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Downregulation of basophil-derived IL-4 and in vivo TH2 IgE
responses by serotonin and other organic cation transporter
3 ligands
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Background: Murine basophils can contribute to the TH2
polarization of the immune response by providing rapidly large
amounts of IL-4, which suggests that pharmacologic
downregulation of this cytokine might provide a strategy to
attenuate pathologies associated with excessive production.
Objective: We examined a number of physiological and
pharmacologic ligands of the organic cation transporter 3
(OCT3), a membrane carrier of biogenic amines, for their
inhibitory effect on IL-4 production by basophils, selecting the
most efficient compounds for in vivo evaluation in basophil-
dependent experimental models.
Methods: IL-4 production by basophils isolated ex vivo or from
bone marrow cultures was assessed in response to various
stimuli with or without biogenic monoamines or pharmacologic
analogs. Selected compounds were administered in vivo to
examine their effect on levels of circulating IgE generated
during a basophil-dependent TH2 response and on basophil
activation in mice receiving IL-33.
Results: We found a drastic decrease in IL-4 production by
stimulated basophils on exposure to serotonin (5-
hydroxytryptamine [5-HT]) that is taken up by basophils
through the specific high-affinity transporters serotonin
transporter and the polyspecific, high-capacity organic cation
transporter 3 (OCT3; or Slc22a3) but inhibits their function
exclusively through the latter. This downregulation is likewise
observed in vivo in response to 5-HTand other OCT3 ligands, as
well as in human basophils sorted from PMBCs of nonatopic
donors.
Conclusions: We provide evidence for a new means of
downregulating IL-4 production by basophils, both in vitro and
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in vivo, through OCT3 targeted by 5-HT and pharmacologic
ligands. (J Allergy Clin Immunol 2011;nnn:nnn-nnn.)
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The contribution of basophils to the orientation of the immune
response in murine models is widely acknowledged.1-4 We pro-
vided the first evidence for a basophil population with low gran-
ular content in murine bone marrow using in situ hybridization
with a riboprobe encoding histidine decarboxylase (HDC; the
histamine-forming enzyme) and ultrastructural criteria.5,6 These
cells constitute an excellent source of pro-TH2 cytokines
and histamine in response to growth factors, such as IL-3, and
other stimuli7,8 and are recruited to peripheral organs, where
they exert beneficial or deleterious functions in pathologic situ-
ations, such as nematode infection or allergic responses,
respectively.9-12

Basophils have been detected in the lungs of patients with
allergic asthma, in which their incidence increases in fatal
cases.13 The critical role of basophils in the development of
chronic allergic inflammation has been established recently in a
murine model by using transgenic mice that generate 2,4,6-trini-
trophenol–specific IgE.4 This study took advantage of new proce-
dures of in vivo depletion and adoptive transfer to demonstrate
that basophils are indispensable for the late-phase allergic
reaction.

Similar approaches have confirmed the nonredundant role of
basophils in orchestrating the immune response because of their
capacity to generate IL-4 rapidly more efficiently than other
producer cells on exposure to an increasing number of stim-
uli.1,14,15 It has been established that basophils can be targeted in
an IgE-independent manner by allergen proteases, such as papain,
which promotes their recruitment and stimulation in draining
lymph nodes, initiating a TH2 immune response.16 More recently,
their immunoregulatory potential has been further extended to ac-
quired immunity against ticks and their expression of MHC class
II molecules.17-21

These data prompted us to investigate whether potentially
harmful activities of basophils could be attenuated by down-
regulating their pro-TH2 cytokine profile. We have previously re-
ported that histamine exerts a negative control of its own synthesis
and that of associated cytokines on uptake by basophils through
the bidirectional organic cation transporter 3 (OCT3).22 Here
we extend this study in search of more efficient compounds to
1

mailto:elke.schneider@parisdescartes.fr
http://dx.doi.org/10.1016/j.jaci.2011.04.043


J ALLERGY CLIN IMMUNOL

nnn 2011

2 SCHNEIDER ET AL
Abbreviations used
5-HT: 5
-Hydroxytryptamine
BMC: B
one marrow cell
BMDB: B
one marrow–derived basophil
CYP450: C
ytochrome P450
Dat: D
opamine transporter
DNP: D
initrophenyl
Gapdh: G
lyceraldehyde-3-phosphate dehydrogenase
HDC: H
istidine decarboxylase
Net: N
orepinephrin transporter
OCT3: O
rganic cation transporter 3
SERT: S
erotonin transporter
downregulate basophil activities both in vitro and in vivo. Among
the monoamines tested, serotonin, or 5-hydroxytryptamine
(5-HT), turned out to be the most potent inhibitor, suppressing
basophil-derived IL-4 production completely. This effect was rel-
evant in vivo in 2 experimental settings, namely treatment with
IL-33, which primes basophils for increased IL-4 production,23

and immunization with papain, which induces a strong
basophil-dependent TH2 bias.

18 Both responses were strongly in-
hibited by 5-HT, which is internalized through OCT3, as well as
by ciproxifan and clobenpropit, which block this bidirectional
membrane carrier. Finally, IL-4 and IL-13 production in response
to 5-HTwas likewise inhibited in stimulated human basophils iso-
lated from peripheral blood of nonatopic donors.

METHODS

Mice and reagents
Six to 8-week-old specific pathogen–free, female C57BL/6J mice were

purchased from CERJ (Les Genest St Isle, France). Hdc2/2 mice were gener-

ated by Ohtsu et al.24 Sert2/2 and Oct32/2 mice bred on a C57BL/6J genetic

background were originally developed by Bengel et al25 and Zwart et al,26 re-

spectively. Animal experiments were performed according to the guidelines of

the French Institutional Committee.

Recombinant preparations of IL-3 (murine and human), murine IL-33,

murine GM-CSF, and murine and human DuoSet ELISA kits for IL-4, IL-6,

and IL-13 were purchased from R&D Systems (Abington, United Kingdom).

Clobenpropit dihydrobromide was from Tocris (Ellisville, Mo). All other

OCT3 and serotonin transporter (SERT) ligands, as well as serotonin

hydrochloride, calcium ionophore (A23187), papain, and IgE (SPE-7), were

from Sigma-Aldrich (St Louis, Mo). Tritiated serotonin dihydrochloride and

tritiated histamine dihydrochloride were provided by PerkinElmer (Waltham,

Mass). Anti-human and anti-mouse FceRIa mAbs (clone AER-37 [CRA1]

and clone MAR-1, respectively) were purchased from eBioscience (San

Diego, Calif), whereas anti-dinitrophenyl (anti-DNP) ascite and DNP were

provided by S. Mecheri.

Cell cultures, flow cytometry, and sorting
Bone marrow cells (BMCs) were prepared as reported before5 and adjusted

to a final concentration of 2.53 106/mL in culture medium (minimal essential

medium) supplemented with 10% horse serum (all from Gibco, Grand Island,

NY). Various doses (1025 to 1029 mol/L) of the drugs were added shortly

before IL-3 (10 ng/mL), GM-CSF (10 ng/mL), A23187 (1026 mol/L), anti-

FceRIa (1 mg/mL), and DNP (0.1 mg/mL) plus anti-DNP ascite (1:5000),

followed by a 24-hour incubation at 378C and 5% CO2. In some experiments

BMCs were enriched for basophils by depleting NK1.11 cells, followed by

positive selection of the CD49b1 subset with the RoboSep automaton (Stem-

Cell Technologies, Vancouver, British Columbia, Canada). This procedure

yielded a 50- to 100-fold enriched fraction in terms of IL-3–induced IL-4 pro-

duction that comprised approximately 30% FceRIa1c-kit2 cells. Basophil-

enriched populations were also generated from total BMCs cultured for 8
days with IL-3, as described previously.22 Basophils were identified by their

FceRIa1c-kit2 or CD49b1c-kit2 phenotype. In some experiments these

basophil-enriched populations were further sorted either electronically with

a FACSVantage (Becton Dickinson, Franklin Lakes, NJ) cell sorter or magnet-

ically with a RoboSep automated pan-NK positive selection kit (StemCell

Technologies). Sorted cells had 98% or greater purity on reanalysis and dis-

played the morphology reported for murine basophils after May-Gr€unwald-

Giemsa staining. The following appropriately labeled antibodies were used:

anti-mouse CD117 (2B8), CD11b (M1/70), CD49b (Hma2), NK1.1

(PK136), and isotype controls (all from PharMingen, San Diego, Calif).

Anti-FceRIa (MAR-1) was from eBioscience. Cell viability was assessed

among gated basophils after annexin-V/7-aminoactinomycinD staining by us-

ing a commercial kit from Becton Dickinson.

Peripheral blood cells were recovered after therapeutic phlebotomy in the

hematology center of the Necker Hospital with the patients’ consent and ac-

cording to the guidelines of the local ethics committee. Basophils were pu-

rified by using the human basophil enrichment kit from StemCell

Technologies, according to the manufacturer’s instructions. Sorted unstimu-

lated basophils had 95% or greater purity on reanalysis. Purified basophils

were incubated in Iscove modified Dulbecco medium supplemented with

10% horse serum and stimulated with IL-3 (10 ng/mL) plus A23187

(1026 mol/L) or IL-3 plus anti-human FceRIa mAb (1 mg/mL) with or with-

out 5 3 1024 mol/L 5-HT.

In vivo treatment with IL-33, papain, monoamines,

and OCT3 ligands
Mice received a daily intraperitoneal injection of 1 mg of mrIL-33 for 4

days with or without histamine (10 mg/kg), 5-HT (10 mg/kg), or ciproxifan (5

mg/kg) administered together in 200 mL of saline. For TH2 induction, animals

were immunized subcutaneously in the rear footpads with 50 mL of saline in

which 50 mg of papain with or without monoamines and related compounds

was dissolved. Histamine and 5-HT were administered intraperitoneally at a

concentration of 10 mg/kg 4 hours before immunization and twice daily for

3 days after. Clobenpropit was injected with the same schedule and route of

administration at a concentration of 20 mg/kg. Control mice received injec-

tions of saline. BMCs frommice treated with OCT3 ligands or saline were re-

covered on day 4 after IL-33 administration. Total IgE levels were measured

on days 14 and 21 after immunization with papain with or without OCT3 lig-

ands by using an ELISA kit from Becton Dickinson.
Assessment of cytokine production and

radiolabeled serotonin and histamine uptake
IL-4, IL-6, and IL-13 levels were measured by means of ELISA in cell

supernatants after a 24-hour incubation, and histaminewas quantified by using

an automated continuous-flow spectrofluorometric technique. For 5-HT

uptake experiments, 23 105 total BMCs, 2.53 104 basophil-enriched natural

killer cell–depleted CD49b1 cells, and 5000 electronically sorted

FceRIa1c-kit2 cells were distributed into round-bottom 96-well polypropyl-

ene plates (Costar, Cambridge, Mass). Unless stated otherwise, the cells were

incubated (378C and 5% CO2) for 3 hours with 3 mCi/mL tritiated serotonin

dihydrochloride (1027 mol/L; 20.5 Ci/mmol) and tritiated histamine dihydro-

chloride (1.63 1027 mol/L; 15.5 Ci/mmol) in a final volume of 100mL. Com-

petition assays were carried out as previously described.22
mRNA expression
RNAswere extracted from sorted bonemarrow–derived basophils by using

the RNeasy microkit (Qiagen, Hilden, Germany), according to the supplier’s

recommendations. Primers and probes for murine Il4, Il6, Hdc, and

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) real-time PCR were de-

signed by using the Computer Primer Express software (Applied Biosystems,

Les Ulis, France). All oligonucleotides were purchased as HPLC-purified

molecules from Eurogentec (Angers, France). PCR reactions contained

1mL of cDNA samples, 100 nmol/L of each primer, 200 nmol/L of the specific

probe, and 60 nmol/L passive reference (Rox) in 24 mL of Taqman Universal



FIG 1. Basophils are proficient IL-4 producers in response to several stimuli.A, Sorting of basophils isolated

ex vivo from BMCs or derived from culture. B, IL-4 production by bone marrow populations containing dif-

ferent proportions of basophils. IL-4 was measured in supernatants after a 24-hour incubation in the pres-

ence of the stimuli indicated (n 5 4). Ca iono, Calcium ionophore.
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MasterMix (Applied Biosystems). Each amplification was performed in trip-

licate by using the following conditions: 2 minutes at 508C and 10 minutes at

948C, followed by 40 cycles of 15 seconds at 948C and 30 seconds at 608C. All
data were normalized to an internal standard, Gapdh expression in each sam-

ple, and expressed as relative expression by using the DDCT method, as de-

scribed in user bulletin no. 2 from Applied Biosystems.

The probes carried a 59 FAM reporter label and a 39 dark quencher group

and were synthesized by Eurogentec (Li�ege, Belgium).

Oligonucleotides for real-time PCR were as follows: Gapdh forward, ATG

TGT CCG TCG TGG ATC TGA; Gapdh reverse, GAT GCC TGC TTC ACC

ACC TT; Gapdh probe: CCT GGA GAA ACC TGC CAA GTA TGA TGA

CAT; Il4 forward, TCA TCG GCA TTT TGA ACG AG; Il4 reverse, TTG

GCA CAT CCA TCT CCG T; Il4 probe, TCA CAG GAG AGG GGA CGC

CAT GC. Oligonucleotides for qualitative PCR analyses were as follows:

b2-microglobulin (B2m) forward, TGA CCG GCT TGTATG CTATC; B2m

reverse, CAG TGT GAG CCA GGA TAT AG; Oct3 forward, GGA AGC

AAG GAG AGA AAG CC; Oct3 reverse, CCA CAG ACA GAC GCC AGG

AT; Sert forward, GCT TCG TCT CTG GCT TTG TCA T; Sert reverse:

GCT ATC CAA ACC CAG CGT GA; norepinephrin transporter (Net) for-

ward, GCT GCT CTG TCT GAT GGT CG; Net reverse, TCC TTG AGG

CGG TAG AAG TCA; dopamine transporter (Dat) forward, GCT ACA

TCG GCATCG AGAGC; Dat reverse, CCAGTACAG GTT GGG TCG CT.
Statistics
Data are expressed as means 6 SEMs, and the standard Student 2-tailed t

test was used to establish statistical significance.
RESULTS

Comparison between freshly isolated and bone

marrow–derived basophils for IL-4 production
Most functional studies of murine basophils have been

performed with BMCs cultured for 8 to 10 days with IL-3,
yielding 10- to 30-fold enriched populations. This procedure
raises the question of the physiological relevance of data obtained
with ‘‘primed’’ cells relative to unstimulated basophils sorted
ex vivo. We addressed this issue, comparing these 2 populations
for their response to various stimuli according to the phenotypic
criteria established previously.4 Depletion of NK1.11 cells from
freshly isolated bone marrow followed by positive magnetic se-
lection of the CD49b1 fraction yielded a population comprising
30% to 40% FceRIa1c-kit2 basophils (Fig 1, A). IL-4 secretion
was increased accordingly whether the cells were stimulated
with A23187, IgE (clone SPE7), GM-CSF, or IL-3 (Fig 1, B).
Electronic sorting of the FceRIa1c-kit2 population further in-
creased IL-3-induced IL-4 production, reaching 75 ng/106 cells
in a typical experiment. The CD49b1FceRIa2 population pro-
duced no detectable amounts of IL-4. These results imply that ba-
sophils are the main IL-4 producers, which was further
corroborated by the fact that the NK1.12CD49b1 population re-
sponded to anti-FceRIamAb and DNP/anti-DNPmAb (9696 and
9372 pg of IL-4 per 106 cells, respectively, as assessed in a single
experiment).

Compared with its ex vivo counterpart, the CD49b1 population
derived from BMC cultures (bone marrow–derived basophils
[BMDBs]; Fig 1, B) was much less responsive to IL-3 and GM-
CSF in terms of IL-4 production conversely to IgE or Ca iono-
phore, even though it comprised 98% or greater FceRIa1c-kit2

basophils (Fig 1, A). This relative unresponsiveness suggests
that the long-term exposure to the growth factor has set off a neg-
ative feedback control, possiblymediated through the suppressive
signal transducer and activator of transcription–dependent sup-
pressors of cytokine signaling pathway27 or other suppressive
pathways. For this reason, culture-derived basophils cannot ade-
quately replace their freshly isolated equivalent to evaluate inher-
ent functions that are more accurately assessed by using
unstimulated whole or basophil-enriched BMCs.



FIG 2. 5-HT downregulates IL-4 production by basophils on protein and transcription levels. A, Dose-

response curve (n5 4). HA, Histamine. B, 5-HT, histamine, and ciproxifan (CPF; all at 53 1024 mol/L) inhibit

IL-3–induced IL-4 production by basophils sorted ex vivo (n5 3). *P <_ .05. **P <_ .001. C, 5-HT does not impair

basophil viability. 7-AAD, 7-Aminoactinomycin D. D, 5-HT inhibits IL4mRNA expression. E, 5-HT inhibits IL-

4 production in response to several stimuli (n 5 3). Ca iono, Calcium ionophore.
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Inhibition of IL-4 production by stimulated murine

basophils exposed to serotonin
Few negative regulators of basophils have been reported thus

far, excepting IFN-a, which inhibits IL-3 priming of human
basophil cytokine secretion,28 and histamine itself, which de-
creases its own synthesis and that of associated cytokines once it
reaches critical intracellular levels.22Having established that clas-
sical immunosuppressive cytokines, such as IL-10, IL-1, IFN-g, or
TGF-b, had no effect on IL-4 production by stimulated basophils
(data not shown), we investigated whether biogenic amines other
than histamine exerted a similar or stronger inhibition. Among the
numerous molecules tested in this study (data not shown), 5-HT
turned out to be the most potent inhibitor, as shown in the dose-
response curve in Fig 2, A. This monoamine reduced IL-4 produc-
tion by IL-3-induced total BMCs more drastically than histamine
itself, approaching 100% inhibition at a concentration of 53 1024

mol/L. Other monoamines of the neuroimmunologic axis, such as
dopamine or noradrenaline, had a less consistent effect (data not
shown). IL-3–induced production of IL-6 and histaminewas like-
wise inhibited by 5-HT (see Fig E1 in this article’s Online Repos-
itory at www.jacionline.org), which had a similar effect on
ex vivo–sorted basophil-enriched NK1.12CD49b1 cells stimu-
lated with IL-3 that were less affected by histamine or the OCT3
ligand ciproxifan (Fig 2, B). 5-HT did not impair cell viability
among gated basophils after annexin-V/7-aminoactinomycin D
staining (Fig 2, C) but diminished IL-4 levels by inhibiting IL-
3–induced expression of the encoding mRNA in purified bone
marrow–derived CD49b1c-kit2 basophils analyzed by means of
real-time PCR (Fig 2, D). The inhibition of IL-4 production oc-
curred also in response to other basophil activators, such as IgE
and A23187 (Fig 2, E).
Involvement of the membrane transporter OCT3 in

5-HT–induced downregulation of basophil functions
The high concentrations of 5-HT required for downregulation

of basophil functions argued against the implication of specific
receptor activation, prompting us to examine the expression of
monoamine transporters in purified BMDBs. As shown in Fig 3,
A, transcripts encoding the specific 5-HT transporter SERT, as
well as the polyspecific cation transporter OCT3, were expressed
(Fig 3, A), conversely to Dat and Net, the specific transporters of
dopamine and noradrenaline, respectively, which were only de-
tected in total BMCs.

Because basophils are most frequent in the bone marrow, we
evaluated 5-HT uptake by exposing total cells to the radiolabeled
monoamine. As shown in Fig 3, B, a substantial amount of triti-
ated 5-HTwas internalized at 378C, reaching a maximum within
3 hours, whereas cells incubated at 48C did not retain any label in
these conditions, suggesting uptake by specific carriers rather
than binding to 5-HT receptors. In support of this notion, fluoxe-
tine and citalopram, 2 specific inhibitors of SERT, did decrease la-
beling with tritiated 5-HT (79.3% 6 3.1% and 79.0% 6 3.05%
reduction in response to fluoxetine and citalopram, respectively,
at a concentration of 1026 mol/L; means 6 SEMs from 3
experiments).

To prove that basophils (<1% of BMCs, as shown in Fig 1, A)
are the major subset involved in the uptake of 5-HT, we repeated
the experiment with purified BMDBs that retained around 200
times more radiolabeled compound than total BMCs (119,974
vs 645 fmol/106 cells in a typical experiment). Labeling was
more than 90% reduced by the SERT inhibitor fluoxetine, as
well as in basophils from Sert2/2 mice, which proved that at
the low concentrations of the radioactive compound (1.6 3

http://www.jacionline.org


FIG 3. SERTmediates the high-affinity uptake of 5-HT bymurine basophils but not its inhibitory effect on IL-

4 production. A, Concomitant OCT3 and SERT expression in purified bonemarrow–derived CD49b1ckit2 ba-

sophils. b2m, b2-Microglobulin. B, Kinetics of 5-HT uptake (n 5 4). C, Displacement of tritiated histamine

taken up by BMCs by unlabeledmonoamines (n5 3). HA, Histamine. D, 5-HT–induced inhibition of basophil

activities is abolished in Oct32/2 mice (n 5 3). WT, Wild-type.
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1027 mol/L), 5-HT is mainly internalized through its high affinity
transporter.

By contrast, as shown in Table I, downregulation of IL-4 pro-
duction at high concentrations of 5-HT persisted in the presence
of the specific SERT inhibitors fluoxetine and citalopram. Simi-
larly, BMCs recovered from Sert2/2 mice remained susceptible
to inhibition, even though the high-affinity uptake of tritiated 5-
HT was abolished, which ruled out a major involvement of the
5-HT–specific transporter SERT in the downregulation of IL-4
production.

We have reported before that basophils express the bidirec-
tional transporter OCT3 (Fig 3, A), which is involved in histamine
uptake and release after neosynthesis.22 We found that unlabeled
5-HT competed with tritiated histamine for internalization
through OCT3 (Fig 3, C), suggesting that the 2 amines share a
common site of interaction. The implication of the high-
capacity transporter in the downregulation of IL-4 production
by 5-HT was also supported by the lack of effect in Oct32/2

mice (Fig 3, D).
Histamine-dependent and independent

downregulation of IL-4 production by basophils
We hypothesized that 5-HT might reduce IL-4 production by

basophils indirectly by blocking OCT3, as do specific inhibitors
or substrates of this transporter.22 Thereby it would cause intracel-
lular accumulation of histamine, which is actively produced by
basophils in response to IL-3 and partially secreted through the bi-
directional transporter, thus triggering a negative feedback signal.
This was not the case because the downregulation persisted in
histamine-free Hdc2/2 mice (98% 6 4.5% of wild-type control
animals in the case of IL-3–induced IL-4 production, n5 3). Ex-
posure to 5-HTalso did not increase intracellular histamine levels
(Table II), and inhibition was maintained in Hdc2/2/Tph12/2

mice, in which histamine and 5-HTare no longer produced, ruling
out the contribution of both intracellular histamine and newly
synthesized 5-HT (data not shown).

Conversely to 5-HT, other OCT3 ligands, such as clobenpropit
and ciproxifan, depended on endogenous histamine because they
lost their effect in Hdc2/2 mice and could increase intracellular
levels of histamine, most likely by blocking part of its release
through OCT3 (Table II). Other molecules related to histamine
and 5-HT, such as histidine, 5-hydroxytryptophan, or melatonin,
modified neither uptake nor IL-4 production by basophils,
whereas monoamines, such as tyramine, octopamine, tryptamine,
and b-phenylethylamine, inhibited uptake without affecting the
biological activity. Polyamines and the H1 receptor antagonist ce-
tirizine had no effect at all (not shown).

Because metabolites of 5-HT, such as H2O2 and reactive oxy-
gen species, have been implicated in transcriptional repression,29

we examined their potential role as signal carriers. Neither mon-
oamine oxidase inhibitors, such as pargyline and clorgyline, nor
inhibitors of nitric oxide synthase, such as NG-methyl L-arginine,
restored IL-4 production, making the implication of any of these
oxidative pathways unlikely.

Thus far, molecules of the cytochrome P450 (CYP450) family
remain the most plausible signal carriers, as supported by the
following findings. First, 5-HT shares with histamine the capacity
to bind to the heme moiety of CYP450.30 Second, a well-known
ligand of CYP450 molecules, such as ketoconazole,31 exerts a
significant inhibition of IL-4 production on its own and competes
with the binding of 5-HT because it diminishes the inhibitory



TABLE I. 5-HT–induced inhibition of IL-4 production by basophils

is not mediated through SERT

Stimulation with IL-3 Inhibition (%)

Wild-type mice 1 5-HT (5 3 1024 mol/L) 95 6 4

1 5-HT 1 FX (1026 mol/L) 95 6 3

1 5-HT1 CTP (1026 mol/L) 94 6 6

Sert2/2 mice 1 5-HT (5 3 1024 mol/L) 98.7 6 1.2

Total BMCs (2.5 3 106/mL) were incubated for 24 hours in the presence of IL-3 (10

ng/mL) with or without 5-HT. The percentage of inhibition was calculated relative to

cultures set up in IL-3 alone. Data are presented as means 6 SEMs from 3 separate

experiments.

CTP, Citalopram; FX, fluoxetine.

TABLE II. Biogenic monoamines and OCT3 ligands inhibit ba-

sophil activities through 2 distinct mechanisms

Inhibition (%)

Stimulation Intracellular

histamine (ng/106 cells)

IL-4

IL-3 30.0 6 8.5 —

1 5-HT (5 3 1024 mol/L) 12.5 6 3.5 98.3 6 1.2

1 CB (1025 mol/L) 55.0 6 5.7* 55.3 6 0.3

1 CPF (1025 mol/L) 98.5 6 4.9� 69.0 6 2.0

Basophil-enriched NK1.12CD49b1 cells (2.5 3 105/mL) were incubated for 24 hours

in the presence of IL-3 (10 ng/mL) with or without the compounds tested. Histamine

levels were measured in cell lysates, and IL-4 levels were measured in supernatants.

The percentage of inhibition was calculated relative to cultures in IL-3 alone. Data are

presented as means 6 SEMs from 3 separate experiments.

CB, Clobenpropit; CPF, ciproxifan.

*P 5 .04.

�P 5 .02.
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effect of 5-HTon IL-4 production (see Fig E2 in this article’s On-
line Repository at www.jacionline.org).

Serotonin-induced inhibition of cytokine

production by human basophils
Knowing that IL-3 is a poor inducer of TH2-type cytokine pro-

duction by human basophils, we performed most experiments
with A23187 as a costimulant. Both IL-4 and IL-13 levels were
reduced by 5-HT in these conditions (45.3% 6 6.9% vs 38.3%
6 6.9% inhibition for IL-13 and IL-4, respectively; means 6
SEMs from 3 donors). Mean IL-13 production in control animals
was 910.7 6 115.2 versus 483.3 6 17.4 pg/106 basophils on ex-
posure to 5-HT (P 5 .003) compared with 4867 6 747.4 versus
3103.36 552 pg of IL-4/106 basophils (P5.03). For comparison,
purified basophils from one donor were stimulated with IL-3 plus
anti-FceRIamAb with or without 5-HT. In this case IL-4 and IL-
13 were no longer detected on exposure to 5-HT, with control
values reaching 276 pg/106 cell for IL-4 and 1037 pg/106 cells
for IL-13.
Inhibition of basophil activities by 5-HT and

pharmacologic OCT3 inhibitors in vivo
The in vivo relevance of the functional downregulation of baso-

phils through OCT3 was assessed by using 2 approaches, namely
(1) treatment with IL-33, which results in basophil activation,23

and (2) induction of a basophil-dependent TH2 response by pa-
pain,18 as evidenced by increased circulating IgE levels. As
shown in Fig 4, A, the increased responsiveness of basophils in
terms of IL-4 production conferred by injection of IL-33 was di-
minished when 5-HTwas administered concomitantly. Yet the ef-
fect was not as drastic as in vitro, probably because the
monoamine is rapidly taken up by platelets or metabolized
in vivo.32 Comparatively, the inhibition by histamine was more
consistent yet less pronounced than that obtained with ciproxifan,
a synthetic ligand of OCT3 (Fig 4, A). Note that Oct32/2 mice
produce less IL-4 on stimulation than their wild-type counter-
parts, indicating that the negative feedback is already operational
because of the accumulation of newly synthesized histamine that
is no longer secreted through OCT3, as reported before.22 The
in vivo relevance of OCT3-mediated downregulation of IL-4 pro-
duction by basophils was further supported by the decrease in cir-
culating IgE levels generated within 14 and 21 days after papain
injection when mice had received 5-HT or clobenpropit, another
ligand of OCT3, before, during, and shortly after immunization
(Fig 4, B). This is the first evidence that the pro-TH2 functions
of basophils and their potential deleterious effect in allergic dis-
eases can be downregulated through OCT3 in vivo, either directly
or indirectly, by increasing intracellular histamine levels.
DISCUSSION
The adverse effects of basophils in patients with allergic

pathologies prompted us to search for negative regulators of their
biological activity with potential therapeutic applications. Here
we provide evidence that 5-HTand ligands of the transmembrane
carrier OCT333 downregulate IL-4 production by basophils in re-
sponse to a variety of stimuli, both in vitro and in vivo. We dem-
onstrate that the inhibition is mediated through the broad
specificity, high-capacity transporter OCT3 rather than specific
receptors or the transporter SERT.

It is generally acknowledged that the nervous systemmodulates
the immune response through the release of monoamine neuro-
transmitters, such as dopamine and serotonin.34 These regulatory
functions are believed to involve mainly specific receptors, which
comprise several classes and subtypes differentially expressed in
hematopoietic populations.35,36 The membrane transporters of
these monoamines have been regarded essentially as a means of
rapid reuptake to prevent excessive accumulation in the vicinity
of the neurons fromwhich they are released.37However,monoam-
ine reuptake systems, such as SERT, are also expressed outside the
central nervous system in various hematopoietic cells, such as
platelets, lymphocytes, and macrophages.38,39 In such cells trans-
membrane carriers can take part in more complex regulatory ac-
tivities, the effect of which on the immune response deserves
further investigation.40,41 For example, it has been reported that
dendritic cells take up 5-HT through the monoamine transporter
SERT and store it in lysosomal-associated membrane protein
1 vesicles, from which it can eventually be released through
Ca21-dependent exocytosis.42

We have previously reported that newly synthesized histamine
accumulating inside basophils can downregulate their typical
functions.22 Given the bidirectional activity of OCT3, we as-
sumed that 5-HT inhibited basophil functions by blocking the
transporter, thus hampering the release of newly generated hista-
mine, such as other substrates or inhibitors of OCT3 (eg, cloben-
propit, corticosterone, or b-estradiol).43 This was not the case
because 5-HT neither increased the histamine content of baso-
phils stimulated with IL-3 nor was its effect abolished in
histamine-free Hdc2/2 mice.

http://www.jacionline.org


FIG 4. OCT3 ligands decrease basophil functions in vivo. A, BMCs frommice receiving daily injections of IL-

33 for 4 days with or without coinjected histamine (HA), serotonin (5-HT), or ciproxifan (CPF)were recovered

on day 4 and restimulated with IL-33 (10 ng/mL) for 24 hours compared with saline controls (n 5 3). B, IgE

levels were measured after immunization with papain in sera of mice treated or not with OCT3 ligands (n5
3). CB, Clobenpropit. *P <_ .01; **P <_ .002.
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Like histamine, 5-HT inhibits IL-4 production by basophils on
transcriptional and protein levels, most likely by signaling
through the CYP450 pathway. Molecules of this family are
expressed in bone marrow, where they were supposed to be
mainly involved in detoxification and drug-metabolizing pro-
cesses. However, it has also been established that they constitute a
branch of the arachidonic acid cascade or third pathway, and some
of their metabolites can contribute to the regulation of hemato-
poiesis and cytokine expression.44,45 This is particularly true for
prostanoids, which affect the TH1/TH2 balance by inhibiting IL-
4 production.46 Other mechanisms of functional modulation,
such as serotonylation of proteins involved in signal transduction,
might also come into play.47

Note that the inhibitory effect of histamine or 5-HT mediated
through OCT3 is not observed in mast cells, the other major
histamine-producing population. We ignore whether the negative
regulation of basophil functions by 5-HT might be of physiolog-
ical relevance during inflammatory responses when mast cell
degranulation and platelet aggregation provide locally high levels
of this biogenic amine. However, we postulate that pharmaco-
logic targeting of OCT3 could become instrumental in tuning the
regulatory functions of this population to alleviate its detrimental
effects or to modulate its effect on the orientation of the immune
response. Our in vivo data support a therapeutic potential for this
approach because the administration of monoamines or ciproxi-
fan downregulated (1) the enhanced IL-4–producing capacity of
basophils in mice having received the proinflammatory cytokine
IL-33 and (2) the IgE production induced by papain in a model of
basophil-dependent TH2 differentiation,18 and (3) a similar inhi-
bition of IL-4 and IL-13 production occurred in stimulated human
basophils. The increased in vivo efficiency of this synthetic inhib-
itor relative to biogenic monoamines that are easily metabolized
or taken up by other cells is promising from a therapeutic point of
view, supporting the conclusion that OCT3 might become a phar-
macologic target in some allergic disorders.

We thank C. Garcia and Jerôme M�egret for cell sorting.
Clinical implications: We postulate that the membrane trans-
porter OCT3 might become a therapeutic target for tuning
the activity of basophils, either to attenuate basophil-mediated
pathologies or to control the TH1/TH2 balance.
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FIG E1. 5-HT inhibits IL-3–induced IL-6 and histamine production. Basophil-

enriched NK1.12CD49b1 cells (2.53 105/mL) were incubated for 24 hours in

the presence of IL-3 (10 ng/mL) with or without 5-HT (5 3 1024 mol/L). Data

are presented as means 6 SEMs from 4 separate experiments. CTRL,
Control.
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FIG E2. The CYP450 ligand ketoconazole (KTO) inhibits IL-3–induced IL-4

production by basophils and competes with 5-HT (n 5 3).
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