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Abstract

NGF and IL-3 play a unique role in supporting human basophil differentiation and mediator secretion. Their importance in
allergic disease is underlined further by studies showing elevated levels of these factors in asthmatics. Here, we compared the
abilities of IL-3 and NGF to stimulate basophil histamine, IL-4 or IL-13 release, either directly or in conjunction with IgE-
dependent stimulation and assessed the intracellular signals responsible. Our results show that the ability of IL-3 and NGF to
enhance IgE-dependent histamine release are similar. Both factors also potentiated IgE-dependent IL-13 secretion to a greater
degree than the release of histamine or IL-4. At high concentrations (100 ng/ml), IL-3 and NGF alone were capable of releasing
cytokines but little histamine. These abilities of IL-3 and NGF to modulate basophil activation were sensitive to blockade by
specific inhibitors of PI 3-kinase, p38 MAPK and PLC, but not PKC, suggesting that their effects are mediated considerably by
pathways comparable to IgE-dependent signalling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction allergic disease. In recent years, however, it has

become apparent that a plethora of cytokines (e.g.

During the course of an allergic reaction, mast cells
and basophils, which are recruited at sites of allergic
inflammation, release histamine and other mediators
which significantly contribute to the symptomology of
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IL-3, IL-5, GM-CSF, NGF) [1] and chemokines
(RANTES, MIP-la, eotaxins) [2,3] are found in
allergic inflammation and can modulate the functions
of the above effector cells. In humans, basophils are
particularly sensitive to priming by a number of
cytokines and chemokines which potentiate their
ability to degranulate by IgE-dependent triggers (i.e.
allergens) (reviewed in Ref. [4]). Conversely, human
mast cells are less responsive to priming except for the
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action of stem cell factor [5]. This suggests that
basophil, but not mast cell, responsiveness to allergen
challenge is crucially controlled by the cytokine
milieu in affected tissues.

The ability of basophils to invade various organs
during allergic reactions has been demonstrated in the
lung, nose and skin in patients with allergic asthma
[6-8], rhinitis [9] and atopic dermatitis [10], respec-
tively. The likelihood of their modulation by priming
factors is underlined by studies showing increased
levels of NGF in both allergic rhinitis and asthma
[11,12] and elevated expression of IL-3, IL-5 and
GM-CSF during allergen-induced cutaneous late
phase responses in atopic individuals [1]. It is
interesting to note that the most potent enhancing
factor for basophils, namely IL-3, is also important for
their differentiation and development, a function
which has not been reported for chemokines
(reviewed in Ref. [4]). IL-5 and GM-CSF, which
share a common receptor 3-subunit with IL-3, may
also contribute to basophil differentiation but they are
less effective at priming these cells for enhanced
mediator release [13—15]. Also, in vivo studies using
rhesus monkeys treated with IL-3 have shown an
increase in basophil numbers and symptoms of
immediate hypersensitivity reactions which point to
the unique importance of this factor in basophil
biology [16,17].

Although IL-3 and other priming cytokines are
usually poor stimuli for in vitro basophil mediator
release in the absence of co-stimulation with aller-
gens, Sin et al. showed that basophils from allergic
subjects are capable of releasing IL-13 upon direct
stimulation with either IL-3 or NGF [18]. IL-13 is an
important immunomodulator and, together with IL-4
(also rapidly released from basophils), it can enhance
B cell IgE synthesis as well as support the recruitment
of inflammatory cells. This direct stimulatory action
of IL-3 may partially explain the observations
described above in primates treated by the cytokine.

Similar functions have also been ascribed to the
neurotrophin NGF which, like IL-3 and related
cytokines, also appears to play a role in basophil
differentiation [19]. There is particular interest in
characterising the effects of NGF on basophils since
this action is unique among the neurotrophins [20].
Furthermore, NGF binds to an entirely different
receptor than for other cytokines but shares similar

functional capabilities with IL-3 [20-23]. The intra-
cellular signalling events triggered by NGF and IL-3
in basophils are also poorly understood. While it has
been shown that IL-3 and NGF enhance basophil
ERK1&2 phosphorylation, regulating PLA, and sub-
sequent LTC, synthesis [23], targets responsible for
enhanced histamine or cytokine secretion have not
been characterised. Given the enhanced production of
NGF and IL-3 from a variety of immune cells during
an allergic reaction and their positive influence on the
immunomodulatory effects of basophils, our aims
were to compare the effects of NGF with that of IL-3
on basophil mediator release in order to delineate
possible differences in their actions. In addition, we
addressed whether IL-3 and NGF can modulate p38
MAPK activation, which is a universally important
enzyme involved in IgE-mediated signalling in
basophils.

2. Materials and methods
2.1. Reagents and materials

The following reagents were purchased: anti-
mouse Ig horseradish peroxidase, ECL-plus (Amer-
sham, Buckinghamshire, UK); LY294002, PD098059
(Alexis, Griinberg, Germany); IL-4 ELISA (Bio-
Source, Camarillo, CA, USA); SB203580, U73122
(Calbiochem, Bad Soden, Germany); IL-13 ELISA
(Boehringer Ingelheim Bioproducts, Heidelberg, Ger-
many); MACS basophil isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany); anti-rabbit Ig horse-
radish peroxidase, rabbit anti-ERK1&2, rabbit anti-
p38 MAPK, rabbit anti-phospho p38 MAPK (New
England Biolabs, Frankfurt am Main, Germany);
Ficoll-Paque (Pharmacia Biotec, Uppsala, Sweden);
anti-human IgE, mouse anti-diphosphorylated
ERK1&2, Bisindolylmaleimide I, Bisindolylmalei-
mide II, 2X concentrated Laemmli sample buffer,
rhIL-3, thNGF-p (Sigma, St. Louis, USA). All other
standard reagents were purchased at the highest grade
obtainable.

2.2. Basophil purification

Human basophils were obtained from freshly
prepared Buffy coats (leukocyte concentrate of 450
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ml venous blood) from healthy blood donors, with
consent, undergoing routine blood donation. Baso-
phils were enriched by Ficoll density centrifugation
followed by elutriation and purified to over 90%
purity by negative selection using magnetic cell
sorting. We previously showed that this technique
for basophil enrichment does not lead to functional
differences between purified and unpurified basophils
[24]. Basophil purity was assessed by alcian blue
staining and averaged 95.2+1.0% and the viability of
the cells, which exceeded 95%, was ascertained by
Trypan blue exclusion.

2.3. Kinase inhibitors

LY294002, SB203580 and PD098059 were dis-
solved in DMSO, all at 0.1 M, and subsequently
diluted in HEPES-buffered-Tyrode’s solution shortly
before use. U73122 was dissolved in ethanol at 1 M
and diluted in HEPES-buffered-Tyrode’s solution
accordingly. At working dilutions of the compounds
(5 pM), no effects were observed due to DMSO or
ethanol in the absence of the drugs.

2.4. Cell stimulation and mediator assay

Purified basophils (1-2x10° nucleated cells per
ml) were resuspended in HEPES-buffered-Tyrode’s
solution (400 pl per tube), containing 1 mM CaCl,
and, following a short warming period (5 min), cells
were preincubated with various concentrations of
either the priming cytokines and/or kinase antagonists
for 15 min (unless stated otherwise) before stimulation
with anti-IgE (1/25000 dilution unless stated other-
wise). Controls consisted of cells incubated with the
stimulus in the absence of the priming factors and/or
kinase inhibitors and cells incubated in buffer alone.
In mediator release studies, basophils were stimulated
for either 30 min, for histamine release, or 5 hours for
the secretion of IL-4 and IL-13. Cells stimulated for
30 min were then centrifuged and histamine contents
in the supernatants together with the cell pellets,
which were lysed with perchloric acid (4%), were
measured using a spectrofluorometric autoanalyser.
Percentage histamine releases were determined from
the total histamine content in the sum of pellet and
supernatant tubes. Basophils incubated for 5 h were
centrifuged and the respective release of 1L-4 and IL-

13 in the supernatants was assayed by ELISA
(according to the manufacturer’s instructions). The
minimum sensitivity of the ELISAs were 3 pg/ml for
IL-4 and 1 pg/ml for IL-13. Statistical significances
were assessed using a paired Student’s #-test.

2.5. Western blot analysis

Purified basophils (>98% pure, 2x10%/sample)
were treated as indicated and incubated at 37 °C for
periods of up to 15 min. After these times, reactions
were terminated rapidly by placing tubes in ice. All
tubes were then immediately centrifuged, supernatants
removed for histamine analysis (in order to gauge the
response) and cell pellets lysed by vigorous mixing in
15 pl lysis buffer (50 mM Tris—HCI pH 7.5, 5 mM
EDTA, 10 mM EGTA, 5 mM DTT, 1% Nonidet P-40,
1 mM PMSF, 100 pg/ml aprotonin, 20 ug/ml
leupeptin and 10 mM benzamidine). The samples
were stored at —80 °C prior to Western blotting. An
equal volume of 2X concentrated Laemmli sample
buffer was added to the lysed cell pellets which were
then boiled for 3 min. Proteins were separated by 12%
SDS-PAGE and blotted onto nitro-cellulose mem-
branes. The m.w. of the resolved proteins was
visualized using prestained m.w. rainbow markers
which were also included for each SDS-PAGE run.
Membranes were blocked for 4 h in 5% skimmed milk
in TBST buffer (20 mM Tris—HCI, pH 7.5, 137 mM
NaCl, 0.1% Tween 20) with gentle agitation. Follow-
ing 3X5 min washes in TBST, membranes were
incubated overnight (at 4 °C) with specific mouse or
rabbit antibodies to either phosphorylated or total
ERK1&2 or p38 MAPK. Following incubation with
the various primary antibodies, membranes were
successively washed (4 x5 min, TBST) and incubated
with either anti-mouse or anti-rabbit Ig horseradish
peroxidase for 2 h with gentle agitation. After
washing unbound secondary antibody, proteins were
visualized by autoradiography according to the
manufacturers instructions (ECL plus, Amersham,
Buckinghamshire, UK). Comparisons of phosphory-
lated (activated) signalling proteins were made not
only on the basis of equal cell numbers but by
observing the even signal intensity of total expression.
After detection, membranes were stripped for 15-25
min using Re-blot plus reagent (Chemicon interna-
tional), washed in TBST (45 min) and reprobed.
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3. Results

3.1. Effects of IL-3 and NGF on basophil histamine,
IL-4 and IL-13 secretion

The ability of various concentrations of NGF or IL-
3 to modulate basophil mediator secretion either alone

or in conjunction with anti-IgE is shown in Fig. 1. In
the absence of anti-IgE, low doses of IL-3 and NGF
were poor inducers of histamine release (Fig. 1A).
However, at concentrations of 10 ng/ml or greater a
small but significant (»<0.04) increase of the release
was observed with both priming factors, with IL-3
having significantly more effect than NGF (p<0.05).
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Fig. 1. Dose dependent effects of NGF and IL-3, either alone or in conjunction with anti-IgE, on histamine (A), IL-4 (B) and IL-13 (C) secretion
from purified human basophils (#=9—12). Basophils were stimulated with various concentrations of the priming factors for 15 min before the
addition of anti-IgE (1/25000 dilution), where indicated, and incubated for a further 30 min for the release of histamine and 5 h for cytokine
synthesis. The panels shown to the right of each figure depict the percentage enhancement of respective mediators calculated from the same data
and corrected for secretions caused by the priming factors themselves. Data are shown as means+SEM from either 12 (for histamine) or 9 (IL-4

and IL-13) separate experiments.
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Both cytokines were able to dose-dependently and
significantly (p<0.001) potentiate anti-IgE induced
histamine release, with IL-3 being significantly more
efficacious than NGF in comparison (p<0.01).

At the level of cytokine release from basophils,
both IL-3 and NGF caused pronounced enhancement
of both IL-4 (Fig. 1B) and IL-13 (Fig. 1C) secretion in
combination with anti-IgE. These increases reached
statistical significance (p=0.05) using 1 ng/ml of
either IL-3 or NGF regarding both IL-4 and IL-13
release. At concentrations of 10-100 ng/ml, the
priming factors enhanced anti-IgE induced IL-13
secretion more significantly (»<0.01) than IL-4
(p<0.04). However, in contrast to histamine release,
where IL-3 consistently had more priming effect than
NGF, the absolute amounts of cytokines released were
similar in the presence of either priming factor. In
terms of IL-4 production, the picture was different
when expressing the data as a percentage enhance-
ment and taking into account the IL-4 release caused
by the priming factors alone (Fig. 1B right hand
panel). Here, NGF was actually a ‘better’ primer,
since it released little IL-4 alone but enhanced IgE-
dependent IL-4 release to a greater degree than for
histamine. Conversely, at high concentrations (>10
ng/ml) IL-3 caused considerable IL-4 release by itself
in 6 out of 9 donors tested which exceeded the half
maximal levels achieved by anti-IgE stimulation of
basophils. Therefore, the overall potentiation of IgE-
dependent IL-4 release was more pronounced for
NGF than IL-3 once the data were corrected for the
release of the cytokine caused by the priming factors
alone.

In terms of IL-13 secretion, both IL-3 and NGF
were capable of releasing this cytokine by themselves
at 100 ng/ml, which for IL-3 was almost at the level of
that caused by anti-IgE stimulation. However, this
ability of IL-3, in particular, to release IL-13 alone
was highly variable, i.e. donor dependent, three of
which from the nine failed to appreciably release the
cytokine even at maximum IL-3 concentrations. We
have previously made similar observations (which
were not included here since not all IL-3 concen-
trations were employed) where even less donors
showed basophil IL-13 release to IL-3, despite IgE-
dependent enhancement. This is in contrast to earlier
reports showing more consistent direct ability of IL-3
to cause release of IL-13 from basophils [18,25].

At 100 ng/ml, NGF alone released less IL-13,
when compared to the effects of IL-3. However, in
terms of priming IgE-dependent IL-13 release both
NGF and IL-3 were generally equally capable of
enhancing IL-13 release caused by anti-IgE. Interest-
ingly, this potentiatory effect, even when taking the
direct actions of both factors into account (i.e. in the
absence of anti-IgE), was strikingly greater than their
ability to enhance either histamine or IL-4 release
from basophils (Fig. 1 right hand panels). This clearly
suggests that potentiatory mechanisms controlling
IgE-dependent IL-13 production by IL-3 or NGF
differ from IL-4 or histamine release.

3.2. The potentiatory actions of NGF and IL-3 are
dependent on preincubation before IgE-receptor
activation

Fig. 2 shows that preincubating basophils with
NGF or IL-3 for short periods before IgE-dependent
stimulation is necessary for maximal enhancement
of basophil histamine release. Although NGF, as
already shown in Fig. 1, produced less enhancement
than IL-3, their potentiatory abilities followed
similar kinetics. Both factors required at least 15
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Fig. 2. Effects of different incubation times with either NGF or IL-3
(both at 10 ng/ml) prior/after stimulation of basophils with anti-IgE
(1/25000 dilution). Results are shown as a percentage enhancement
of histamine releaseSEM from 7 separate experiments. All data
were corrected for spontaneous secretions (8.1+0.5%) and net
releases caused by the priming factors themselves (241% for NGF,
4.1+1.3 for IL-3) before calculating the percentage enhancement of
release caused by anti-IgE alone (net release=26.4+4.2%). * and **
denote significant differences (p<0.05 and p<0.01, respectively) of
enhanced release due to the primers compared to anti-IgE alone.
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min preincubation for the fulfilment of their
enhancing properties which thereafter rose only
slightly at 30 min. Preincubation with NGF or IL-
3 for 15-30 min was also optimal for the enhance-
ment of IL-4 and IL-13 release (not shown) and
increasing these times even further (to 4 h) did not
lead to any consistent change. We therefore
employed a preincubation period of 15 min through-
out this study. Despite the fact that NGF and IL-3
were only poor enhancers of anti-IgE when added to
the cells simultaneously, a slight, though not statisti-
cally significant, priming ability remained nonethe-
less at 5 min after anti-IgE had been applied. This
virtually disappeared at 10 min after anti-IgE
stimulation, bearing in mind that the kinetics of
anti-IgE induced histamine release nears completion
within 15 min. This implies that NGF and IL-3 may,
at least in part, be acting on intermediate IgE-
signalling pathways downstream of immediate (i.e.
FceRI triggered Lyn and Syk activation) but
upstream of cytoskeletal rearrangements associated
with degranulation.

3.3. The enhancing abilities of NGF and IL-3, and
their differences in efficacy are partly dependent on
the strength of IgE-dependent activation

To further characterise the nature of IgE-depend-
ent priming of basophil mediator release we tested
the enhancing properties of NGF and IL-3 (both at
10 ng/ml) on histamine release stimulated with
various titres of anti-IgE. The results in Fig. 3A
show that both priming factors were capable of
significantly increasing histamine release caused by
anti-IgE even at optimal and super-optimal concen-
trations of anti-IgE. As expressed as percentage
enhancement of anti-IgE induced histamine release
(Fig. 3B), it is clear that NGF and IL-3 give rise to
greater potentiation at lower anti-IgE concentrations
than those that give maximum histamine release in
the absence of the priming factors. (These data were
first corrected for the small amounts of histamine
released by the primers themselves.) Furthermore,
the differences in enhancing efficacy between NGF
and IL-3 disappeared at optimal and super-optimal
anti-IgE concentrations. Similar observations were
made regarding IL-4 and IL-13 secretions (not
shown).
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Fig. 3. (A) Effects of NGF and IL-3 (both at 10 ng/ml) on histamine
release from basophils stimulated by various titres of anti-IgE.
Results are expressed as mean percentage histamine release+ SEM
for 5 separate experiments. I and 1] denote significant (p<0.05 and
p<0.01, respectively) release caused by anti-IgE alone compared to
basal levels. * and ** denote significant (»<0.05 and p<0.01,
respectively) differences between releases caused by anti-IgE in
conjunction with either NGF or IL-3 and anti-IgE alone for each
concentration point. (B) Data from the same experiment showing
percentage enhancement of histamine release, caused by various
titres of anti-IgE, due to either NGF or IL-3 (10 ng/ml). All data are
corrected for histamine releases caused by the primers alone. * and
** indicate significant differences between the enhancement caused
by NGF with that caused by IL-3.

3.4. Despite donor-dependent variations of potentia-
tion the effects of NGF and IL-3 on histamine release
are closely correlated

Another parameter governing the enhancing abil-
ities of IL-3 and NGF was not only the strength of the
anti-IgE stimulus but also the donor. We reviewed
data from over 30 experiments where basophils had
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been stimulated under the same conditions (i.e. anti-
IgE dilution of 1/20000-1/25000, IL-3 and NGF
concentrations of 10 ng/ml). Here, we observed that
the potentiatory effects of both priming factors
differed by more than two orders of magnitude
between different donors (Fig. 4A—C). This difference
was quite strongly dependent on the ‘releasability’ of
basophils after anti-IgE stimulation alone, where the
enhancement of histamine release due to either NGF
(Fig. 4A) or IL-3 (Fig. 4B) negatively correlated with
the release caused by anti-IgE alone. Comparing the
enhancement of anti-IgE induced histamine release
caused by NGF with that of IL-3 from each donor we
observed a strikingly close correlation (Fig. 4C). This
suggests that while IL-3 may be slightly more
efficacious than NGF at potentiating histamine release
at sub-optimal IgE-dependent stimulation, overall
they both appear to act vie a common mechanism
because the differences between donors were much
greater than the relatively minor differences of
priming ability of NGF versus IL-3 within the same
donor.

By grouping the above results into low (less than
10%), medium (10-30%) and high (>30%) histamine
releasers with respect to anti-IgE stimulation, it is
apparent that the greatest change of enhancement (up
to ten-fold) due to NGF or IL-3 occurred in poor
responders to anti-IgE and far less striking in medium
or high releasers (Fig. 5SA-B). All enhancing data
were corrected for histamine release caused by the
priming factors alone. Another aspect revealed by
these data was that the amounts of histamine release
by NGF or IL-3, albeit small, were greater in donors
that were ‘high releasers’ to anti-IgE. Regarding IL-3,
these differences were statistically significant compar-
ing ‘low’ releasers to ‘high’ whereas the data for NGF
were not significantly different, probably owing to the
fact that this priming factor has less ability to cause
direct activation at 10 ng/ml. (In contrast to the above,
we could not find any such correlations regarding IL-4
or IL-13 release from basophils.)

3.5. NGF and IL-3 activate ERKI1&2 and enhance
IgE-dependent p38 MAPK phosphorylation

To address the question of how IL-3 and NGF
potentiate IgE-dependent activation we investigated
their ability to affect several signalling enzymes. In
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Fig. 4. Correlation between anti-IgE induced histamine release and
percentage enhancement of histamine release due to either NGF (A)
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same experiments. Each data point represents the results from one
basophil donor from a total of 34 separate donors.

Fig. 6 we show that both NGF and IL-3 dose-
dependently enhance p38 MAPK phosphorylation to
anti-IgE. We have previously reported that p38
MAPK plays a central role in controlling the release
of all known basophil mediator types released by IgE-
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Fig. 5. Differential effects of NGF and IL-3 (either alone or in
conjunction with anti-IgE) on basophil histamine release from
donors grouped according to their histamine releasability to anti-IgE
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IgE induced histamine release between these donor groups were
then corrected for releases caused by the priming factors themselves
and expressed as percentage enhancement in panel B.

dependent mechanisms and that IL-3 enhances the
activity of this enzyme [26]. In the current report we
expand on this study by showing that NGF, like IL-3,
also strikingly enhances p38 MAPK phosphorylation.
By itself, IL-3 was a poor inducer of p38 MAPK
phosphorylation compared to anti-IgE triggering
alone but nevertheless caused an increased phosphor-
ylation above that of basal levels. In contrast, NGF
failed to consistently activate p38 MAPK alone. In
consent with previous reports [23,27], IL-3 was able
to considerably activate ERK1&?2 as well as potentiate
anti-IgE induced ERK1&2 activity. NGF, on the other
hand, was less able to cause ERK1&2 activation by
itself in comparison with IL-3, which was also
recently demonstrated by Miura et al. [23]. In the
current study, however, we also show that NGF was
able to markedly enhance ERK1&2 phosphorylation
caused by anti-IgE, although this enhancing effect was
less than that caused by IL-3. Another major member
of the MAPK family, namely c-jun amino terminal

kinase, was not activated by either anti-IgE or the
priming factors.

Although ERKI1&2 are strikingly activated by
NGF and IL-3 the MEK inhibitor PD098059, which
blocks downstream ERKI1&2 activation, failed to
inhibit histamine release caused by either anti-IgE
alone or in conjunction with the priming factors (both
employed at 10 ng/ml) (Fig. 7A—C). Additionally, the
inhibitor also failed to affect histamine release caused
by high concentrations (100 ng/ml) of NFG or IL-3
alone (Fig. 7D-E). Conversely, in the same series of
experiments, histamine release from basophils was
significantly decreased (p<0.05) by the p38 MAPK
inhibitor SB203580 as well as antagonists of both PI
3-klinase (LY294002) and PLC (U73122), which we
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Fig. 6. Dose-dependent actions of NGF (top panel) and IL-3 (lower
panel), either alone or in conjunction with anti-IgE (1/25 000
dilution), on the phosphorylation of p38 MAPK and ERKI1&2.
Total kinase expressions are shown as a guage of protein loading.
Highly pure basophils (>98%) were prewarmed to 37 °C and
preincubated with various concentrations of NGF or IL-3 for 15 min
before stimulation with anti-IgE for a further 15 min. In the absence
of co-stimulation with anti-IgE, NGF and IL-3 were added to the
cells 15 min before terminating the reactions on ice, followed by
cell lysis. Separation of cellular proteins was performed by SDS-
PAGE and Western blotting was then conducted using various
phospho-antibodies against the respective proteins. After ECL
detection, membranes were stripped and reprobed for the respective
proteins using antibodies detecting total expression. These steps
were repeated successively so that all the proteins (both phosphory-
lated and total expression) could be analysed for the same blot.
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Fig. 7. Effects of LY294002 (PI 3-kinase), SB203580 (p38 MAPK), PD098059 (MEK), U73122 (PLC) and PKC (BisI&II) antagonists (5 pM)
on histamine release from purified human basophils stimulated by either anti-IgE alone (A) or in conjunction with 10 ng/ml of either NGF (B) or
IL-3 (C). Panels D and E show the respective releases, and their modulation by the inhibitors, caused by NGF and IL-3 alone used at a higher
concentration (100 ng/ml) than for priming of anti-IgE release. Data are shown as mean percentage releases+ SEM. * Represents a significant
(p<0.05) reduction of histamine release compared to basophils stimulated in the absence of the inhibitors.

have shown to be upstream regulators of p38 MAPK mediator secretion caused by IgE-dependent signals
regarding IgE-dependent signalling [26]. Two specific and their enhancement by NGF and IL-3 is dependent
PKC inhibitors (Bisindolylmaleimide I and II) failed on PLC, IP; and subsequent calcium mobilization

to inhibit histamine secretion suggesting that basophil rather than PKC.



744 B.F. Gibbs et al. / International Immunopharmacology 5 (2005) 735-747

4. Discussion

The results presented here identify p38 MAPK as a
key signalling component whereby NGF and IL-3
enhance IgE-dependent basophil mediator release. We
have previously shown that this kinase is crucial for
IgE-dependent triggering of both histamine, eicosa-
noind and cytokine generation from basophils [26]. Its
increased activity caused by input from signals
derived from IL-3 and NGF receptor binding is
therefore a likely explanation for the enhancement
of basophil mediator release seen here and reported in
earlier studies.

NGEF binding to basophils is mediated through the
high-affinity tyrosine kinase receptor A (TrkA)
whereas low-affinity forms of the receptor (TrkB or
TrkC), which are activated by other members of the
neurotrophin family, do not appear to be expressed
[20]. IL-3 binds to an unrelated receptor belonging to
the haematopoietin superfamily consisting of low-
affinity a subunits, which differentially bind to either
IL-3, IL-5 or GM-CSF, but share a common {
subunit. Unlike the NGF receptor, IL-3 receptors do
not have intrinsic tyrosine kinase activity but their
activation nevertheless causes downstream tyrosine
kinase phosphorylation. Despite these differences, our
data show that the enhancing properties of NGF and
IL-3 are similar in nature and, at least with respect to
histamine release, appear to be closely related. This
was demonstrated by the intimate correlation between
the enhancement of IgE-dependent histamine release
caused by both primers comparing a large number of
donors.

Explanations for the close correlation between the
histamine-enhancing properties of NGF with IL-3
may reside in that either the receptor densities for both
primers are controlled by common mechanisms, and/
or that they share common downstream signal trans-
duction elements. There is no evidence to support the
former hypothesis since several studies have shown
no significant difference in either NGF TrkA receptor
or IL-3 receptor expression between basophils from
atopic or non-atopic donors [18,28]. Furthermore, Sin
et al. showed that, despite the lack of increased NGF
receptor expression in allergic subjects, there was a
significant increase in the ability of NGF to directly
cause 1L-13 release from basophils compared to non-
allergic donors [18].

It appears that the correlative actions of NGF and
IL-3 may be explained by assuming the use of
common signalling pathways downstream of their
respective receptors. This is at least partly true in
respect to the earliest secreted basophil mediator,
histamine. The effects of both factors are sensitive to
blockade by the same inhibitors of several signalling
enzymes (PI 3-kinase, p38 MAPK and PLC), which
are also utilized by IgE-dependent signalling. A
common mechanism is also suggested given the
similar times required to preincubate basophils with
either NGF or IL-3 for maximal enhancement of
mediator release by anti-IgE.

Large donor variations were observed concerning
the potentiatory effects of NGF and IL-3 on IgE-
dependent histamine release. This inversely correlated
with the histamine release caused by anti-IgE in the
absence of the priming factors (i.e. the greater the
histamine release caused by anti-IgE the less well
NGF or IL-3 could potentiate it). An intrinsic donor-
dependent ‘releasability’ appeared to be responsible
for this rather the concentration of anti-IgE employed:
While NGF and IL-3 enhanced more histamine
release at lower anti-IgE concentrations this resulted
in a maximal difference of only 30%, which is small
compared to differences of enhancement between
donors that had been stimulated with constant anti-
IgE concentrations. Interestingly, the greater enhanc-
ing effects of IL-3 compared to NGF were no longer
significant at optimal and super-optimal anti-IgE
concentrations. In terms of basophil ‘releasability’ to
IgE-receptor triggering, we observed a striking
decline in the potentiatory effects of NGF and IL-3
between donors which were poor responders to anti-
IgE (less than 10% histamine release) than high
responders. Conversely, in the absence of co-stimula-
tion with anti-Igk, NGF and IL-3 released more
histamine in donors which were high responders to
anti-IgE. However, these increased levels (which are
relatively small) fail to account for the differences in
enhancement of IgE-dependent release between low
and high responders.

Reasons for the greater enhancing properties of
NGF and IL-3 in poor histamine releasers to anti-IgE
are not currently known. In high responders it can be
assumed that mediator secretion cannot further be
enhanced by priming due to an existing optimal
interplay of IgE-dependent signalling events. It is



B.E. Gibbs et al. / International Immunopharmacology 5 (2005) 735-747 745

known that differences in basophil histamine releas-
ability to IgE-dependent activation depends on Syk
expression and that non-releasing basophils, which
are Syk deficient, release histamine to IgE-receptor
activation after a four day culture with IL-3 prior to
activation [29]. However, this restoratory action
requires longer times to occur than the marked
improvement of anti-IgE induced histamine release
due to IL-3 and NGF seen with low responders in the
present study.

IL-3 was more efficacious than NGF at potentiat-
ing IgE-dependent histamine release but these differ-
ences were not seen at the level of cytokine release.
Although all basophil mediator types are sensitive to
the actions of PI 3-kinase and p38 MAPK, the
differences described above clearly indicate other
levels of control. No clear correlations were seen
between the ability of basophils to release histamine
and IL-4 or IL-13 release either to anti-IgE or in
combination with the priming factors. This suggests
that, while early signalling events leading to hista-
mine release and their potentiation by NGF or IL-3
may be predictable (given the close correlation of
priming effects of NGF and IL-3 between donors),
downstream pathways differentially controlling 1L-4
and IL-13 secretion are not. Here, the atopic status of
the donor, genetic factors controlling cytokine
expression and prior sensitization in vivo by other
priming factors may underlay the lack of any
correlative effects.

The enhancement of p38 MAPK by NGF and IL-3
provides a general explanation of how these factors
increase IgE-dependent mediator release. IL-3 was
slightly more potent than NGF at causing p38 MAPK
enhancement with anti-IgE and caused a small, but
noticeable, direct activation of the enzyme. These
effects on the kinase also resemble the stimulatory
activities with respect to mediator release, especially
histamine. In contrast, the primers had far greater
influence on ERK1&2 and not only potentiated IgE-
dependent phosphorylation but caused considerable
activation of ERK1&2 by themselves (more than that
caused by anti-IgE stimulation alone). Interestingly,
IL-3 caused more direct ERK1&2 activation than
NGF showing that this signalling pathway, which is
known to control basophil LTC,4 synthesis, is far more
differentially influenced. However, ERK1&2 does not
appear to play a major role in the release of histamine

or cytokines from basophils since the MEK inhibitor
PD098059 fails to inhibit their secretion [27,30].

There is compelling evidence to suggest that NGF
participates in allergic inflammation. Bonini et al.
showed that levels of NGF are substantially enhanced
in allergic disease, particularly in asthma, correlating
with disease severity and IgE levels [12]. Similar
increases were observed in lavage fluid following
allergen provocation of airways in asthmatic patients
[31] and in nasal lavage fluids of those with allergic
rhinitis [32]. In comparison, IL-3, though localised to
tissue sites of allergic inflammation does not appear to
be increased by enhanced disease activity [33]. This
indicates that, apart from the neuronal actions of NGF
on airway hyperresponsiveness, the increased levels
of NGF released by allergen provocation may have
particular significance in governing the severity of
symptoms associated with asthma and possibly other
atopic diseases. Basophils are a likely target for
mediating these effects since they rapidly infiltrate
affected tissues in allergic individuals and, as shown
in this study, their mediator secretions are strongly
enhanced by the actions of NGF, in particular IL-13
release. Furthermore, in man, basophils appear to be
better placed to be affected by NGF or IL-3 than mast
cells which are unresponsive to the priming actions of
these cytokines. Finally, unlike human mast cells,
basophils are unique in their ability to rapidly release
IL-4 and IL-13 following IgE-dependent stimulation
(reviewed in Ref. [4]). These cytokines participate in
controlling late phase allergic reactions (via upregu-
lation of VCAM-1), cause IgE class switching in B
cells and IL-4 directly supports Th2 type cell
development. Thus, NGF and IL-3 may have impor-
tant immunomodulatory functions governing pro-
cesses which control IgE synthesis in allergic
disease because of their enhancing effects on basophil
cytokine generation.

Acknowledgements

The authors express their thanks to Professor
Holger Kirchner (Institute of Immunology and Trans-
fusion Medicine, University of Liibeck) for supplying
Buffy coats. This project was funded in part by a grant
from the Forschungsforderung der Universitat zu
Liibeck (Grant N07-2002).



746

B.F. Gibbs et al. / International Immunopharmacology 5 (2005) 735-747

References

(1]

2

—

[3

—_—

[4

—

(5]

[6

—

(7]

(8]

(9]

[10]

[11]

[12]

[13]

Kay AB, Ying S, Varney V, Gaga M, Durham SR, et al.
Messenger RNA expression of the cytokine gene cluster,
interleukin 3 (IL-3), IL-4, IL-5, and granulocyte/macrophage
colony-stimulating factor, in allergen-induced late-phase
cutaneous reactions in atopic subjects. J Exp Med 1991;
173:775-8.

Dahinden CA, Geiser T, Brunner T, von Tscharner V, Caput D,
et al. Monocyte chemotactic protein 3 is a most effective
basophil- and eosinophil-activating chemokine. J Exp Med
1994;179:751-6.

Garcia-Zepeda EA, Combadiere C, Rothenberg ME, Sarafi
F, Lavigne F, et al. Q. Human monocyte chemoattractant
protein (MCP)-4 is a novel CC chemokine with activities on
monocytes, eosinophils, and basophils induced in allergic
and nonallergic inflammation that signals through the CC
chemokine receptors (CCR)-2 and -3. J Immunol 1996;157:
5613-26.

Falcone FH, Haas H, Gibbs BF. The human basophil: a new
appreciation of its role in immune responses. Blood 2000;
96:4028—38.

Nitschke M, Sohn K, Dieckmann D, Gibbs BF, Wolff HH,
Amon U. Effects of basophil-priming and stimulating cyto-
kines on histamine release from isolated human skin mast
cells. Arch Dermatol Res 1996;288:463 8.

Kepley CL, McFeeley PJ, Oliver J-M, Lipscomb MF.
Immunohistochemical detection of human basophils in post-
mortem cases of fatal asthma. Am J Respir Crit Care Med
2001;164:1053 8.

Guo CB, Liu MC, Galli SJ, Bochner BS, Kagey-Sobotka A,
Lichtenstein LM. Identification of IgE bearing cells in the late
response to antigen in the lung as basophils. Am J Respir Cell
Mol Biol 1993;10:384—-90.

Maruyama N, Tamura G, Aizawa T, Ohrui T, Shimura S, et al.
Accumulation of basophils and their chemotactic activity in
the airways during natural airway narrowing in asthmatic
individuals. Am J Crit Care Med 1994;150:1086—93.
Bascom R, Wachs M, Naclerio RM, Pipkorn U, Galli SJ,
Lichtenstein LM. Basophil influx occurs after nasal antigen
challenge: effects of topical corticosteroid pretreatment.
J Allergy Clin Immunol 1988;81:580-9.

Charlesworth EN, Hood AF, Soter NA, Kagey SA, Norman
LM, Lichtenstein LM. Cutaneous late-phase response to
allergen: mediator release and inflammatory cell infiltration.
J Clin Invest 1989;83:1519-26.

Sanico AM, Koliatsos VE, Stanisz AM, Bienenstock J,
Togias A. Neural hyperresponsiveness and nerve growth
factor in allergic rhinitis. Int Arch Allergy Immunol 1999;
118:154-8.

Bonini S, Lambiase A, Angelucci F, Magrini L, Manni L, Aloe
L. Circulating nerve growth factor levels are increased in
humans with allergic diseases and asthma. Proc Natl Acad Sci
U S A 1996;93:10955-60.

Yoshimura-Uchiyama C, Yamaguchi M, Nagase H, Fujisawa
C, Ra C, et al. Comparative effects of basophil-directed growth
factors. Biochem Biophys Res Commun 2003;302:201-6.

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Miadonna A, Roncarolo MG, Lorini M, Tedeschi A. Inducing
and enhancing effects of IL-3, -5, and -6 and GM-CSF on
histamine release from human basophils. Clin Immunol
Immunopathol 1993;67:210-5.

Bischoff SC, Brunner T, de Weck AL, Dahinden C.A.
Interleukin 5 modifies histamine release and leukotirene
generation by human basophils in response to diverse agonists.
J Exp Med 1990;172:1577-82.

van Gils FC, van Teeffelen ME, Neelis KJ, Hendrikx J, Burger
H, et al. Interleukin-3 treatment of rhesus monkeys leads to
increased production of histamine-releasing cells that express
interleukin-3 receptors at high levels. Blood 1995;86:592—7.
van Gils FC, Mulder AH, van den Bos C, Burger H, van Leen
RW, Wagemaker G. Acute side effects of homologous
interleukin-3 in rhesus monkeys. Am J Pathol 1993;143:
1621-33.

Sin AZ, Roche EM, Togias A, Lichtenstein LM, Schroeder
JT. Nerve growth factor or IL-3 induces more IL-13
production from basophils of allergic subjects than from
basophils of nonallergic subjects. J Allergy Clin Immunol
2001;108:387-93.

Tsuda T, Wong D, Dolovich J, Bienenstock J, Marshall J,
Denburg JA. Synergistic effects of nerve growth factor and
granulocyte-macrophage colony-stimulating factor on human
basophilic cell differentiation. Blood 1991;77:971-9.

Burgi B, Otten UH, Ochensberger B, Rihs B, Heese K, et al.
Basophil priming by neurotrophic factors. Activation through
the trk receptor. J Immunol 1996;157:5582—8.

Burgi B, Brunner T, Dahinden CA. The degradation product of
the C5a anaphylatoxin CS5adesarg retains basophil-activating
properties. Eur J Immunol 1994;24:1583-9.

Bischoff SC, Dahinden CA. Effect of nerve growth factor on
the release of inflammatory mediators by mature human
basophils. Blood 1993;79:2662—9.

Miura K, Saini SS, Gauvreau G, MacGlashan DW. Differences
in functional consequences and signal transduction induced by
IL-3, IL-5, and nerve growth factor in human basophils.
J Immunol 2001;167:2282-91.

Haisch K, Gibbs BF, Korber H, Ernst M, Grage-Griebenow E,
et al. Purification of morphologically and functionally intact
human basophils to near homogeneity. J Immunol Methods
1999;226:129-37.

Redrup AC, Howard BP, MacGlashan DW, Kagey-Sobotka A,
Lichtenstein LM, Schroeder JT. Differential regulation of IL-4
and IL-13 secretion by human basophils: their relationship to
histamine release in mixed leukocyte cultures. J Immunol
1998;160:1957—64.

Gibbs BF, Plath KES, Wolff HH, Grabbe J. Regulation of
mediator secretion in human basophils by p38 mitogen-
activated protein kinase: phosphorylation is sensitive to the
effects of phosphatidylinositol 3-kinase inhibitors and calcium
mobilization. J Leukoc Biol 2002;72:391-400.

Gibbs BF, Grabbe J. Inhibitors of PI 3-kinase and MEK kinase
differentially affect mediator secretion from immunologically
activated human basophils. J Leukoc Biol 1999;65:883—90.
Yamada T, Sun Q, Zeibecoglou K, Bungre J, North J, et al. IL-
3, IL-5, granulocyte-macrophage colony-stimulating factor



[29

[30

[31

—

=

—

B.E. Gibbs et al. / International Immunopharmacology 5 (2005) 735-747

receptor alpha-subunit, and common beta-subunit expression
by peripheral leukocytes and blood dendritic cells. J Allergy
Clin Immunol 1998;101:677—82.

Kepley CL, Youssef L, Andrews RP, Wilson BS, Oliver JM.
Syk deficiency in nonreleaser basophils. J Allergy Clin
Immunol 1999;104:279—84.

Miura K, Schroeder JT, Hubbard WC, MacGlashan DW.
Extracellular signal-regulated kinases regulate leukotriene C4
generation, but not histamine release or IL-4 production from
human basophils. J Immunol 1999;162:4198—-206.

Virchow JC, Julius P, Lommatzsch M, Luttmann W, Renz H,
Braun A. Neurotrophins are increased in bronchoalveolar

[32]

[33]

747

lavage fluid after segmental allergen provocation. Am J Respir
Crit Care Med 1998;158:2002—5.

Sanico AM, Stanisz AM, Gleeson TD, Bora S, Proud D, et al.
Nerve growth factor expression and release in allergic
inflammatory disease of the upper airways. Am J Respir Crit
Care Med 2000;161:1631-5.

Woolley KL, Adelroth E, Woolley MJ, Ramis I, Abrams JS,
et al. Interleukin-3 in bronchial biopsies from nonasthmatics
and patients with mild and allergen-induced asthma. Am J
Respir Crit Care Med 1996;153:350-5.



	Nerve growth factor influences IgE-mediated human basophil activation: functional properties and intracellular mechanisms compared with IL-3
	Introduction
	Materials and methods
	Reagents and materials
	Basophil purification
	Kinase inhibitors
	Cell stimulation and mediator assay
	Western blot analysis

	Results
	Effects of IL-3 and NGF on basophil histamine, IL-4 and IL-13 secretion
	The potentiatory actions of NGF and IL-3 are dependent on preincubation before IgE-receptor activation
	The enhancing abilities of NGF and IL-3, and their differences in efficacy are partly dependent on the strength of IgE-dependent activation
	Despite donor-dependent variations of potentiation the effects of NGF and IL-3 on histamine release are closely correlated
	NGF and IL-3 activate ERK12 and enhance IgE-dependent p38 MAPK phosphorylation

	Discussion
	Acknowledgements
	References


