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Stem cell factor stimulates the chemotaxis,
integrin upregulation, and survival of

human basophils

Akos Heinemann, MD,? Gunter J. Sturm, MD,? Martina Ofner, BSc,? Eva M. Sturm, MSc,?
Charlotte Weller, PhD,? Bernhard A. Peskar, MD,? and Adele Hartnell, PhD® Graz,

Austria, and London, United Kingdom

Background: Little is known about the mechanisms that
regulate the selective recruitment of basophils to sites of
allergic inflammation.

Objective: Here we examine the role of stem cell factor (SCF)
in the regulation of basophil function.

Methods: Human basophils were isolated from peripheral
blood, and their migration was investigated in chemotaxis
assays. Apoptosis was detected by means of annexin V and
propidium iodide staining. The expression of cell-surface
molecules was measured by means of flow cytometry.

Results: SCF amplified the chemotactic responsiveness of
human peripheral blood basophils to the chemoattractants
eotaxin, monocyte chemotactic protein 2 and macrophage
inflammatory protein 1o, and C5a, without being chemotactic
or chemokinetic by itself. SCF synergized with
chemoattractants in causing basophil upregulation of the
integrin CD11b, and this effect was inhibited by a c-kit
antibody, the tyrosine kinase inhibitor imatinib mesylate
(STI-571), and a phosphatidylinositol 3 kinase inhibitor but
not by inhibitors of p38 mitogen-activated protein kinase or
mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase. Basophils bound fluorescence-labeled SCF and
expressed its receptor, c-kit, which was markedly upregulated
in culture for 24 to 48 hours in the presence of IL-3.
Moreover, SCF prolonged basophil survival in concert

with IL-3 by delaying apoptosis. These effects of SCF

were selective for basophils because chemotaxis and

CD11b upregulation of eosinophils or neutrophils were
unchanged.

Conclusion: SCF might be an important selective modulator of
basophil function through a phosphatidylinositol 3 kinase—
dependent pathway. (J Allergy Clin Immunol 2005;116:
820-6.)
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Basophils are known to be key effector cells in host
defense responses to ectoparasitic ticks, prominent in late-
phase cutaneous allergic reactions, and constituents of the
cellular infiltrate in the asthmatic lung' and are thought to
be one of the key cell types involved in biasing an immune
response toward a Ty;2 phenotype.? Basophils, along with
eosinophils and Ty2 lymphocytes, are rapidly recruited to
the skin, lung, or nasal mucosa after allergen challenge®
directed by chemoattractants, which are released at sites
of inflammation. However, the magnitude and kinetics
of basophil influx after allergen challenge parallel neither
eosinophil recruitment nor generation of known chemo-
attractants at the inflammatory site,* thus pointing to
selective recruitment of basophils by yet undefined me-
chanisms. The present study suggests that stem cell factor
(SCF), an important growth factor for mast cells, might be
a selective modulator of basophil recruitment.

METHODS
Reagents

All reagents, if not otherwise stated, were from Sigma (Vienna,
Austria). PBS, RPMI 1640, and HEPES were purchased from
Invitrogen (Vienna, Austria). The assay buffer used was PBS with
0.9 mM Ca’* and 0.5 mM Mg** supplemented with 0.1% BSA,
10 mM HEPES, and 10 mM glucose, pH 7.4. Phycoerythrin (PE)—
or Cy5-conjugated anti-human CD123 and CD16 antibodies, PE-
conjugated anti-human c-kit antibody (clone YB5.B8), FACSFlow,
and CellFix were obtained from BD Biosciences (Vienna, Austria).
Fluorescein isothiocyanate (FITC)—conjugated anti-human CCR3
antibody and blocking anti-human c-kit antibody (clone 47233) were
from R&D Systems (Wiesbaden, Germany). All cytokines were from
Peprotech (London, United Kingdom). The p38 mitogen-activated
protein (MAP) kinase inhibitor SB-202190, the MAP kinase/extra-
cellular signal-regulated kinase (MEK) kinase inhibitor U-0126, and
the phosphatidylinositol 3 (PI-3)-kinase inhibitor LY-294002 were
purchased from Biomol (Hamburg, Germany). STI-571 (imatinib
mesylate) was kindly provided by Novartis (Basel, Switzerland).

Preparation of human leukocytes

Leukocytes from citrated whole blood were separated by means of
dextran sedimentation and centrifugation on Histopaque 1077 into
a polymorphonuclear cell fraction (eosinophils and neutrophils) and
a mononuclear cell fraction (basophils, monocytes, and lympho-
cytes).> For chemotaxis experiments, basophils and eosinophils
were further purified by means of negative magnetic selection with
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Abbreviations used

FITC: Fluorescein isothiocyanate

MAP: Mitogen-activated protein

MCP: Monocyte chemotactic protein

MEK: MAP kinase/extracellular signal-regulated kinase

MIP-1a:: Macrophage inflammatory protein la

PE: Phycoerythrin
PI: Phosphatidylinositol

SCF: Stem cell factor

antibody cocktails from StemCell Technologies (Vancouver,
Canada), with purity of greater than 95% and viability of greater
than 98%.”

Chemotaxis

Cells, 2 X 10*, resuspended in assay buffer were applied to the top
of a 48-well microBoyden chamber with 5-pwm pore-size polycar-
bonate filters (NeuroProbe Inc, Gaithersburg, Md) and agonists or
buffer placed in the bottom wells. The plate was incubated at 37°C in
a humidified CO, incubator for 1 hour, and cells that had migrated
into the lower chamber were counted by using flow cytometry.®

Surface marker expression and
apoptosis assay

Changes in surface expression of CD11b or CCR3 were recorded
by means of flow cytometry after samples of whole blood anti-
coagulated with heparin or polymorphonuclear or mononuclear cell
preparations had been stimulated with chemokines for 30 minutes at
37°C and then stained with anti-CD11b-FITC (1:20) or anti-CCR3-
FITC (1:20). C-kit expression was investigated in samples of whole
blood stained with PE-conjugated anti-human c-kit antibodies (clone
YB5.B8) and IgG; control antibodies (at 1:20 dilution) on ice for
30 minutes. The binding of fluorescence-labeled SCF to leukocytes
was investigated in polymorphonuclear and mononuclear cell prep-
arations by incubating the cells with biotinylated SCF, unlabeled
SCF, or biotinylated control protein (15 nM, R&D Systems) for
60 minutes on ice, followed by a 30-minute incubation with avidin-
fluorescein. Red blood cells were lysed with ammonium chloride
where applicable. Basophils were detected by means of flow cytom-
etry as CD123"/HLA-DR ™ cells, monocytes as CD14™ cells, neu-
trophils as CD16" cells with low side scatter, and eosinophils as
CD16™ cells with high side scatter.

Purified basophils were cultured in RPMI 1640, 100 U/mL
penicillin, and 100 mg/mL streptomycin in the absence or presence
of cytokines for up to 48 hours to record changes in c-kit expression
and apoptosis. C-kit expression was measured as described above.
Apoptotic basophils were identified by staining with annexin V-FITC
(1:100) and propidium iodide (1:50) by means of flow cytometry.”

Calcium flux

Mononuclear cells were loaded with 2 wM of the acetoxymethyl
ester of the calcium-sensitive fluorescent dye Fluo-3 in the presence
of probenecid and pluronic F-127 for 20 minutes at room tempera-
ture. Basophils were detected as CD123"/HLA-DR ™~ cells, and cal-
cium mobilization was recorded by using flow cytometry as increased
fluorescence intensity in the FL-1 channel.®

Statistical analysis

Data are shown as means = SEM. Comparisons of groups were
performed with the Mann-Whitney U test, the Wilcoxon signed-rank
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FIG 1. SCF enhances the migration of basophils. Basophils were
mixed with vehicle or agonists (top wells) and were allowed to
migrate toward agonists in the bottom wells. The amount of
migrated cells was expressed relative to nonstimulated migration
(chemotactic index). *P < .05, SCF versus vehicle (n = 6-8). PDG,,
Prostaglandin D,.

test, or 2-way ANOVA with the Bonferroni post test. P values of
less than .05 were considered statistically significant.

RESULTS

The chemotactic responsiveness of basophils to the
chemoattractants eotaxin (1-3 nM), macrophage inflam-
matory protein la (MIP-1o; 10 nM), monocyte chemo-
tactic protein 2 (MCP-2; 10 nM), and C5a (1 nM) was
enhanced 4-fold after a 5-minute pretreatment at room
temperature with SCF (10 nM; Fig 1, A). Of interest, MIP-
la induced significant basophil migration only in the
presence of SCF. In contrast, SCF alone in the bottom or
top wells at concentrations up to 100 nM did not cause
significant migration, indicating that SCF was not che-
motactic or chemokinetic for basophils (Fig 1, B). When
basophils where mixed with the chemoattractants CS5a
(1 nM) or prostaglandin D, (30 nM) instead of SCF, their
migration toward eotaxin was not enhanced (Fig 1, C).
SCF did not facilitate the migratory response of eosino-
phils to eotaxin or neutrophils to IL-8 (n = 4, data not
shown), which suggests that SCF selectively amplifies the
chemotactic responsiveness of basophils.
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FIG 2. SCF enhances the chemoattractant-induced CD11b upregulation in basophils through c-kit tyrosine
kinase. In A and B, PBMCs were pretreated with anti-human c-kit antibody (clone 47233, 20 ng/mL) or IgG, and
then mixed with vehicle or SCF (10 nM) and stimulated with eotaxin or MCP-2. In C, samples of whole blood
were pretreated with the tyrosine kinase inhibitor STI-571 (1 wM) and then mixed with vehicle or SCF (10 nM)
and stimulated with eotaxin. CD11b upregulation in basophils was quantified as a percentage of the baseline
value. The P values show the levels of probability for differences between the indicated treatments (2-way
ANOVA). *P < .05, vehicle versus SCF pretreatment (n = 6-8).

Purified basophils rapidly underwent apoptosis because
the total number and the number of nonapoptotic (ie,
annexin V/propidium iodide negative) basophils de-
creased after 48 hours to 25% = 4% and 1.5% =+ 0.4%,
respectively, of the starting population (ie, 100%; n = 8).
In the presence of IL-3 (10 pM), however, the total number
and the number of nonapoptotic basophils after 48 hours
was 91% * 27% and 32% * 13%, respectively. SCF
(10 nM) alone had no significant effect on basophil apo-
ptosis compared with vehicle (data not shown) but further
augmented the antiapoptotic effect of IL-3 because the
total number and the number of nonapoptotic basophils
increased to 126% = 30% and 63% = 25%, respectively
(P < .05, IL-3 vs SCF/IL-3).

In the presence of SCF (10 nM), CD11b upregulation
induced by eotaxin, MCP-2 (Fig 2, A), and MCP-1 (data
not shown, n = 6) was enhanced, and the sensitivity of
basophils to chemoattractants increased, as indicated by a
4-fold shift of the concentration response curve to the left
(Fig 2, A). SCF alone did not induce considerable changes
in CD11b expression (data not shown, n = 6). In contrast
to basophils, CD11b upregulation induced by eotaxin and
IL-8 in eosinophils and neutrophils, respectively, was not
enhanced by SCF (data not shown, n = 6). Pretreatment

of basophils with a blocking anti-human c-kit antibody
(clone 47223, 20 pg/mL) for 10 minutes at 37°C com-
pletely reversed the effect of SCF (10 nM) to facilitate
the CD11b upregulation in response to eotaxin, whereas
the isotype-matched control antibody (clone MOPC21)
had no effect (Fig 2, B). The ability of SCF to amplify
chemoattractant-induced CD11b upregulation in baso-
phils was also evident in whole blood (Fig 2, C), in which
eotaxin had a 10-fold lower potency at activating baso-
phils compared with isolated cell, probably because of
binding of the chemokine to Duffy antigen on erythro-
cytes.” A 20-minute pretreatment with the tyrosine kinase
inhibitor STI-571 (1 uM)'® prevented the facilitating
effect of SCF (Fig 2, C). The eotaxin-induced CD11b
upregulation in the absence of SCF was not altered by the
blocking c-kit antibody or STI-571 (Fig 2, B and C). These
data indicate that SCF amplifies the CD11b response
of basophils through c-kit tyrosine kinase activation.
Among leukocytes, basophils and monocytes were
stained positive in flow cytometry with the c-kit antibody
(clone YB5.B8) compared with the isotype control,
whereas c-kit was not detectable on neutrophils or eosin-
ophils (Fig 3, A). Similar findings were obtained with a
second c-kit antibody (clone 47223, n = 3). Moreover,
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binding assays demonstrated specific binding of SCF to
basophils: after addition of fluorescence-labeled SCF
(15 nM), the fluorescence of basophils and monocytes
increased by a factor of 4.3 = (0.7 and 8.3 *= 2.8,
respectively (n = 8), whereas no significant changes
were observed in eosinophils or neutrophils, with fold
increases of 1.1 = 0.0 and 1.2 = 0.2, respectively (n = 6).
Fluorescence-labeled irrelevant control protein or un-
labeled SCF did not result in increased fluorescence in
basophils or monocytes, suggesting specific binding of
SCF. When basophils were cultured in the presence of
300 pM of IL-3, a concentration that completely pre-
vented basophil apoptosis for at least 48 hours (data
not shown, n = 6), their levels of c-kit expression further
increased. Fig 3, B, is a representative plot of c-kit staining
of purified basophils showing a marked increase in c-kit
expression after 48 hours of IL-3 treatment compared with
c-kit expression at baseline. Fig 3, C, shows the corre-
sponding time course of the IL-3—induced upregulation of
c-kit in isolated basophils, which peaked at 24 hours with
a 100% increase in c-kit levels. C-kit expression did not
change during culture in the absence of IL-3 (Fig 3, C).

Although eotaxin elicited a calcium flux in basophils,
SCF did not induce calcium flux at concentrations of up
to 100 nM (data not shown, n = 5). A 5-minute pretreat-
ment at 37°C of the cells with SCF (10 nM) did not signifi-
cantly alter the calcium flux in response to eotaxin (1-10
nM; data not shown, n = 6).

The enhancement of basophil responsiveness to chemo-
attractants by SCF did not involve reduced internalization
of their receptors because a 30-minute incubation of
cells with eotaxin (1-100 nM) caused similar decreases
in CCR3 expression in the absence and presence of SCF
(10 nM). For instance, 6.25 nM of eotaxin reduced
the CCR3 expression by 34% = 8% in the absence
and 45% = 5% in the presence of SCF (n = 3). Basophil
CCR3 expression was not altered by SCF (10 nM) in
the absence of eotaxin (94% = 7% of control CCR3
expression, n = 3).

The pathways of intracellular signal transduction that
underlie the SCF enhancement of chemoattractant-
induced CD11b upregulation in basophils were also
investigated by using inhibitors of p38 MAP kinase
(SB-202190), MEK kinase (U-0126), and PI-3 kinase
inhibitor (LY-294002) by preincubating the cells for
20 minutes at 37°C at concentrations reported to be both
effective and selective.''”"* The eotaxin-induced CD11b
upregulation in the absence of SCF was not altered by
the PI-3 kinase inhibitor LY-294002 (20 M) but was
significantly reduced by the p38 MAP kinase inhibitor
SB-202190 (10 pM; P = .01, n = 6) and the MEK
kinase inhibitor U-0126 (2 uM; P = .003, n = 6). In
contrast, SB-202190 or U-0126 did not prevent SCF
from facilitating the eotaxin-induced CD11b upregula-
tion (data not shown, n = 6), whereas SCF was unable
to enhance the eotaxin-induced CD11b upregulation after
pretreatment with the PI-3 kinase inhibitor LY-294002
(Fig 4, A). Similarly, pretreatment of basophils with
LY-294002 largely abolished the ability of SCF
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FIG 3. Basophils express c-kit, which is upregulated by IL-3. In A,
samples of whole blood were stained with the anti-c-kit antibody
YB5.B8 (filled histograms) or the IgG, control antibody (open
histograms). The tracings are representative of 9 donors. In B
and C, isolated basophils were cultured in the presence (bold
histogram) or absence (filled histogram) of IL-3 (300 pM) for up to
48 hours, and cells were stained with the anti-human c-kit antibody
(clone YB5.B8, bold and filled histograms) or 1gGq (open histo-
gram). A representative staining and means = SEM of 4 experi-
ments are shown. *P < .05 versus baseline.

to enhance basophil migration toward eotaxin or C5a
(Fig 4, B).

DISCUSSION

Our data suggest that the chemotactic effect of chemo-
attractants can be biased from eosinophils toward baso-
phils in the presence of SCF, thus constituting a novel
mechanism of selective basophil recruitment. We ob-
served that a short pretreatment with SCF markedly
enhanced the basophil chemotaxis to eotaxin, MIP-1a,
MCP-2, and C5a. Other hemopoietic growth factors, such
as IL-3 or GM-CSF, have been shown to amplify basophil
chemotaxis through a chemokinetic action.'* However,
we did not observe significant basophil migration when
SCF alone was present in the top wells or bottom wells
at concentrations of up to 100 nM, which shows that
SCF is not chemotactic or chemokinetic for basophils.
In contrast, SCF has been reported to be directly chemo-
tactic for mast cells.'”> When basophils were activated
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FIG 4. PI-3 kinase mediates the SCF-induced enhancement of basophil CD11b upregulation and chemotaxis. In
A, PBMCs were pretreated with the PI-3 kinase inhibitor LY-294002 (20 M) or vehicle and then mixed with
vehicle or SCF (10 nM) and were finally stimulated with eotaxin. CD11b upregulation in basophils was
quantified as a percentage of the baseline value. In B, basophils pretreated with the PI-3 kinase inhibitor LY-
294002 (20 M) or vehicle and mixed with vehicle or SCF (10 nM, top wells) were allowed to migrate toward
eotaxin or C5a (bottom wells). The amount of migrated cells was expressed relative to nonstimulated
migration (chemotactic index). The P values denote significant overall differences between vehicle and
pretreatment (2-way ANOVA). *P < .05, SCF versus its vehicle (n = 6-8).

by C5a or prostaglandin D, instead of SCF before
chemotaxis, this did not result in enhanced migration
toward eotaxin. SCF-induced upregulation of chemotactic
responsiveness is restricted to basophils because SCF
did not alter the chemotaxis of eosinophils or neutrophils.
Accordingly, we could detect c-kit on basophils but not
on neutrophils or eosinophils. Similarly, fluorescence-
labeled SCF revealed the binding of the cytokine to
basophils but not to eosinophils or neutrophils. In contrast,
isolated eosinophils had been described to be weakly
positive for c-kit previously,'® suggesting that c-kit might
be induced on eosinophils during the isolation procedure
or might be expressed only by a subgroup of donors.
SCF also enhanced the -chemoattractant-induced
CD11b upregulation of basophils. The [3,-integrin
CD11b/CD18 (also referred to as CR3, Mac-1, or a,,,[3,)
is a complement receptor that binds multiple ligands,
including C3bi, intercellular adhesion molecule 1, fibrin-
ogen, and B-glucan. Apart from adhesion, CD11b/CD18 is
an important mediator, modulator, or both of leukocyte
responses, including migration,"’ phagocytosis,18 media-
tor release,'” and apoptosis.”® In basophils CD11b is

involved in the priming effect of IL-3 for increased
histamine release.”’ Therefore it is conceivable that ex-
cessive CD11b upregulation in the presence of SCF might
have a profound effect on other basophil functions,
such as migration to sites of allergic reactions, mediator
release, or apoptosis.

Intracellular signaling of c-kit involves p38 MAP
kinase, PI-3 kinase, protein kinase C, and MEK ki-
nase.”> > Using specific inhibitors of the respective
kinases, we have shown that eotaxin-induced CD11b
upregulation in the absence of SCF is mediated by p38
MAP kinase and MEK kinase but not by PI-3 kinase. In
contrast, the SCF-induced enhancement of eotaxin-stim-
ulated CD11b upregulation was abolished by inhibition of
PI-3 kinase but was left unaltered by inhibitors of p38
MAP kinase or MEK kinase, and inhibition of PI-3 kinase
also prevented SCF from amplifying basophil migration
toward eotaxin or C5a. The effects of SCF were also
inhibited by the tyrosine kinase inhibitor STI-571 and a
blocking anti-human c-kit antibody. Therefore we could
demonstrate that the additional stimulation of PI-3 kinase
by SCF through c-kit tyrosine kinase accounts for the
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increased responsiveness of basophils to chemoattract-
ants. The antiapoptotic effect of IL-3 has been shown to
depend on PI-3 kinase,?® and we have observed that SCF
enhances the antiapoptotic effect of IL-3. Thus it is likely
that in concert with IL-3, an additional activation of PI-3
kinase by SCF can significantly contribute to prolonged
basophil survival in tissue.

Exogenous SCF can induce long-term airway hyperre-
activity,”” SCF expression is upregulated in allergic
inflammation, and neutralizing antibodies and SCF anti-
sense oligonucleotides ameliorate the allergic response in
animal models.”®*** Genetic or pharmacologic inactiva-
tion of PI-3 kinase in mice inhibits the responses to SCF
and protects them also against allergic inflammation.*
SCF is present and partially accounts for mast cell
chemotactic activity in bronchoalveolar and nasal lavage
fluid collected from atopic patients,“’32 hence suggesting
a role for SCF also in human pathology. Although c-kit
expression on basophils has been demonstrated,* the role
of SCF in basophil function has remained controversial:
although some authors could demonstrate that SCF
enhances basophil histamine release, others did not. 333
In the present study we have shown that SCF very
effectively enhances the chemotaxis, the upregulation of
adhesion molecules, and the survival of human basophils
through a c-kit—, tyrosine kinase—, and PI-3 kinase—
dependent pathway. These effects of SCF are restricted
to basophils compared with eosinophils or neutrophils.
Basophil c-kit expression had been suggested to be in-
creased in atopic patients.”> Here we observed that IL-3,
which is known to be increased in atopic disease,36
potently increased c-kit expression in basophils. During
the allergic response, this would presumably also result
in enhanced responsiveness of basophils to SCF, hence
underscoring the importance of SCF as a driving force
of basophil function by enhancing their influx to and
activation and survival at sites of inflammation. With
respect to the important role of basophils in allergic
inflammation, the SCF-basophil axis might be of thera-
peutic relevance.
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