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a  b  s  t  r  a  c  t

Autocrine  stimulation  of S1PR2, a  receptor  for the lipid mediator  sphingosine-1-phosphate  (S1P),  has  been
implicated  in  mast  cell  degranulation  to  IgE/antigen  (Ag) although,  paradoxically,  its  ligand  cannot  trigger
substantial  degranulation.  Additionally,  the  in  vivo  role  of  S1PR2 in  the  overall  allergic  responses  is unclear
since  S1PR2 was  reported  to  be  required  for  the  onset  of systemic  anaphylaxis  by  IgE/Ag  but,  in  apparent
contradiction,  also  for the recovery  from  histamine-induced  anaphylaxis  in a mast  cell  independent
manner.  Here,  we  sought  to  clarify  the  role  of S1PR2 in  mast  cell  degranulation  and  in IgE and  IgG-
mediated  anaphylaxis.  Lack  of  S1PR2 reduced  IgE/Ag-induced  degranulation  in  in  vitro  experiments  with
mucosal  mast  cells,  but  had no effect  on  connective  tissue  type  mast  cells.  This  latter  response  correlated
with  a lack  of involvement  of  S1PR2 in the  onset  of  non-lethal  IgE/Ag-mediated  systemic  and  cutaneous
anaphylaxis.  However,  S1pr2−/− mice  were  slow  to recover  (or  did not  recover)  from  Fc�RI-mediated
anaphylaxis,  an  outcome  that  mirrored  their  known  impairment  in  histamine  clearance  due  to defective
vascular  tone.  A minor  role  for  S1PR2 in  mast  cell  degranulation  was  uncovered  upon  engagement  of  low
affinity  receptors  for IgG  and  in  the  onset  of  IgG-mediated  anaphylaxis.  Our  findings  show  that  S1PR2

is  dispensable  for  initiating  IgE/Ag-mediated  connective  tissue  mast  cell  degranulation  and  anaphylaxis,
but  it is required  for normal  recovery  from  anaphylaxis.

Published by Elsevier B.V.

1. Introduction

Mast cells participate in innate and adaptive immune responses.
These cells reside in tissues and have the potential to either amplify
or suppress immune responses [1,2]. The versatility of mast cells
and their phenotypic plasticity in response to the microenviron-
mental milieu in which they reside is largely endowed by the
presence of multiple types of receptors, including receptors for
innate, growth factor, cytokine, and adaptive immune stimuli;
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BMMC,  bone marrow derived mast cell; GPCRs, G-protein coupled receptors; DNP,
2,4-dinitrophenyl; Fc�RI, high affinity receptor for IgE; IL-3, interleukin 3; LAD2,
skin-like human mast cell line; PAF, platelet activating factor; PCA, passive cuta-
neous anaphylaxis; PDMC, peritoneal derived mast cell; PSA, passive systemic
anaphylaxis; RBL-2H3, rat basophilic leukemia cells-clone 2H3; S1P, sphingosine-
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the latter primarily characterized by the presence of the high
affinity receptor for IgE (Fc�RI) and low affinity activating and
inhibitory receptors for IgG (in mouse, Fc�RIII and Fc�RII, respec-
tively) [2,3].

These receptors provide the means by which mast cells can
mediate specific effector functions, enhance or dampen their own
as well as other immune responses or even modify the threshold of
such responses [3].  G-protein coupled receptors (GPCRs) are known
to modulate Fc�RI-driven mast cell responses [4]. Sphingosine-1-
phosphate (S1P) is a pleiotropic lipid that affects multiple cellular
processes by binding five known GPCRs (S1PR1–5) on the cell sur-
face or by acting on its intracellular targets [5].  In this family, S1PR1
and S1PR2, which are expressed on mast cells, were shown to mod-
ulate antigen-driven mast cell responses [3,6–8].  In immunity, S1P
receptors have been implicated in lymphocyte trafficking in vivo [9],
in allergic responses [6,8], and in the modulation of other immune
responses [10].

Evidence for the distinct roles of S1PRs in mast cell function
was provided by the demonstration that silencing of S1PR1 in RBL-
2H3 cells caused inhibition of chemotaxis toward antigen, whereas
silencing of S1PR2 in these cells reduced Fc�RI-mediated degranu-
lation [6].  However, various reports have demonstrated that direct
ligation of S1PRs by S1P, at concentrations sufficient for receptor
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engagement, does not induce considerable degranulation or cal-
cium mobilization, and only at high concentrations (20–100 �M)
mild effects were observed on these responses [6,8,11–13].  In con-
trast, optimal degranulation of skin-type human mast cells to S1P
has been reported by one group [14,15] using concentrations as
low as 1 nM,  albeit without an apparent concentration-dependent
response [15]. Yet, conflicting with the concept of a dependence on
the autocrine engagement of S1PR2 for degranulation, inhibition of
ABCC1-mediated S1P export to the extracellular medium did not
affect Fc�RI-induced degranulation while inhibiting chemotaxis to
antigen (S1PR1-mediated) [16].

The role of S1PR2 in the allergic response in vivo is also incom-
pletely understood. Consistent with a role for S1PR2 in mast
cell degranulation Oskeritzian et al. reported that S1pr2−/− mice
had reduced anaphylactic reactions to an IgE/Ag challenge [15].
However, our previous work using a histamine-induced systemic
anaphylaxis model revealed a strong requirement for S1PR2 in the
recovery from anaphylaxis that was independent of the response
of mast cells to antigen [17]. Because histamine is a major medi-
ator driving IgE-induced anaphylaxis, this raises the conundrum
of what conditions would require S1PR2 in the initiation of shock
[15] versus a role for this receptor in the recovery of anaphy-
laxis. From a pharmacological perspective, addressing this question
would be of importance for determining if S1PR2 antagonism or
S1PR2 agonism is of potential therapeutic value in ameliorating
anaphylaxis.

Herein we sought to clarify the in vivo role of S1PR2 in IgE/Ag-
dependent mast cell degranulation and anaphylaxis. We  find that
S1PR2 is dispensable for the degranulation of mouse connective
tissue type mast cells and it is not, in our experimental setting,
involved in the onset of IgE/Ag-mediated anaphylaxis, local or sys-
temic. We  observed a minor delay in the onset of anaphylaxis in the
S1pr2−/− mice when low affinity receptors for IgG were engaged
alone at low occupancy or in conjunction with Fc�RI. This may
partly explain the differences with the previous report using high
doses of IgE for induction of anaphylaxis, which may  result from
the combined engagement of IgE- and IgG-receptors. Nonetheless,
a requirement for S1PR2 in recovery from IgE- or IgG-mediated
anaphylaxis was prominent. Thus, our findings support the notion
that specific agonism of S1PR2 after initiation of anaphylactic shock
could be a potential alternative to epinephrine when considering
patients who are at risk for this treatment.

2. Methods

2.1. Mice and mast cell cultures

Mice were maintained and used in accordance with NIH guide-
lines and animal study proposal (A010-04-03) approved by the
National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases. S1pr2−/− and corresponding WT  littermates were bred at
Taconic Farms generated from heterozygous mating pairs and
genotyped as previously described [18]. WT  or S1pr2−/− bone
marrow-derived mast cells (BMMC) and peritoneal-derived mast
cells (PDMC) were obtained, respectively, from the tibia bone mar-
row and the peritoneal lavage of 6–8 week old mice and cultured
at least for 6–8 weeks (BMMC) or 15–20 days (PDMC) as described
previously [8,19].  BMMC  and PDMC were cultured in RPMI media
(Invitrogen) supplemented with 10% (BMMC) or 20% (PDMC) fetal
calf serum (Invitrogen) and 20 ng/ml each of recombinant mouse
IL-3 and stem cell factor (SCF) or IL-3 alone as indicated (Peprotech,
Rocky Hill, NJ). Cells were used for studies when greater than 95%
of the population expressed both Fc�RI and Kit as determined by
flow cytometry [20]. LAD2 cells were generously provided by Dr. A.
Gilfillan (NIAID, NIH) and cultured as previously described [21].

2.2. Mast cell degranulation assays

Mast cells (106 cells) were sensitized with 1 �g/ml anti-DNP
IgE (H1-DNP-�-26.82) [22] in Tyrodes-BSA buffer (20 mM HEPES
buffer (pH 7.4), 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl,
5.6 mM glucose, and 0.05% bovine serum albumin (Sigma–Aldrich))
for 3 h at room temperature. After sensitization, cells were washed
and distributed in the wells of a V-bottom 96-well plate (60,000
mast cells/well in 80 �l). MCs  were stimulated for 30 min  with
the indicated concentrations of DNP-HSA. For human LAD2 degra-
nulation, cells were sensitized with 100 ng/ml biotinylated IgE
overnight and stimulated for 30 min  with 100 ng/ml streptavidin
(Ag) or the indicated concentrations of S1P. The release of �-
hexosaminidase was determined using a colorimetric assay as
previously described [8].  The extent of degranulation was calcu-
lated as a percent of the total content found in the supernatants
following challenge. To measure IgG-mediated degranulation by
activating Fc� receptors, mast cells (106 cells) were incubated with
10 �g/ml rat anti-mouse anti-Fc�RII/Fc�RIII (anti-CD16/CD32;
clone 2.4G2, BioXcell) in Tyrodes-BSA buffer for 1 h at 37 ◦C. Cells
were washed and stimulated with 4–10 �g/ml of goat anti-rat IgG
(Thermo Scientific) for 30 min  [23]. �-hexosaminidase released
into the media was determined as described [8].

2.3. Passive cutaneous-, passive systemic-anaphylaxis and
vascular permeability measurements

Passive cutaneous anaphylaxis (PCA) was  preformed as pre-
viously described [24]. Mice were passively sensitized with an
intradermal injection of 75 ng of DNP-specific mouse IgE (20 �l)
into the right ear, while the contralateral ear was injected with
20 �l of PBS as a negative control. After 24 h, mice were challenged
intravenously with 250 �g of antigen (Ag, DNP-HSA) in PBS con-
taining 1% Evans Blue (200 �l). Mice were euthanized with CO2,
30 min after the Ag injection. The right and left ears were cut and
minced. Evans Blue dye from the ears was extracted using 700 �l of
formamide at 55 ◦C for 2 h and quantified by absorbance at 620 nm
after clearing the extracts by centrifugation or filtration.

For IgE-induced passive systemic anaphylaxis (PSA), mice were
sensitized (i.v.) with 3 �g of DNP-specific IgE (H1-DNP-�-26.82) in
200 �l of phosphate buffered saline (PBS) and challenged after 24 h
with 250 �g of Ag (DNP36-HSA) (Sigma–Aldrich) in 200 �l of PBS
[17]. Alternatively, mice were sensitized with 35–75 �g of DNP-
specific IgE (SPE-7 clone; Sigma–Aldrich) (i.p.) in 100 �l of PBS, and
after 16 h challenged with 100 �g of Ag in 100 �l; conditions pre-
viously described [15] with the exception of the IgE clone used.
The SPE-7 clone IgE was  dialyzed against PBS (3 changes of buffer,
at least 500× dilution each time) to remove sodium azide from
the preparation and all types of IgE were centrifuged for 1 h at
100,000 × g to remove large immune complexes and aggregates
before injection into the mice. Protein concentration was deter-
mined after dialysis and centrifugation. To block binding to Fc�
receptors, 50–75 �g of clone 2.4G2 (anti-mouse CD16/CD32) was
injected (i.p.) 90 min  before IgE sensitization. The PAF antagonist
CV-6209 (Santa Cruz Biotechnology) (70 �g) was injected (i.v.) in
100 �l of PBS just prior to Ag challenge. For IgG-induced PSA,
mice were injected with 200 �g of 2.4G2 rat-anti mouse antibody
(i.p.) (100 �l). Body temperature changes were monitored using
implantable electronic transponders as described [17].

To measure histamine released into the circulation during PSA,
mice were euthanized in a CO2 chamber 90 s after challenge with
Ag (i.v.). Blood was  immediately withdrawn by cardiac puncture
in heparinized syringes and plasma histamine was measured with
a competitive histamine immunoassay kit (Beckman Coulter). To
measure changes in vascular permeability during PCA or PSA, mice
were injected (i.v.) with Ag in a 1% Evans Blue dye solution (100 �l)



A. Olivera et al. / Immunology Letters 150 (2013) 89– 96 91

and euthanized after 30–35 min. Ears were harvested (PCA) and
Evans Blue was extracted with formamide as previously described
[17] or the peritoneal lavage (PSA) was obtained after injecting 2 ml
PBS in the peritoneal cavity (centrifuged for 10 min  at 3000 × g).
The amount of Evans blue in the ear or lavage supernatants was
quantified by absorbance at 620 nm.

2.4. Statistical analysis

Statistical significance was determined using a two-tailed Stu-
dent’s t test, and statistical differences between genotypes or
treatments during the course of anaphylactic responses (mea-
sured as body temperature changes) were determined by two-way
ANOVA, with the exception of Fig. 5B, which showed significant
differences (t test) only at indicated points. A P value of less than
0.05 was considered significant. Data are shown as mean ± SEM.

3. Results

3.1. The involvement of S1PR2 in Fc�RI-induced mast cell
degranulation is dependent on the tissue origin of the cell

We  first explored the in vivo role of S1PR2 in mast cell degra-
nulation by assessing changes in vascular permeability during PCA,
a model of a type I allergic reaction that is dependent on the local
response of mast cells. As shown in Fig. 1A, vascular permeability
was considerably increased upon an IgE/Ag challenge of the ears
in all three genotypes tested. However, no significant difference in
vascular permeability was found between S1pr2−/−, S1pr2+/− and
WT mice. We  then asked if other connective type tissue mast cells
were also independent of S1PR2 for Fc�RI-mediated degranula-
tion. Consistent with the skin mast cell responses in vivo, PDMC,
mature peritoneal connective tissue type mast cells from S1pr2−/−

mice showed no differences in the degranulation responses to
IgE/Ag when compared to WT  cells (Fig. 1B). Similarly, as shown
in Supplemental Fig. 1, the skin-like human mast cell line, LAD2,
had no degranulation response to S1P and siRNA silencing of S1PR2
showed minimal, statistically not significant inhibition of IgE/Ag-
induced degranulation (Supplemental Fig. 1B). MCs  derived from
the bone marrow (BMMC) are considered immature intermediates,
mostly of a mucosal type, with the ability to further differenti-
ate into more mature MC  [25]. When cultured in the presence of
IL-3 and SCF, BMMC  are still immature MC  with some traits of a
connective tissue mast cell type [25–27],  including the pattern of
expression of mMCP-1, -2 and -4 (Supplemental Fig. 1C). Degranu-
lation responses of BMMC  grown in the presence of IL3 and SCF,
as those of PDMC, were also unaffected by the absence of S1PR2
(Fig. 1C). In contrast, BMMCs  cultured in the presence of IL-3 alone,
which have a more mucosal-like phenotype [25–27] (Supplemental
Fig. 1C),  were dependent on S1PR2 for Fc�RI-induced degranulation
(Fig. 1C). These results indicate that S1PR2 is dispensable for degra-
nulation responses in connective tissue type mast cells in vivo and
in vitro, while it may  play a role in mucosal-like mast cells.

3.2. Passive systemic anaphylaxis induced by IgE/Ag is more
severe in S1pr2−/− mice

To determine if S1PR2 was required for the onset (initiated by
mast cell degranulation) of PSA we measured the amount of his-
tamine released to the circulation shortly after challenge (90 s) in
WT and S1pr2−/− mice. No differences were observed (Fig. 2A), con-
sistent with the similar extent of vascular leakage observed for
these genotypes during cutaneous anaphylaxis (Fig. 1A). However,
body temperature measurements revealed a marked drop asso-
ciated with anaphylaxis in S1pr2−/− mice and in S1pr2+/− mice
relative to the rapid recovery seen in WT  mice, suggesting a

Fig. 1. Connective tissue type mast cells, but not mucosal-like mast cells, are
independent of S1PR2 in IgE/Ag-induced degranulation. (A) Passive cutaneous ana-
phylaxis in WT, S1pr2+/− and S1pr2−/− mice. Anti-DNP IgE (H1-DNP-�-26.82) (75 ng)
was  injected intradermally into one ear of the mouse (challenged) while the con-
tralateral ear was injected with PBS (control). After 24 h, Evans blue dye (200 �l of
0.1%) and DNP-BSA (250 �g, Ag) were injected (i.v.). Extravasation of plasma fluids
and Evans Blue into tissues as a consequence of IgE-mediated degranulation was
measured by absorbance at 620 nm.  ***P < 0.001 compared to the respective control
ears. (B) and (C) Degranulation to H1-DNP-�-26.82 IgE and Ag (25 ng/ml) in perit-
oneal derived mast cells (PDMC) (B) or bone marrow derived mast cells (BMMC)
(C) grown in the presence of SCF and IL3 (connective tissue type mast cells; white
bars) or only IL3 (mucosal-type mast cells; gray bars) from WT and S1pr2−/− mice. �-
hexosaminidase release was  measured from supernatants of cells challenged with
25  ng/ml of antigen as explained in the Section 2. **P < 0.01compared to WT mice,
n  = 4 independent cultures.
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Fig. 2. S1PR2 is dispensable for mast cell degranulation but indispensable for recovery from anaphylactic shock induced by IgE/Ag challenge. Mice (WT, S1pr2+/− and S1pr2−/−)
were  injected (i.v.) with DNP-specific IgE (H1-DNP-�-26.82) (3 �g) and subsequently challenged 24 h later with Ag (250 �g) to induce systemic anaphylaxis. (A) Mice were
euthanized 90 s following challenge and histamine in the plasma was  measured. (B) Body temperature changes during the anaphylactic shock induced by IgE/Ag. ***P < 0.001
between WT (n = 5) and S1pr2+/− (n = 3) or S1pr2−/−(n = 8).

dominant effect of this receptor in controlling the recovery from
anaphylaxis instead of its onset (Fig. 2B). Consistent with our pre-
vious work on histamine-induced shock [17], the presence of S1PR2
in peripheral tissues seems to be critical for the recovery from IgE-
induced anaphylaxis.

3.3. The anaphylactic response of S1pr2−/− mice differs
depending on the IgE clone used for passive sensitization

In a previous study [15], the authors found that the anaphylactic
response of S1pr2−/− mice was reduced apparently due to defective
degranulation of S1pr2−/− mast cells in response to IgE/Ag stimula-
tion. Since we only found reduced responses to Ag in a particular MC
population derived from these mice, a possible explanation for the
apparent discrepancy with our study is the high concentration of
IgE (75 �g, instead of 3 �g in our study) used in this prior study [15].
We postulated that this might result in the activation of a broader
spectrum of mast cell populations (including mucosal-type mast
cells), thus, potentially affecting the onset of anaphylaxis. To test
this possibility, we conducted experiments at the higher concen-
tration of IgE (75 �g) using the reported experimental conditions
[15]. In our hands, the deficiency of S1PR2 was still detrimental for
the recovery of shock, with a 20% lethality rate, and did not affect
its onset (Fig. 3A). Nonetheless, anaphylaxis induced by high con-
centration of IgE caused a more severe drop in body temperature
(compare WT  responses Fig. 2B, 3C versus 3A). This temperature
drop was longer lasting (recovery was minimal by 2 h) in both
WT  and S1pr2−/− mice, and the difference in the rate of recov-
ery between the two genotypes was not as pronounced as with
the lower dose of IgE (Fig. 2B versus 3A). This is probably due to
an increased amount of mediators released by the higher levels
of IgE-crosslinking and the possible overload in the clearance sys-
tems in both types of mice. Another potential variable was the type
of IgE used for passive sensitization. To test whether IgE’s derived
from different hybridoma clones could elicit different responses
we tested DNP-specific IgE’s from the H1-DNP�-26.82 [22] and the
SPE-7 hybridomas [28]. These IgE’s were shown to differ in their
ability to elicit mast cell signaling and effector responses when
bound to Fc�RI (termed cytokinergic ability). SPE-7-derived IgE was
shown to be a highly cytokinergic whereas H1-DNP�-26.82 had
a moderate cytokinergic ability [29]. As shown in Fig. 3B, and in
contrast to Fig. 3A, 75 �g SPE-7 induced a more acute response
and increased lethality in WT  mice compared to S1pr2−/− mice.

Interestingly, this modest protective effect of S1PR2 deficiency was
evident only at high concentrations of the SPE-7 IgE since at 3 �g
S1pr2−/− mice demonstrated a more severe shock as compared to
WT mice (Fig. 3C). Importantly, while the maximal temperature
drop and the duration of hypothermia in WT  mice showed a dose-
and IgE type- dependence (Fig. 3D), the maximal temperature drop
and duration in S1pr2−/− mice appeared to reach a plateau regard-
less of the dose or the type of IgE (Fig. 3D); a result consistent
with the defective handling of histamine [17]. Thus, we find that
regardless of the dose of IgE (although less evident at high concen-
trations) a dominant consequence for the lack of S1PR2 is the poor
recovery from anaphylaxis. Only when a high concentration of a
very cytokinergic IgE (SPE-7) was  used was a mild protective effect
observed in the outcome of anaphylaxis. Furthermore, the findings
argue that this apparent improvement in S1pr2−/− mice may  be
attributed to differences in the onset of anaphylaxis as both WT
and S1pr2−/− mice show a poor temperature recovery under these
conditions (Fig. 3D).

3.4. High concentrations of SPE-7 IgE induce an anaphylactic
response mediated by both IgE and IgG receptors

We further explored if the potential difference in the onset
of anaphylaxis was solely Fc�RI–mediated (due to the higher
crosslinking of IgE receptors and also involvement of additional
mast cell subtypes) or if other mechanisms might be involved. SPE-
7 IgE has an intrinsic ability to interact with various epitopes (other
than DNP) and form aggregates [29–32].  IgE aggregates can bind
the low affinity receptors for IgG (Fc�RII/III and Fc�RIV) [33], two
of which (Fc�RIII and Fc�RIV) can induce degranulation from mast
cells, basophils and neutrophils and can contribute to anaphylaxis
[34,35]. Engagement of IgG receptors can induce an anaphylac-
tic response that is more dependent on platelet activating factor
(PAF) than that resulting from engagement of the high affinity IgE
receptor [36,37]. As shown in Fig. 4A, hypothermia induced by 3 �g
H1-DNP-�-26.82 IgE was  not altered by the PAF receptor antago-
nist CV8209. In contrast, anaphylaxis induced by 75 �g of SPE-7
IgE was significantly ameliorated by PAF receptor antagonism sug-
gesting the involvement of IgG receptors. To explore whether
75 �g IgE could induce the activation of low affinity receptors for
IgG that contribute to anaphylaxis we injected (i.p.) the Fc�RII/III
antibody (rat anti mouse CD16/CD32, clone 2.4G2) as a block-
ing agent [38,39] at low concentrations (up to 75 �g) in WT and
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Fig. 3. Differences in recovery of WT and S1pr2−/− mice from IgE-induced anaphylactic shock is dependent on dose and type of IgE. Two different models [15,17] and two
types  of IgE were used for IgE/Ag-mediated anaphylaxis in WT or S1pr2−/− . Mice were injected (i.p.) with 75 �g of H1-DNP-�-26.82 (A) and (D) or SPE-7 clone anti-DNP IgE
(B)  and (D) and challenged with 100 �g of Ag (A), (B) and (D) 16 h later [15], or with 3 �g of SPE-7 anti-DNP IgE (C) and (D) or H1-DNP-�-26.82 (D)  as in Fig. 2 and challenged
with  250 �g of Ag 24 h later [17]. Body temperature during the anaphylactic shock was  monitored. **P < 0.01, ***P < 0.001 between WT and S1pr2−/− (n = 10/group in A, n = 16
in  B and n = 6 in C) using a two-way ANOVA. (D) Temperature drop at 60 min  post-PSA induction in WT and S1pr2−/− induced by the indicated concentrations of SPE-7 or
H1-DNP-�-26.82-IgE as in A, B and C and Fig. 2. Number of mice and time of deaths are indicated in A and B.

S1pr2−/− mice, prior to the administration of IgE. As shown in
Supplemental Fig. 2A,  i.p. injection of up to 75 �g’s of 2.4G2 did
not elicit anaphylaxis. The blocking of IgG receptors in WT mice
markedly reduced the anaphylaxis induced by high concentra-
tions of SPE-7 IgE (Fig. 4B) while it did not affect anaphylaxis
induced after sensitization with 3 �g of H1-DNP-�-26.82 IgE
(Supplemental Fig. 2B). Consistent with a contribution of IgG
receptors in SPE-7 IgE-mediated anaphylaxis, vascular permeabil-
ity in the peritoneum, was more pronounced when compared to
H1-DNP-�-26.82 IgE-mediated anaphylaxis (Fig. 4C) [40]. Indeed,
blocking of Fc�R’s reverted the SPE-7-induced anaphylaxis to a
response that was similar to that of H1-DNP-�-26.82 IgE (Fig. 4C).
To clarify what Fc�R  (Fc�RII or Fc�RIII) was involved in SPE-7-
induced anaphylaxis, we tested the effect of the Fc�RII/Fc�RIII
blocking antibody in Fc�RII-deficient mice. As shown in Fig. 4D,
2.4G2 partially blocked anaphylaxis induced by a high dose of SPE-
7, demonstrating that anaphylaxis in this model is mediated by
Fc�RI in conjunction with Fc�RIII.

In contrast to WT  mice, hypothermia (Fig. 4B) and vascular per-
meability (Fig. 4C) in S1pr2−/− mice (which was marginally reduced
compared to WT)  were modestly or not affected, respectively,
by Fc�R  blocking 2.4G2. This suggested an impaired IgG receptor
involvement in these mice. Importantly, even when IgG receptors
were blocked, poor recovery of S1pr2−/− mice from anaphylaxis was
evident (compare WT  and S1pr2−/− mice pretreated with 2.4G2
in Fig. 4B and WT  and S1pr2−/− responses in Figs. 2B and 3C).
Altogether, these findings show that anaphylaxis induced by high
concentrations of IgE, particularly highly cytokinergic IgE, is medi-
ated by Fc�RI as well as Fc�RIII. Moreover, S1pr2−/−mice appear
defective in IgG-mediated responses, while their defect in the
recovery from shock is partly masked when the systemic anaphy-
laxis is very severe.

3.5. Fc�R-induced anaphylaxis is delayed in S1pr2−/− mice and
their mast cells have diminished Fc�R-mediated degranulation

We  investigated the underlying mechanism causing the mod-
est reduction of anaphylactic symptoms for S1pr2−/− mice relative
to WT mice induced by high concentrations of SPE-7 IgE. S1pr2−/−

mice appeared to have reached saturation in the ability to recover
from shock regardless of the model of anaphylaxis used (Fig. 3D),
suggesting that any differences in temperature were likely related
to the onset of anaphylaxis (i.e., degranulation). When sensitized
with SPE-7 IgE (75 �g), S1pr2−/− mice showed a strong trend toward
decreased histamine release (albeit not significant) upon antigen
challenge (in 90 s) when compared to WT  mice (Fig. 5A). When
WT mice were first pre-treated with 2.4G2 and then sensitized
with SPE-7 IgE, histamine release to antigen was  similar to that
of S1pr2−/− mice (Fig. 5A). In contrast to WT  mice, SPE-7 IgE sensi-
tized S1pr2−/− mice did not differ in their release of histamine upon
blocking of Fc� receptors with 2.4G2 (Fig. 5A). Together with the
experiments in Fig. 4D, these results show that Fc�RIII contributes
to the release of histamine to the circulation when WT,  but not
S1pr2−/−, mice are sensitized with high doses of SPE-7 IgE.

To determine if S1pr2−/− mice had a defect in IgG-mediated
anaphylaxis, we induced anaphylaxis by directly injecting a high
concentration (200 �g (i.p.)) of the 2.4G2 monoclonal antibody.
High concentrations of this antibody are known to induce ana-
phylaxis [23,36],  in contrast to the lower concentrations used for
blocking Fc�R (Supplemental Fig. 2A). 2.4G2-induced anaphylaxis
was modestly delayed in S1pr2−/− mice demonstrating a slower
onset in Fc�R-induced anaphylactic shock in these mice (Fig. 5B).
One hr after Ag challenge, S1pr2−/− mice responded similarly to
WT mice or in some cases showed a diminished recovery from
shock. The diminished recovery from shock was  marked at higher
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Fig. 4. Anaphylaxis induced by intraperitoneal injection of high doses of SPE-7 IgE
is  partly mediated by low affinity IgG receptors. (A) The PAF antagonist CV-6209
was  injected (i.p.) before Ag challenge in mice sensitized (i.p.) with 75 �g SPE-7 IgE
(SPE-7 clone) (n = 10–16/group), or mice sensitized (i.v.) with 3 �g H1-DNP-�-26.82
IgE  (n = 6/group) as described in Fig. 2. (B) Fc�  receptors were blocked by (i.p.) injec-
tion of 50–75 �g anti CD16/32 antibody (2.4G2 clone) prior to sensitization with
75  �g SPE-7 IgE and Ag challenge (n = 5–8/group). ***P < 0.001 by two-way ANOVA.
The curves for WT and S1PR2 without 2.4G2 treatment are also shown in Fig. 3B. (C)
Vascular permeability into the peritoneum was measured, as explained in Section 2,
35 min  after Ag challenge in 1% Evans Blue using similar experimental settings as in
Fig.  3. Statistical significance between indicated groups (n = 5–10/group), **P < 0.01.
(D)  Mice (WT  and Fc�RII−/−) were injected (i.p.) with 50 �g anti CD16/32 antibody
(2.4G2 clone) 3 h prior to sensitization with 35 �g SPE-7 IgE (n = 4/group) and sub-
sequently challenged 16 h later with Ag (100 �g) to induce systemic anaphylaxis.
Body temperature changes during the anaphylactic shock were followed for 2 h.
***P  < 0.001 between the groups.

concentrations of 2.4G2 (data not shown). Thus, the findings show a
defective onset of anaphylaxis in S1pr2−/− mice when Fc�  receptors
or a combination of Fc�RI/Fc�R are engaged, but not when Fc�RI is
primarily engaged.

We further investigated if Fc� receptor engagement of mast cells
from WT  and S1pr2−/− mice resulted in differences in mast cell
degranulation. Mast cells from the peritoneum of WT  or S1pr2−/−

mice were assayed for their degranulation response ex vivo to
2.4G2/anti-IgG immune complexes [23]. As shown in Fig. 5C, Fc�
receptor crosslinking resulted in a reduced response that reached
statistical significance at suboptimal concentrations and showed
a strong trend for reduced responses at optimal concentrations,
thus arguing for a delayed Fc�R-mediated anaphylactic response
in S1pr2−/− mice. These findings promote the view that the mild
protective effect of S1PR2-deficiency on anaphylaxis, observed at
high concentrations of SPE-7 IgE, is a consequence of defective mast
cell Fc�R  function. Regardless, the collective data strongly supports
the argument that S1PR2 plays a dominant role in the recovery from
IgE-mediated anaphylaxis and not in the initiation of this response.

4. Discussion

Systemic anaphylaxis is an immediate hyperacute reaction that
is initiated by the release of bioactive mediators mostly from (but
not restricted to [35]) mast cells [41,42]. These mediators (i.e.,  his-
tamine) may  cause severe hypotension among other circulatory,
respiratory, skin and gastrointestinal symptoms. Histamine is a
vasomediator that in mice reproduces closely the symptoms of IgE-
mediated anaphylaxis [43]. In a histamine-induced mouse model
of anaphylaxis, we recently found that S1PR2 in peripheral tissues
(independent of mast cells) controlled histamine clearance [17].
Mice lacking S1PR2 or sphingosine kinase 1 (which produces S1P)
had more pronounced hypotension, and a more severe and longer
lasting anaphylactic response. Injection of S1P shortly after shock
in WT,  but not in S1pr2−/− mice, promoted histamine clearance and
recovery comparably to an epinephrine injection [17]; the first line
of treatment for anaphylaxis in humans. In contrast, others [15]
have reported diminished IgE/Ag-induced passive systemic ana-
phylaxis in S1pr2−/− mice; a result attributed to a role for S1PR2
in promoting mast cell degranulation. Thus, exploring the balance
between these two possible roles for S1PR2 in anaphylaxis would
be important when considering the potential targeting of S1PR2 as
a treatment option in anaphylaxis.

Here we find that the previously reported role of S1PR2 in medi-
ating IgE/Ag-induced mast cell degranulation in vitro [6] is not
seen in murine connective tissue type mast cells and is seemingly
restricted to mucosal-like mast cells (RBL-2H3 or BMMC  differen-
tiated in the presence of IL3). Our in vivo studies are consistent
with our previous findings using a histamine-induced anaphylaxis
model [17] and demonstrate that during Fc�RI-mediated systemic
anaphylaxis, the predominant role of S1PR2 is the recovery, pre-
sumably by controlling vascular tone and histamine clearance
in a mast cell independent manner [17]. Furthermore, our data
indicates no role for S1PR2 in the initiation of Fc�RI-induced ana-
phylaxis, local or systemic, a result that contrast with another
report [15]. The reasons for the discrepancies with this prior study
are not entirely clear. However, a potential explanation drawn form
our results is that high concentrations of IgE, particularly some
types of IgE that are highly cytokinergic, induce an anaphylaxis
mediated by both IgE and IgG receptors and the onset of the lat-
ter is affected by S1PR2 deficiency. Furthermore, regardless of the
clone of IgE used in the studies, it should be cautioned that high con-
centrations of IgE can contain considerable amounts of aggregates
(some of which can be removed by ultracentrifugation as done in
our study), which could trigger IgE-dependent or IgG-dependent
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Fig. 5. Blocking of IgG receptors in S1pr2−/− mice reduces histamine release and delays onset of SPE-7 IgE/Ag-induced anaphylaxis and mast cells from S1pr2−/− mice have
reduced  degranulation to IgG receptor stimulation. (A) Mice (WT  and S1pr2−/−) were injected (i.p.) with SPE-7 IgE (SPE-7) (75 �g) and subsequently challenged as in Fig. 3.
Fc�R  was  blocked by 50–75 �g anti CD16/32 antibody (2.4G2 clone) where indicated. Mice were euthanized 90 s after Ag challenge and plasma histamine was measured. (B)
Anaphylaxis was  induced by injection (i.p.) of 200 �g anti CD16/32 antibody (2.4G2 clone). Significant differences between WT (n = 11) and S1pr2+/− (n = 11) were observed
at  the indicated time points using a two-tailed Student’s t test. *P < 0.05**P < 0.01, ***P < 0.001. (C) Degranulation of peritoneal mast cells by engagement of IgG receptors.
Peritoneal mast cells from WT or S1PR2-deficient mice were incubated for 1 h with 10 �g/ml of rat 2.4G2 anti-mouse CD16/CD32 antibody, washed and crosslinked with the
indicated concentrations of goat anti rat IgG antibody for 30 min. �-Hexosaminidase released to the media was measured as described in Section 2.

(through binding to low affinity Fc�Rs) mast cell degranulation
when given hours in advance of Ag challenge. This could reduce
the subsequent anaphylactic response to an Ag challenge, poten-
tially more markedly in S1pr2−/− than in WT  mice when considering
that S1pr2−/− mice have defects in vascular tone and permeability
[17,44] and delayed recovery from anaphylaxis [15], and thus may
not be able to demonstrate a full response to the Ag challenge. This
is consistent with a less marked body temperature drop (3–5 ◦C)
seen in the prior study [15], following Ag challenge, when com-
pared to the drop (7–9 ◦C) seen in our study when both studies used
75 �g of IgE for in vivo sensitization. It should also be noted that the
use of 75 �g of IgE for sensitization translates into a concentration
of 25 �g/ml (generously assuming 3 ml  total blood volume in cir-
culation and tissues) in mice; concentrations that are not achieved
even under circumstances of hyper IgE levels during Th2-mediated
disease in mice [45], whereas the use of 3 �g results in a path-
ophysiological meaningful concentration of 1 �g/ml seen in such
diseases [45] and is approximately 10 fold greater than that in the
circulation of WT  mice. Moreover, the use of presumed specific
inhibitors for S1PR2 (such as JTE-013) to query its in vivo func-
tion [15] may  be flawed as we have found that JTE-013 effectively
inhibits the degranulation of S1pr2−/− peritoneal-derived mast cells
(Supplemental Fig. 3), suggesting it has potent off target effects.

Another interesting finding is that IgE derived from different
hybridoma clones (or potentially the same clone containing varied
amounts of aggregates) can elicit a phenotypically different ana-
phylactic response. This is a consequence of their relative abilities to
engage both the high affinity IgE receptor and low affinity receptors
for IgG in vivo. Notably, the highly cytokinergic SPE-7 IgE induced an
anaphylactic shock response that was mediated by IgE and Fc�RIII
receptors, and thus more severe than that seen with the more mod-
erate cytokinergic H1-DNP�-26.82 IgE. This more marked drop in
body temperature revealed a modest protective effect of S1PR2
deficiency in SPE-7 IgE-sensitized mice that appears to result from
reduced IgG-mediated mast cell degranulation and a defective Fc�R
contribution to the anaphylactic response in these mice. The par-
ticipation of IgG receptors in IgE-mediated anaphylaxis has been
shown [46]. IgE engagement of the low affinity receptor Fc�RIII
required large amounts of IgE and/or Ag, reflecting a need for forma-
tion of large immune complexes [46,47]. The demonstrated ability
of SPE-7 IgE to assume multiple conformations that endow it with

the ability to interact with multiple cross-reactive antigens (or epi-
topes) may  promote increased aggregate size [29–32] and thus
increase the probability of binding Fc�RIII and IV [33,35,48].  This
view is consistent with our finding (Fig. 3C) that a lower concen-
tration (3 �g) of SPE-7 did not result in the mild in vivo protective
effect (mediated by Fc�R engagement) seen at the high concentra-
tion of IgE in S1pr2−/− mice. In vitro experiments have also shown
that when high concentrations of SPE-7 IgE are added to mast
cells the spectrum of responses elicited differs when compared to
the same concentration of H1-DNP�-26.82 IgE [29]. Collectively,
the multiple findings support the view that a mild defect in the
onset of anaphylaxis is manifested in S1PR2-deficient mice (Fig. 5A)
when coaggregation of stimulatory IgE and IgG receptors occurs or
when IgG receptors are engaged at low occupancy; yet even under
these circumstances recovery from anaphylaxis is still affected (see
recovery phase in Fig. 5B).

An important question that remains incompletely answered is
whether there is a role for S1PR2 in human mast cell responses.
Previous studies in human mast cells (using siRNA to silence S1PR2
expression) showed that a deficiency in S1PR2 reduced degranu-
lation and conversely in one study a robust degranulation was
observed when human mast cells were treated with S1P [15]. How-
ever, other reports [12] and our own  experiments in the LAD2
human mast cell line (Supplemental Fig. 1) and in peripheral blood-
derived CD34+ cultured human mast cells (data not shown) show
that S1P added exogenously had minimal or no effect on degra-
nulation. Moreover, silencing of S1PR2 expression by siRNA had a
minimal effect on the degranulation of LAD2 cells (Supplemental
Fig. 1). In general, however, the difficulty of interpreting studies
on cultured primary human mast cells or human mast cell lines is
that these may  not necessarily represent the mast cell phenotype
seen in resident tissues and may  well differ in their cell surface
expression of S1PRs.

4.1. Conclusions

In summary, our findings demonstrate that the global lack of
S1PR2 in the mouse predominantly affects the recovery from Fc�RI-
induced anaphylaxis, without generally affecting the initiation of
this response. In contrast, when Fc�R receptors are also engaged
(by IgE immune complexes or by IgG immune complexes) S1PR2
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shows a modest contribution to the onset of anaphylaxis and it is
required for the full extent of IgG-mediated mast cell degranula-
tion. Our findings show that S1PR2 is dispensable in IgE-mediated
degranulation of connective tissue mast cells, but are suggestive of
a role in mucosal mast cell responses. These new findings serve to
clarify the role of S1PR2 in mast cell function and allergic responses
and promote the view that the pursuit of specific S1PR2 agonists
as an alternative to epinephrine in the treatment of anaphylaxis
merits further consideration.
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Supplemental Figure 1- Degranulation in LAD2 human mast cells is unaffected by

S1P or silencing of S1PR2 . A) Relative mRNA expression of S1PR2 normalized to

GAPDH in LAD2 cells transiently transfected with siRNA non-target (NT) constructs or

constructs to silence S1PR2. Data are mean ± S.E. from 5-6 individual cultures.

Statistical significance compared to NT control, **P<0.01.  B) Degranulation to S1P or

to IgE/AgThe release of -hexosaminidase was determined as described in methods. Data

represent the mean + S.E. of four individual cultures. Experiments with an antagonist of

S1PR2 (JTE-013), at concentrations (up to 5 µM) that did not elicit an effect on the

degranulation of S1PR2-deficient murine mast cells, also demonstrated no effect on

IgE/Ag degranulation of the human cells (data not shown). C) Characterization of MC

proteases in BMMC grown in IL-3 alone or IL-3/SCF. BMMC were cultures as

described in methods, RNA extracted and the levels of the indicated proteases determined

by qRT-PCR.  Data shown is from 3 independent cultures, normalized to GAPDH

expression and compared to the expression in IL- grown BMMC. Statistical significance

compared to BMMC in IL-3, *P<0.05 and ***P<0.001.
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Supplemental Figure 2- Blocking antibody 2.4G2 at low doses does not induce

anaphylaxis on its own and does not affect anaphylaxis shock induced by IgE(H1-

DNP-- - IgE)/Ag challenge.

A) 2.4G2 antibody (50-75 µg) was injected i.p. in WT or S1PR2-deficient mice as

measured by body temperature changes.  B) WT Mice were injected (i.p.) with 50 or 75

µg anti CD16/32 antibody (2.4G2 clone) 3 h prior to injection (i.v.) with DNP-specific

IgE (H1-DNP--26.82) (3 g).  After 24 hrs, mice were challenged with Ag (250 g

DNP36-HSA) to induce systemic anaphylaxis and body temperature changes were

monitored as described in Methods. (n=6/group).
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Supplemental Figure 3- S1PR2 antagonist JTE-013 blocks degranulation

independently of S1PR2.

Degranulation to H1-DNP-IgE and Ag (25 ng/ml) in peritoneal derived mast

cells (PDMC) (A) or bone marrow derived mast cells (BMMC) (B) from WT and S1pr2-/-

mice was measured in the presence of the indicated concentrations of the S1PR2

antagonist JTE-013 (A) or 10µM JTE-013 (B) . Cells were sensitized with IgE as

described in methods and pretreated with JTE-013 for 10 min before addition of Ag. -

hexosaminidase release was measured from supernatants of cells as explained in the

methods section. ** P<0.01compared to the corresponding untreated cultures.

Degranulation in PDMC showed more sensitivity to inhibition by JTE-013 than BMMC,

which only showed differences in degranulation at 10 µM.  Both WT and S1PR2
-/- cells

showed the same inhibition to this antagonist.
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