might be a useful therapeutic approach to
control antigen-specific IgE production.—Kim, E. Y.,
Sturgill, J. L., Hait, N. C., Avni, D., Valencia, E. C.,
Maceyka, M., Lima, S., Allegood, J., Huang, W.-C.,
Zhang, S., Milstien, S., Conrad, D., Spiegel, S. Role of
sphingosine kinase 1 and sphingosine-1-phosphate in
CD40 signaling and IgE class switching. FASEB J. 28,
000-000 (2014). www.fasebj.org
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ActivaTioN oF CD40, a tumor necrosis factor (TNF)
receptor family member, which is expressed constitu-
tively on B cells, macrophages, and dendritic cells, is
important for efficient activation of humoral and cell-
mediated immune responses (1-3). Engagement of
CD40 on B cells by surface CD154, known as CD40
ligand (CD40L), expressed on CD4" T cells leads to
B-cell proliferation and maturation, and ultimately to
immunoglobulin (Ig) class switching and development
of memory and plasma cells (1-3). The key role of the
CD40-CD40L dyad in isotype switching has been high-
lighted in mice and humans. Mice deficient in CD40 or
CD40L fail to undergo isotype switching in response to
thymus-dependent antigens (4). Moreover, agonistic
anti-CD40 antibody bypasses the requirement for T
cells in IL-4—driven IgE isotype switching in vitro (5).
Genetic defects affecting CD40 cause a rare form of
hyper-IgM syndrome, a disorder characterized by de-
fects in isotype switching associated with recurrent
infections (6). As such, dysregulations in the CD40-
CD40L pathway play an important role in many inflam-
matory disorders ranging from various autoimmune
diseases to airway inflammation and allergic responses.

CD40 engagement leads to the activation of the
stress-activated protein kinases, JNK and p38, and the
transcription factor NF-kB, which up-regulate the ex-
pression of cytokines and other factors that promote
immune responses. These signaling pathways are re-
quired for germinal center (GC) and memory B-cell
formation. Despite abundant knowledge of key require-
ments for the maintenance of GC cell viability, much
less is known about the environmental cues involved in
regulation of GC size. Interestingly, a recent study
demonstrated that the bioactive sphingolipid metabo-
lite sphingosine-1-phosphate (SIP) regulates the sur-
vival and positioning of GC B cells, thus promoting GC
homeostasis (7). S1P, a ligand for 5 G-protein—coupled
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receptors, referred to as SIPR1-5, has long been impli-
cated in inflammatory and immune responses (8, 9).
S1P has various functions as a central mediator of
lymphocyte trafficking, including egress of mature sin-
gle positive T cells out of thymus (10), T-cell migration
into and out of secondary lymph nodes (11), and B-cell
entry into marginal zones (12). In addition, ligation of
TNFRI1 by the proinflammatory cytokine TNF activates
sphingosine kinase 1 (SphKl), one of the isoenzymes
that produce SIP (13-15). SIP, in turn, can be ex-
ported out of cells and activate numerous signaling
pathways, including NF-kB and mitogen-activated pro-
tein kinase cascades, through its cell surface receptors.
It was also suggested that intracellular S1P can modu-
late the E3 ligase activity of tumor-necrosis factor
receptor-associated factor 2 (TRAF2), a key component
in NF-«kB signaling triggered by TNF (16). Similarly,
S1P enhances the E3 ligase activity of the cellular
inhibitor of apoptosis 2 (cIAP2), resulting in K63-
linked polyubiquitination of the transcription factor
IRF1 that is essential for IL-l-induced production of
chemokines CXCL10 and CCL5 (17). The E3 ligase
activities of TRAF2 and cIAP2 are also required for
activation of the canonical and alternative NF-«xB path-
ways by CD40 (18, 19). Surprisingly, however, nothing
is known about the role of SphKIl and S1P in CD40-
mediated events. In this study, we found that, like
activation of TNFRI, in B cells, CD40 activates and
translocates SphKl1 to the plasma membrane where its
substrate sphingosine resides, leading to increased S1P.
Using pharmacological and genetic approaches, we
demonstrated that SphKl and S1P are important for
optimal CD40-mediated B-cell activation and differen-
tiation and Ig isotype switching in vitro and for regula-
tion of T-cell-dependent humoral responses and anti-
gen-specific IgE production in vivo.

MATERIALS AND METHODS

Cell culture and reagents

HEK293 cells stably transfected with murine CD40 (HEK-
CD40), kindly provided by Dr. Michael Karin (University of
California, San Diego, CA, USA), were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS). SphKI1 was
down-regulated by transfection with 100 nM On-TargetPlus
SmartPool siRNA (Dharmacon Fisher Scientific, Pittsburgh,
PA, USA) using Oligofectamine or Lipofectamine 2000 (In-
vitrogen, Gaithersburg, MD, USA). V5-SphK1 was overex-
pressed by transfection with Lipofectamine Plus (Invitrogen).
Human tonsilar B cells and mouse splenic B cells were
cultured in RPMI supplemented with 10% heat-inactivated
(56°C, 30 min) FBS (Atlanta Biologicals, Flowery Branch, GA,
USA), 2 mM r-glutamine, 50 pg/ml penicillin, 50 wg/ml
streptomycin, 1 mM sodium pyruvate, 50 pwg/ml amphoteri-
cin B, 50 uM 2-mercaptoethanol, and 20 mM HEPES (Invit-
rogen). The SphKl-specific inhibitor PF543 was synthesized
by Dr. Shijun Zhang. SK1-I (BML-EI411) was obtained from
Enzo Life Sciences (Farmingdale, NY, USA).
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Mice and ovalbumin (OVA) immunization

C57BL/6 wild-type and SphKI~/~ mice were originally from
Dr. Richard L. Proia (National Institute of Diabetes and
Digestive and Kidney Diseases, U.S. National Institutes of
Health, Bethesda, MD, USA). Mice 8 to 15 wk of age with
littermate controls to ensure the same genetic and environ-
mental background were used for all experiments. All mouse
protocols were approved by the Virginia Commonwealth
University Institutional Animal Care and Use Committee.
Mice were given acidified, antibiotic-treated drinking water
for =2 wk prior to immunization by subcutaneous injection of
10 mg OVA in 4 mg alum adjuvant, followed by intraperito-
neal injection after 2 wk. Mice were euthanized 7-8 d
following the second immunization. Where indicated, mice
were treated with SKI-I (10 mg/kg, i.p.) every other day,
beginning on the same day as immunization.

B-cell purification and culture

Human B cells were purified from tonsils as described previ-
ously (20). Tonsils obtained from the Virginia Common-
wealth University Tissue Data Acquisition and Analysis Core
were disrupted in medium supplemented with antibiotics
with a homogenizer (Seward Stomacher 80 Biomaster Lab
Blender; Brinkmann, Westbury, NY, USA). After underlaying
with Ficoll-Hypaque (GE Healthcare, Pittsburgh, PA, USA)
and centrifugation (20 min at 400 g), cells at the interphase
were removed and washed with PBS. Cells were incubated
with FITC-mouse anti-human IgD (BD Pharmingen, San Jose,
CA, USA) for 30 min on ice, and naive B cells were isolated
with anti-FITC magnetic microbeads according to the manu-
facturer’s protocol (Miltenyi, San Diego, CA, USA). B cell
preparations were >95% pure IgD™ by FACS analysis.

Mouse splenic B-cell suspensions were prepared by grind-
ing spleens between 2 frosted glass slides. Cells were washed
and filtered through a 40 wm filter to remove extracellular
matrix and debris. CD43-naive B cells were isolated by nega-
tive selection after removal of CD43" cells with magnetic
beads (MACS; Miltenyi).

B cells were cultured in RPMI 1640 containing 10%
heat-inactivated FBS, 2 mM r-glutamine, 50 pg/ml penicillin,
50 pg/ml streptomycin, 1 mM sodium pyruvate, 50 pg/ml
amphotericin B, 50 pM 2-mercaptoethanol, and 20 mM
HEPES.

Proliferation assay

To measure proliferation, human B cells were cultured with
anti-CD40 (1 pg/ml, clone G28.5), IL-4 (10 ng/ml; R&D
Systems, Minneapolis, MN, USA), and IL-21 (200 ng/ml;
R&D Systems) for 96 h and pulsed during the last 16 h with
1 wCi [*H]thymidine (GE Healthcare) as described previ-
ously (20). Mouse B cells were cultured with anti-CD40 (1
pg/ml, clone 3/23; BD Pharmingen) and IL-4 (10 ng/ml) for
72 h and pulsed during the last 16 h with [°’H]thymidine for
proliferation assays. Cells were then harvested onto a Unifilter
96 plate (Packard Instrument Co., Meridian, CT, USA) using
a Filtermate 96 plate harvester (Packard), and [*H]thymidine
incorporation into DNA was measured with a TopCount
model B9902 (Packard).

ELISA

For measurement of antibody production by ELISA, mouse
and human B cells were cultured for 8 and 14 d, respectively,
conditions for optimal antibody production in vitro (20, 21).
Murine B cells class switch from IgG1 to IgE. Ig production
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was measured by standard sandwich ELISA as we described
previously (22). Briefly mouse IgE ELISA utilized paired rat
anti-mouse IgE mab B1E3 and biotinylated R1E4 along with
alkaline phosphatase (AP)-conjugated streptavidin (Southern
Biotech, Birmingham, AL, USA), and mouse IgM and IgGl
ELISA utilized paired goat anti-mouse IgM and IgGl and
AP-conjugated goat anti-mouse IgM and IgGl (Southern
Biotech). Color was generated by addition of AP substrate
(Sigma, St. Louis, MO, USA). Serum OVA-specific Ab ELISA
was performed by coating the plate with OVA in carbonate
buffer. Samples were detected with either AP-conjugated
IgG1 (Southern Biotech) or horseradish peroxidase (HRP)-
conjugated goat-anti-mouse IgE (Abcam, Cambridge, MA,
USA). Plates were read on a SpectraMax 250 ELISA plate
reader at either 405 nm for AP or 450 nm for HRP detection,
and data were analyzed using SOFTmax Pro (Molecular
Devices, Downingtown, PA, USA).

Human B cells class switch from IgG4 to IgE. Although
some humans will make IgG4, which is the direct comparison
of mouse IgG1, not all humans make IgG4 in vitro, and thus
total IgG was determined. Human Ig was also measured by
ELISA as we described previously (20). Briefly, capture anti-
bodies (goat anti-human IgM and IgG; Southern Biotech)
and mouse anti-human IgE (4.15)) were coated, and samples
and standard IgM and IgG (Sigma) and IgE (purified from
JW8 hybridoma) were detected with HRP-conjugated goat
anti-human IgM, goat anti-human IgG, and rabbit anti-hu-
man IgE (Southern Biotech). TMB substrate (BD Pharmin-
gen) was used to develop the reaction, which was stopped
with 0.18M H,SO,.

Plasma cell determination by flow cytometry

Human tonsil B cells and mouse splenic B cells were cultured
for 7 or 6 d, respectively, for optimal plasma cell differentia-
tion, which was assessed by flow cytometry as described
previously (21). Briefly, cells were pelleted and washed once
and resuspended in cold FACS buffer (PBS with 0.5% FBS
and 0.03% sodium azide). Fc receptors were blocked using
commercial human FcR block (Miltenyi Biotec), and cells
were then stained with mouse anti-human CD38 PE or
anti-mouse CDI138 PE (Biolegend, San Diego, CA, USA),
respectively. Cells were incubated for 30 min on ice, washed
in cold FACS buffer, and then resuspended in 1 ml of FACS
buffer. Prior to analysis, propidium iodide (PI) stain was
added to determine cell viability. Data were collected on a BD
FACSCanto II and analyzed using BD FACS-Diva software ver.
6.1.3 (BD Biosciences). Unstained cells and Pl-stained cells
were analyzed to ensure only live plasma cells were used for
determination of plasma cell differentiation.

In some experiments, purified human B cells were incu-
bated with 1.5 mM carboxyfluorescein diacetate succinimidyl
ester (Sigma) for 8 min before quenching with FBS for an
additional 5 min and washed before culturing for 7 d. Human
B cells were than labeled with anti-human CD138 (eBiosci-
ence, San Diego, CA, USA). Differentiation of human B cells
to plasma cells was assessed by monitoring the frequency of
CD138™, proliferated (CFSEY) B cells (23).

Immunofluorescence

Immunofluorescent localization was performed essentially as
described previously (24). Briefly, 10° HEK-CD40 cells were
seeded onto poly-p-lysine-coated glass coverslips in 6-well
dishes and transfected the next day with V5-SphKI1 using
Lipofectamine Plus. Transfection efficiency was routinely
between 60 and 70%. The next day, cells were treated as
described and then fixed with 3% paraformaldehyde for 10
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min, washed extensively with 10 mM glycine in PBS, and
permeabilized with 0.5% Triton X-100 for 3 min. After
washing, coverslips were incubated with mouse anti-V5 anti-
body (1:200 dilution; Life Technologies, Gaithersburg, MD,
USA) in 10% IgG-free BSA in PBS for 20 min, washed 3 times,
and then incubated with Alexa 488 labeled anti-mouse anti-
body (1:500 dilution; Life Technologies) and Hoechst 33342
(0.8 mg/ml; fluoropure grade from Life Technologies) in
10% IgG-free BSA in PBS for 20 min. After washing, coverslips
were mounted on slides with 10 mM n-propylgallate in 100%
glycerol and visualized on a Zeiss LSM 510 confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

Western blotting

Cells were washed with ice-cold PBS and lysed in 20 mM Tris
(pH 7.4), 1 mM EDTA, 1 mM sodium orthovanadate, 0.5 mM
4-deoxypyridoxine, 15 mM NaF, 40 mM b-glycerophosphate,
150 mM NaCl, 10% glycerol, 1:500 protease inhibitor cocktail
(Sigma), and 0.5% Nonidet P-40. Equal amounts of proteins
were separated by SDS-PAGE, transblotted to PVDF, incu-
bated with the indicated primary antibodies overnight,
washed, and incubated with appropriate HRP-conjugated
secondary antibodies (1:5000; Jackson ImmunoResearch Lab-
oratories, West Grove, PA, USA). Immunocomplexes were
visualized by enhanced chemiluminescence (Pierce Thermo
Scientific, Rockford, IL, USA). Antibodies used include
SphK1 (Abcam), p-SphK1 (ECM Biosciences, Versailles, KY,
USA), and JNK (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). pIKK, IKK, plkBa, IkBa, pJNK, p-p65, tubulin, and
p-p38 were from Cell Signaling (Danvers, MA, USA). Optical
densities of bands were quantified with Image] software (U.S.
National Institutes of Health, Bethesda, MD, USA; http://
rsb.info.nih.gov) and normalized to the optical densities of
their respective endogenous control.

SphKl activity and analysis of sphingolipids by mass
spectrometry

SphKI1 activity was determined with 50 wM sphingosine and
ATP (1 mM) containing MgCl, (10 mM) in the presence of
0.25% Triton X-100, which inhibits SphK2, as described
previously (25). SphK2 activity was determined similarly when
sphingosine was added as a complex with 4 mg/ml BSA in the
presence of 1 M KCl, which inhibits SphKI1 activity (25). S1P
formation was measured by electrospray ionization-tandem
mass spectrometry (LC-ESI-MS/MS; ABI 4000 QTRAP; AB-
Sciex, Farmingham, MA USA). Some experiments were car-
ried out in the presence of [**P]ATP as described previously
(25) and [**P]S1P was extracted and then separated by TLC
on silica gel G60 with chloroform/acetone/methanol/acetic
acid/H,O (10:4:3:2:1, v/v) as solvent. Radioactive bands
corresponding to S1P were quantified with a FX Molecular
Imager (Bio-Rad, Hercules, CA, USA). SphK-specific activity
is expressed as picomoles SIP formed per minute per milli-
gram protein. It should be noted that SphK activity deter-
mined in the presence of 1 M KCI or in 0.25% Triton X-100
is only an operational differentiation method developed with
overexpressed SphKI1 and SphK2 (25), and a small amount of
cross-contamination cannot be ruled out when these proto-
cols are used to determine the endogenous isoenzymes.

For mass measurements of sphingolipid metabolites, cells
were washed, lipids were extracted, internal standards were
added (0.5 nmol each; Avanti Polar Lipids, Alabaster, AL,
USA), and sphingolipids were quantified by LC-ESI-MS/MS
as described previously (26).
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Statistical analysis

Statistical analyses were performed using an unpaired 2-tailed
Student’s ¢ test for comparison of 2 groups and analysis of
variance (ANOVA) for analyzing experiments consisting of
=3 groups (GraphPad Prism; GrahPad, San Diego, CA, USA).
Significant ANOVA results were followed by post hoc tests for
multiple comparisons. A value of P < 0.05 was considered
significant. When primary human B cells were used, data are
from a representative donor, and similar results were ob-
tained from =3 additional donors.

RESULTS

CD40 stimulation leads to activation of SphKl and
production of S1P

Activation of SphKl1, which catalyzes S1P synthesis, has
long been implicated in the actions of the proinflam-
matory cytokine TNF, mediated by engagement of
TNFRI1 (13, 14, 16, 27-30). Thus, we examined whether
ligation of CD40, another TNFR family member, also
activates SphK1 and increases SI1P. To this end, we first
used HEK-CD40 cells stably expressing CD40 (18, 19).
Similar to previous studies with TNF (13, 14), stimula-
tion of CD40 with an agonistic anti-CD40 antibody
induced translocation of SphKI from the cytosol to the
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plasma membrane within 5 min, as determined by
confocal immunofluorescence microscopy (Fig. 1A).
Both SphKI and SphK2 are expressed in HEK293 cells
and can be qualitatively distinguished by differences in
their enzymatic activities (25). CD40 stimulated the
enzymatic activity of SphKl, reaching a maximum
within 10 min and decreasing thereafter (Fig. 15). In
contrast, CD40 ligation did not affect SphK2 activity
(Fig. 1C). Moreover, CD40 also increased phosphoryla-
tion of SphKl1 on serine 225 (Fig. 1D), which is known
to enhance its enzymatic activity (14). Because TNF
induces phophorylation and activation of SphKl in an
ERK-dependent manner (14), and CD40 has been
shown to activate ERK1/2 (31, 32), we sought to
examine whether activation of SphKl and phosphory-
lation at serine 225 following CD40 ligation is mediated
via ERK1/2. U0126, a highly selective inhibitor of
MEKI1/2, as expected markedly reduced ERKI1/2 phos-
phorylation induced by CD40. This also inhibited
CD40-mediated activation of SphKIl and its phosphor-
ylation (Fig. 1B, D).

We next examined whether CD40 engagement en-
hanced SphKI activity and SIP formation in B cells.
Immunoblotting of human tonsilar B cells showed that
CD40 ligation also rapidly increased phosphorylation
of SphK1 (Fig. 2A). Similarly, in purified splenic B cells
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Figure 1. CD40 ligation translocates and activates SphK1. A) HEK-CD40
cells were transfected with V5-SphK1l and stimulated with agonistic

Time (min)

50 60

Relative protein
expression
w
o

20
10 *
0 5 10 30 60

5 10 30 60 min

anti-CD40 antibody for the indicated times. Cells were stained with
Hoechst (blue) and V5 antibody (green) and visualized by confocal

microscopy. Scale bars =

10 pm. B, C) Serum-starved HEK-CD40 cells were stimulated with anti-CD40 antibody for the
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in 2 additional experiments. D) In duplicate cultures, phospho-Ser225-SphKl, total SphK1, and pERK1/2 were evaluated by
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from SphKI*/" mice, stimulation of CD40 robustly
increased SphKl activity within 10 min and maximum
stimulation was observed at 30 min (Fig. 2B5). It should
be noted that other factors in addition to phophoryla-
tion at serine 225 can also affect SphKl1 activity (33).
Notably, CD40 ligation did not increase SphK activity in
splenic B cells null for SphKl1, and the observed resid-
ual activity is probably due to SphK2 (Fig. 2B). In
agreement, S1P levels in SphKl-null B cells were only
30% lower than in wild-type B cells (Fig. 2C). Concom-
itantly with the increased SphKI activity, CD40 stimu-
lation also markedly increased S1P levels in SphKI*/ " B
cells (Fig. 2C), but not in the SphKI~/~ B cells.
However, although in wvitro SphK activity remained
elevated for 60 min, S1P levels in cells returned to basal
levels at this time, likely due to degradation by phos-
phatases and SIP lyase (34). CD40 induced a slight
decrease in the levels of the substrate sphingosine only
in the SphK1™/* B cells (Fig. 2D). Taken together, this
is the first demonstration that CD40 stimulation leads
to activation of SphKI and elevation of S1P.

SphKIl is involved in CD40-mediated B-cell activation,
differentiation, and isotype switching in vitro

Having established that CD40 stimulation leads to
activation of SphKl and formation of SIP, we next
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investigated the involvement of SphKl in CD40-medi-
ated B-cell functions. As a first approach, specific
SphKI1 inhibitors were utilized. Primary human tonsilar
B cells cultured in vitro with agonistic anti-CD40 in the
presence of IL-4 and IL-21, cytokines that augment
plasma cell development, produced high levels of IgM,
IgG, and IgE (Fig. 3A). Treatment with the specific
SphKI inhibitor SKI-I (35) had only a small effect on
IgM production but reduced IgG levels in a concentra-
tion-dependent manner with significant reduction at a
concentration as low as 1 M, while IgE production was
completely blocked at 0.5 uM SKI1-I (Fig. 3A). These
results suggest that inhibition of SphKI impairs isotype
switching in human B cells, as demonstrated by the
major reduction in IgE production. Moreover, inhibi-
tion of SphKl diminished the differentiation of acti-
vated B cells into plasma cells, as demonstrated by
decreased numbers of cells with high expression of
CD138 (Fig. 3B) or CD38 (also known as syndecan-1;
Fig. 3C), commonly used markers for identification of
plasma cells (36, 37).

Murine splenic B cells were also sensitive to inhibi-
tion of SphKl, and a significant decrease in IgGl
production was observed at a concentration of 0.25 uM
SKI1-I (Fig. 44). Similarly, PF543, a structurally different
SphKI inhibitor (38), also significantly decreased IgGl
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Figure 3. Effect of SphKl inhibition in human B cells on CD40-mediated isotype switching and plasma cell differentiation.
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(CD138" and CFSE'Y). () Percentage plasma cells from another donor. Data are expressed as means = sp from triplicate

determinations.

production induced by CD40 (Fig. 4B). There was a
dramatic reduction of IgE production by treatment of
the splenic B cells with either SKI-I or PF543 (Fig. 4A,
B). Similar to the results with human B cells, SphKl1
inhibition did not significantly alter CD40-mediated
IgM production (Fig. 4A, B). Because CD40 ligation
induces B-cell proliferation (39), and isotype switching
might be linked to proliferation, we examined whether
the inhibition of IgE production by SKI-I or PF543 is
accompanied by inhibition of proliferation. Both SKI-I
and PF543 at concentrations = 0.5 wM significantly
reduced proliferation of murine B cells (Fig. 4C, D).

To substantiate the effects of these pharmacological
inhibitors, we also examined CD40-mediated antibody
switching in B cells devoid of SphKl expression com-
pared to wild-type littermate mice. Production of IgM
and IgGl was similar to splenic B cells isolated from
SphK1~/~ mice compared to B cells from wild-type
littermates. However, deletion of SphKl decreased IgE
production by 48% (Fig. 5A). Although proliferation of
SphKI-null B cells was not significantly lower than
wild-type B cells after stimulation with anti-CD40 and
IL-4 for 3 d (Fig. 5B), accumulation of plasma cells after
6 d (optimal time for differentiation) was significantly
impaired (Fig. 5C).
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SphKl is important for optimal activation of
downstream CD40 signaling pathways

CD40 stimulation leads to activation of both canonical
and noncanonical NF-«B signaling, as well as JNK and
p38 MAPK pathways (2). In agreement with previous
studies (19), CD40 ligation of HEK-CD40 cells rapidly
activated IKK, which led to phosphorylation of IkBa
and JNK, as determined with phospho-specific antibod-
ies (Fig. 64, B). Inhibition of SphKl with SKI-I or
PF543 greatly reduced CD40-mediated phosphoryla-
tion of IKK and IkBa (Fig. 6A, B). Phosphorylation of
JNK (Fig. 6A) and p65 (Fig. 6B) were also decreased by
these SphKIl inhibitors. Similarly, in splenic B cells
devoid of SphKIl, phosphorylation of IkBa, p65, and
p38 was diminished compared to wild-type littermates
(Fig. 6C). However, IkBa degradation was similar in
SphK1™/* and SphK1~/~ B cells (Fig. 6C).

Role of SphKI in isotype switching to antigen-specific
IgE

It was then of interest to investigate the role of SphKl

in humoral responses. To directly assess antigen-spe-
cific antibody production, mice were immunized with
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Figure 4. SphKI1 inhibitors suppress mouse B-cell isotype switching ex vivo. Splenic B cells from C57BL/6 mice were isolated by
negative selection using anti-CD43 beads by MACS sorting. B cells were cultured with agonistic anti-CD40 antibody and IL-4 for
8 d (A, B) or 3d (C, D) in the presence of the indicated concentrations of SK1-I (A, C) or PF543 (B, D). A, B) Antibody levels
were measured by ELISA. C, D) DNA synthesis was measured by [*H]thymidine uptake. Data are expressed as means = sp from
triplicate determinations. Similar results were obtained in 2 additional experiments. *P < 0.05.

thymus-dependent antigen OVA together with the ad-
juvant alum, with a boost 2 wk later. During this time,
mice were treated with saline or SKI1-I (10 mg/kg, i.p.)
every other day (Fig. 7A). In agreement with our
previous results (40, 41), blood levels of S1P were
significantly decreased in SK1-I treated mice, whereas
sphingosine levels were increased (Fig. 7B). Adminis-
tration of SKI1-I reduced serum levels of IgE (Fig. 7C).
Moreover, OVA-specific IgE levels were significantly
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decreased by inhibition of SphKI1 with SKI1-I (Fig. 7C).
To substantiate the results of pharmacological inhibi-
tion of SphKl, we next utilized SphKI™’~ mice. In
agreement with other reports (42—-44), although serum
levels of S1P were significantly lower in SphKI~/~ mice,
there were no obvious differences in blood and splenic
B cell profiles between SphK1 ™/~ and wild-type mice
(Fig. 7D, E). Examination of T-cell-dependent isotype
switching in SphK1~/~ mice and littermate controls
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Figure 5. SphK1 deletion in B cells impairs differentiation to plasma cells and isotype switching. Splenic B cells from SphK1~"~
mice and wild-type littermates were isolated by negative selection using anti-CD43 beads by MACS sorting and cultured with
agonistic anti-CD40 antibody and IL-4. A) After 8 d, antibody levels were measured by ELISA. B) After 3 d, DNA synthesis was
measured by [?H]thymidine uptake. C) After 7 d, differentiation of B cells to plasma cells was determined by FACS. Data are
expressed as means * sp from triplicate determinations. Similar results were obtained in 2 additional experiments. *P < 0.05.
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Figure 6. SphK1 is important for optimal CD40 signaling. A, B) Serum-starved HEK-CD40 cells were pretreated with vehicle,
SKI-I (2.5 uM), or PF543 (5 uM) for 30 min and then stimulated with anti-CD40 antibody for various times as indicated. C)
Splenic B cells purified from SphK1"/* and SphKI1~/~ mice were stimulated with anti-CD40 antibody for various times. A-C)
Equal amounts of cell lysate proteins were analyzed by Western blotting with the indicated antibodies. One set of representative
data is shown from 3 independent experiments. Quantified data by densitometry are expressed as mean * sp fold vs. time 0;

n = 3. *P < 0.05 vs. time 0.

revealed that serum levels of IgE were not markedly
altered, whereas OVA-specific IgE production was sig-
nificantly decreased by 57% compared to wild-type
mice (Fig. 7F). These data further support the notion
that the switch to antigen-specific IgE is regulated by
SphK1 in vivo.
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DISCUSSION

Here we report that CD40, like TNFR1, activates and
translocates SphKl to the plasma membrane, leading
to increased formation of S1P. Our results demon-
strate that SphK1 activation in B cells is important for
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Figure 7. SphKI is involved in antigen-specific isotype switching in vivo. A, B) C57BL/6 mice were immunized with OVA/alum
(open arrows) and then treated with saline (vehicle) or SK1-I (10 mg/kg, i.p.) every other day (solid arrows), given an OVA
boost on d 15, and euthanized on d 21. B) Blood levels of SIP and sphingosine were determined by LC-ESI-MS/MS. Data are
means * sp; n = 3 mice/group. C) Serum IgE and OVA-specific IgE levels (1:10 dilutions) were determined by ELISA. Data
are means * SE; n = 5 mice/group. B, C) Similar results were obtained in 3 independent experiments. *P < 0.05 vs. vehicle
treatment. D-F) SphK1"/" and SphK1~/~ mice were immunized with OVA/alum, given an OVA boost on d 15, and euthanized
on d 21. D) Blood levels of S1P and sphingosine of SphKI1*/* and SphK1~/~ mice were determined by LC-ESI-MS/MS. E) FACS
analysis of B220™ B cells in blood and spleen of SphKI1*/™ and SphKI1~/~ mice. F) Serum IgE and OVA-specific IgE levels (1:10
dilutions) were determined by ELISA. Data are representative of 3 independent experiments and are means * sg; n = 5

mice/group. *P < 0.05 vs. WT mice.

CD40-mediated Ig class switching to IgE. Inhibition
of SphKI1 with 2 specific inhibitors or its deletion
reduced activation of CD40-mediated signaling path-
ways, including NF-kB, p38, and JNK, and differenti-
ation of B cells into plasma cells. Treatment of
CD40-activated B cells with the SphK1 inhibitors did
not affect IgM production but caused a concentra-
tion-dependent reduction in IgGl and severe shut-
down of IgE production. Similarly, genetic ablation
of SphKl, although not significantly affecting IgM,
drastically reduced production of IgE by B cells.
Intriguingly, in immunized mice treated with a
SphK1 inhibitor or in SphKl-null mice, antigen-
specific IgE production was also strongly decreased.
This has important clinical implications, as antigen-
specific IgE plays an essential role in various allergic

SPHK1T AND S1P IN CD40 SIGNALING

diseases, including allergic asthma, allergic rhinitis,
food allergy, and atopic dermatitis. IgE production is
also critical in anaphylactic reactions. Early studies
showed that inhalation of nonisozyme-specific SphK
inhibitors attenuates airway inflammation, bronchial
hyperresponsiveness to inhaled methacholine, and
goblet cell hyperplasia in an asthmatic mouse model
(45). However, a different nonspecific SphK inhibi-
tor ameliorated antigen-induced bronchial smooth
muscle hyperresponsiveness, but not airway inflam-
mation (46). We have recently shown that the spe-
cific SphKI inhibitor SKI-I attenuates airway hyper-
responsiveness and inflammation in a mast cell-
dependent murine model of allergic asthma, as well
as activation of NF-kB in the lungs (41). Moreover,
intragastric sensitization to induce food allergy re-



sulted in reduced OVA-specific IgE in SphKI1~/~ mice
but not when immunized intraperitoneally (47).
Proliferation of B cells has been shown to correlate
with isotype switching (48). Blockade of CD40-CD40L
interactions or genetic ablation of the CD40L or CD40
genes prevented the clonal proliferation of antigen-
responding B cells and averted GC formation, and
antibody responses were mainly limited to low affinity
IgM (4, 49). In addition, CD40 has been implicated in
the formation of memory B cells, where the role of S1P
and SphKI is less clear. Here we provide evidence that
blockade of SphKI can selectively inhibit Ig class switch-
ing and thus the formation of longlived memory
plasma cells. This finding may have clinical implica-
tions for the treatment of humoral alterations seen in
atopic or autoimmune disease. Similar observations
were made when some signaling molecules downstream
of CD40 were deleted. For example, IKKB-deficient B
cells are also impaired in mitogenic responses to anti-
CD40 that correlate with a failure to mount effective
antibody responses to T-cell-dependent and indepen-
dent antigens (50). Likewise, MEKKI activation is
needed for CD40-induced B cell proliferation and
thymus-dependent antigen-specific antibody produc-
tion (32). Although inhibition of SphKI decreased
B-cell proliferation in a dose-dependent manner, in B
cells lacking SphKI, there was a tendency for reduced
proliferation, albeit not a statistically significant effect.
Yet differentiation of these B cells to plasma cells was
greatly reduced. This might be due to the short 3 d
assay for proliferation, whereas plasma cell differentia-
tion and antibody production were determined after
longer incubations with agonistic anti-CD40 antibody.
SIP and its receptors are well known to regulate
movement and localization of different B-cell subsets at
distinct stages of development. SIPR1 directs the re-
lease of immature B cells from bone marrow into blood
(51). Immature B cells also express SIPR3, which
directs immature B cells to a bone marrow microenvi-
ronment important for both tolerance induction and
maturation (52). SIPRI expression in differentiating
plasma cells is also required for SI1P to guide IgG- or
IgA-secreting B cells from secondary lymphoid tissues
to the bone marrow or from Peyer’s patches to mucosal
sites, respectively (53, 54). S1P signaling via SIPR1 and
S1PR3 also maintains proper positioning of marginal
zone B cells within the spleen (55) and regulates
movement of marginal zone B cells to and from the
marginal zone and follicle, providing an efficient mech-
anism for systemic antigen capture and delivery to
follicular dendritic cells (12). Germinal center B cells
down-regulate SIPRI and up-regulate SIPR2, a recep-
tor that decreases B-cell movement and inhibits Akt
activation and thus restricts GC B-cell survival and
localization to the follicle center (7). It has been
suggested that the local S1P concentration is lowest at
the follicle center and highest at the follicle edge,
where it signals SIPR2-expressing B cells to turn back
toward the GC to prevent exit from the niche, thus
controlling the number of B cells in the GC (7).
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Although it has been suggested that B cells express
S1P-degrading enzymes at high levels (7), it is still not
known how levels of SI1P in the follicle center or
interstitional concentrations are regulated. It is tempt-
ing to speculate that CD40-mediated activation of
SphK1 regulates interstitial concentrations of SI1P
within lymphoid organs and influences residence time
in the follicle. Although the identity of the cells that
produce S1P in response to CD40 ligation is unknown,
it has been suggested that follicular SIP is derived from
radiation-resistant cells other than follicular dendritic
cells and is rapidly degraded by B cells (7). Neverthe-
less, CD40 is also expressed on other antigen-present-
ing cells, such as monocytes, and can also be expressed
on both endothelial and epithelial cells. Thus, the
CD40-SphK1 axis could have a major role in maintain-
ing lymph node homeostasis and formation of appro-
priate humoral immune responses. Interestingly, previ-
ous studies suggest that stimulation of B lymphocytes
via CD40 ligation results in acid sphingomyelinase
translocation from intracellular stores to the plasma
membrane, leading to increased ceramide, which, in
turn, mediates clustering of CD40 and CD40-initiated
cell signaling (56, 57). Taken together with our results,
it is possible that increased formation of bioactive
sphingolipids at the plasma membrane plays an impor-
tant role in CD40-mediated events.
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