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Introduction

Airway diseases such as asthma and chronic obstructive
pulmonary disease (COPD) are characterized by airway hyper-
responsiveness, epithelial damage, oxidative stress and airway
inflammation. Inflammatory cells like macrophages, neutro-
phils, eosinophils and lymphocytes are crucial in the patho-
genesis of asthma and COPD [1, 2]. The prevalence of asthma
and COPD is increasing, especially in Western countries [3].
The symptomatical treatment is nowadays mainly based
on reduction of the airway obstruction by inhalation of
b2-receptor agonists and attenuation of the underlying in-
flammatory reactions in the airways by inhalation of cortico-
steroids [1, 4]. Although new therapeutic approaches such as
anti-leukotrienes, anti-IgE and immunotherapy have been
developed, new insights into the pathophysiology of these dis-
eases might lead to other effective therapeutic targets for the
treatment of asthma and COPD [5, 6]. Indeed, the regula-
tion of intracellular calcium may play a crucial role in the
pathogenesis because an increase in the intracellular calcium
concentration ([Ca21]i) is an essential initiating mechanism of
cellular activation in several cells involved in these airway
diseases, including inflammatory cells, mast cells, epithelial
cells and smooth muscle cells. Processes such as secretion,
muscle contraction, cell growth and differentiation, degranu-
lation, release of mediators are all dependent on the [Ca21]i.
Tight regulation of [Ca21]i is therefore fundamental to the
homeostasis of virtually all cells.
Many different agonists, such as hormones, neurotransmit-

tors and other physiological and pathophysiological stimuli,
initiate cellular responses through an increase in cytosolic
calcium. The increase is a consequence of calcium release
from internal stores and calcium influx through calcium-
permeable cation channels in the plasma membrane [7]. Upon
receptor activation, inositol 1,4,5-triphosphate (IP3) is formed,
which leads to calcium release from the internal stores present
in the endoplasmic reticulum (ER). The consequent activa-
tion of calcium entry through plasma-membrane channels is
caused by an as yet not completely known mechanism [8].
Calcium is a key secondary messenger, whose function is

tightly regulated by the calcium-sensing regulatory protein
calmodulin (CaM). Because CaM is abundantly present in
almost every eukaryotic cell type, modulation of CaM activity

affects many processes in these cells. Ligands that interact
with calcium sites on proteins offer the opportunity to modify
calcium/CaM-dependent processes. Therefore, specific mod-
ulation of CaM function may be a useful target for affecting
these processes. In this review we describe the effects of two
calcium-like peptides, termed CALP1 and CALP2, which
specifically bind to the calcium-binding sites of CaM, the EF-
hands. First, the complementary eight-residue peptide CALP1
was synthesized [9]. CALP1 has a hydropathic profile opposite
to the EF-hand motif based on the primordial calcium-
binding site of the troponin C superfamily. In 1991, CALP1
was shown to increase CaM-stimulated phosphodiesterase
(PDE) activity. Moreover, CALP1 added to the luminal side
of the bladder, increased resting and acetylcholine-induced
tension in canine urinary bladder smooth muscle. Because the
hydropathic profile of CALP1 is not perfectly inverted relative
to the EF-hand motifs of CaM, a second complementary
peptide was developed with a more inverted hydropathic
pattern. This 12-mer peptide was called CALP2. Studies by
Villain et al. [10] and Manion et al. [11, 12] recently elucidated
the characteristics of these peptides. The most striking
observation was that CALP1 increased PDE activity, and
therefore CALP1 is a CaM agonist. In contrast, CALP2
inhibited calcium/CaM-dependent PDE activity and therefore
acts as a CaM antagonist [10]. A second interesting obser-
vation was that CALP1 entered rat neocortical neuronal
cultures and Jurkat T cells. Moreover, CALP1 blocked the
activity of glutamate receptor channels in neurons and a non-
selective cation channel in Jurkat T cells. Furthermore,
apoptosis mediated by an influx of calcium through these
channels was also inhibited by CALP1. These studies there-
fore show that CALPs most probably have intracellular
targets and that modulation of calcium channel functioning is
the most predominant mechanism of action.
Here, we review the effects of the two CALPs, CALP1 and

CALP2, on several cell types (epithelial cells, mast cells and
inflammatory cells) involved in asthma and COPD. Further-
more, we tested whether the peptides can modulate airway
responsiveness in guinea-pigs and whether they have effects
on the development of asthmatic features in a guinea model
of allergic asthma.

Calcium sensors epithelium-dependent modulate airway
hyper-responsiveness

Features of asthma and COPD are epithelial cell damage and
airway hyper-responsiveness to a variety of specific and
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non-specific stimuli. The degree of epithelial damage is associ-
ated with the degree of airway hyper-responsiveness [13]. The
airway epithelium is a physical barrier that protects sensory
nerves and smooth muscle from stimulation by inhaled
irritants [14]. Epithelial cells also release mediators that can
inhibit bronchoconstriction by relaxing the underlying
smooth muscle. These ‘epithelium-derived relaxing factors’,
such as prostaglandin E2 and nitric oxide (NO), protect the
airways from excessive bronchoconstriction (reviewed in
[15]). Indeed, inhaled NO causes bronchodilation in asth-
matic patients [16] and inhibition of NO production by NO
synthase inhibitors increases airway responsiveness in both
patients with mild asthma [17] and guinea-pigs [18, 19].
Because the constitutively expressed NO synthase (cNOS),

present in the airway epithelium [20, 21], is activated by CaM
in a calcium-dependent manner [22], we investigated whether
CALP1 and CALP2 can modulate airway responsiveness. In
anaesthetized guinea-pigs, intratracheal administration of
CALP1, but not CALP2, resulted in increased responses to
histamine. Using a perfused organ bath set-up, in which
selectively the influence of the epithelial layer on contractile

responses can be investigated, CALP1 incubation shifted the
histamine concentration–response curve significantly upwards
(Fig. 1a). In contrast, CALP2 had no effect on basal
responsiveness, but completely inhibited the CALP1-induced
airway hyper-responsiveness. To investigate the role of the
epithelium, the same experiments were performed with
epithelium-denuded tracheas. Neither CALP1 nor CALP2
changed the airway responsiveness when applied to the inside
of epithelium-denuded tracheas (Fig. 1b). It was therefore
demonstrated that the effects of both peptides are epithelium
dependent. Experiments using airway epithelial cells showed
that both peptides are rapidly taken up by these cells (Fig. 2a),
and therefore the putative sites of action are located within the
cell. To explore the mechanism of action of CALP1 and
CALP2, [Ca21]i and NO production in epithelial cells were
measured. CALP1 decreased receptor agonist-induced in-
creases in [Ca21]i in epithelial cells. In contrast, CALP2
increased receptor agonist-induced increases in [Ca21]i, which
was accompanied by an increased NO production by
epithelial cells. The CALP2-induced increase in [Ca21]i was
mainly due to more sustained extracellular calcium influx.
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Fig. 2. (a) Fluorescent microscopic images of cultured guinea-pig tracheal epithelial cells stained with F-CALP1 (50 mM) showed diffuse cytoplasmic staining
(green) throughout the cell. Cells were counterstained with Hoechst 33258 (7.5 mM, blue) to show the nuclei of cells. (b) Schematic diagram of the
hypothesized mechanism of action of CALP2 in non-excitable cells. The CaM antagonist CALP2 binds to CaM, which is bound to calcium channels. Upon
binding, CALP2 prevents the binding of calcium to CaM and thereby inhibits the negative feedback, resulting in increased extracellular calcium influx through
store-operated calcium channels.
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Fig. 1. Concentration–response curves of intraluminal administered histamine made on isolated perfused guinea-pig tracheal tubes. (a) The histamine
concentration–response curve was significantly (**Po0.01) shifted upwards after intraluminal administration of CALP1 (�). Incubation with CALP2 had
no effect on the histamine-induced smooth muscle contraction (�), but CALP2 prevented the CALP1-induced airway hyper-responsiveness to histamine
(}, ##Po0.01 vs. CALP1 alone). (b) The histamine concentration–response curve was shifted upwards in tracheas denuded of epithelium (�). Intraluminal
administration of neither CALP1 (�) nor CALP2 (}) influenced the smooth muscle contraction to histamine. Data are presented as mean � SEM, n5 6.
**,##Po0.01 two-way ANOVA.
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It is tempting to speculate about the mechanism of action of
CALP in modulation of airway responsiveness. Interestingly,
both peptides specifically act on the epithelium. This could
mean that the targets of CALP are only in the epithelium and
not in smooth muscle cells. This suggests, however, that
targets other than CaM, which are present in both epithelial
and smooth muscle cells, play a role in the CALP responses. It
is likely that the difference between the two cell types arises
from different types of calcium channels. Knowing that
CALP2 is a CaM antagonist, incubation of epithelial cells
with this peptide was supposed to result in decreased NO
production by cNOS in epithelial cells. However, we observed
increased NO production by epithelial cells. Moreover,
increased [Ca21]i were found upon CALP2 stimulation. We
therefore postulated that CALP2 increases [Ca21]i in epithe-
lial cells, which consequently results in the production of NO.
CALP1, on the other hand, decreases [Ca21]i and diminishes
NO production by epithelial cells (Fig. 3). The observation
that both peptides modulate [Ca21]i in epithelial cells, leads us
to hypothesize that CALP2 opens calcium channels in
epithelial cells, which results in sustained calcium influx and
that CALP1 closes these channels and thereby preventing
calcium influx (Fig. 2b). Recently, it was found that calcium
channels, which show calcium-sensitive inactivation, have EF-
hand- and CaM-binding motifs on the cytoplasmic side of the

channel [23]. When intracellular calcium binds these sites, it
causes the channel to close or inactivate. We have previously
shown that CALP1 blocked a store-operated calcium channel
(calcium release-activated calcium current, ICRAC) in mast
cells [24]. Moreover, Manion et al. [11, 12] showed that
CALP1 blocked glutamate receptor channels in neurons and a
non-selective cation channel in Jurkat T cells. If CALP
influences calcium-permeable channels in epithelial cells,
CALP should be able to enter the cell. Using a fluoresceinated
derivative of CALP1 and fluorescent microscopy, we observed
that the peptide crosses the cell membrane and accumulates in
the cytoplasm of epithelial cells (Fig. 2a). In conclusion, we
have demonstrated that the CALPs modulate airway respon-
siveness by affecting [Ca21]i and NO levels in epithelial cells.

Calcium sensors modulate mast cell adhesion and
degranulation

Mast cells are localized in all vascularized tissues and play an
important role in type I hyper-sensitivity responses [25].
Antigenic stimulation of mast cells by cross-linking of the
high-affinity IgE receptor (FceRI) leads to release of various
mediators, which cause clinical phenomena associated with an
allergic response [26]. Adhesion of mast cells to the extracellular
matrix-component fibronectin through very late Ag (VLA)-5,
an a5b1 integrin, enhances the release of allergic mediators [27,
28]. On resting cells integrins exist in a low-affinity conforma-
tion. By interaction with cation-binding motifs in the extra-
cellular domains of the VLA-5 dimer, magnesium and, more
potently, manganese induce a high-affinity state of VLA-5 for
fibronectin, an effect that can be antagonized by calcium [29].
The cation-binding motifs are highly homologous to the
calcium-binding EF-hand motif of CaM [30].
We investigated the modulation by CALP1 and CALP2 of

VLA-5- and FceRI-mediated adhesion of bone-marrow-
derived mast cells (BMMC) to the extracellular matrix
component fibronectin, together with the effects of these
peptides on allergen-induced mast cell degranulation. First, it
was shown that VLA-5-mediated adhesion of BMMC to
fibronectin due to FceRI clustering is CaM dependent, whereas
manganese-induced adhesion was CaM independent. Conse-
quently, both CALP1 and CALP2 inhibited adhesion induced
by FceRI clustering. Surprisingly, CALP2 inhibited the CaM-
independent manganese-induced adhesion to fibronectin.
Using a cell-impermeable derivative of CALP2, we found that
the latter effect was due to an extracellular target, probably an
EF-hand-like domain in VLA-5, on mast cells. Both peptides
had no intrinsic effect on mast cell degranulation, but they
attenuated FceRI-induced mast cell degranulation. Because
CALP1 inhibited the specific calcium release-activated calcium
current (ICRAC) in mast cells, it is the consequent inhibition of
extracellular calcium influx through store-operated channels
that causes the attenuation of mast cell degranulation.
Because FceRI-induced adhesion as well as degranulation

are both dependent on extracellular calcium and activation of
CaM, it is plausible to assume that both cell functions are
induced by the same mechanism and therefore affected
similarly by CALP1 and CALP2. Inhibition by CALP2
seemed predictable as this peptide is an antagonist for CaM

EC

SM

[Ca2+]i [Ca2+]i 

NOS  NOS  

NO

Relaxation

Agonist

Contraction

[Ca2+]i 

sGC

cGMP

CALP1 CALP2

Agonist

R
C

R
C

+_

+

+

_ +

R
C

Fig. 3. Schematic diagram of the hypothesized action of CALP1 and
CALP2 on airway responsiveness in the guinea-pig trachea. In normal
situations, there is a balance between calcium influx in the smooth muscle
(SM) leading to a contraction on one hand and calcium influx in the
epithelial cell (EC) that results in production of nitric oxide (NO), leading to
relaxation of the smooth muscle on the other (biochemical antagonism). In
cases of NO deficiency or epithelial damage this route of antagonism is
disrupted, which leads to an enhanced smooth muscle contraction. CALP2
selectively increases the [Ca21]i in epithelial cells, resulting in the release of
NO from the epithelium, which relaxes the smooth muscle and thereby
decreases airway hyper-responsiveness. CALP1 on the other hand
decreases [Ca21]i in epithelial cells and therefore NO production is
diminished. This leads to airway hyper-responsiveness. R, receptor; C,
calcium channel; [Ca21]i, intracellular calcium concentration; NOS, nitric
oxide synthase; sGC, soluble guanylate cyclase; cGMP, cyclic guanosine
monophosphate.
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activation [10] and should therefore have the same effect as
the CaM inhibitor W7. Inhibition of adhesion and degranu-
lation by CALP1 cannot be explained by inhibition of CaM,
since this peptide mimics calcium by activating CaM [9, 10].
Importantly, CALP1 not only mimics calcium in its binding
and activating characteristics toward CaM, but is also able to
block non-selective cation channels of Jurkat cells [11]. This
channel was shown to play a role in calcium mobilization in
mast cells [31] and could serve as target for CALP1 in our
cells. Additionally, we showed that CALP1 reduces calcium
release-activated calcium current (ICRAC), which plays an
important role in FceRI-induced mast cell degranulation [32].
The closure of cation channels also explains the lack of the
intrinsic ability of CALP1 to induce degranulation, which is
characteristic of calcium ionophores [33].
In conclusion, we show that these peptides can be applied

to block cell adhesion by interfering with CaM and other
targets, presumably the EF-hand-like domain of VLA-5.
Their ability to block adhesion and thereby modulate the
activity of mast cells indicates that these peptides could serve
as possible lead compounds for the development of future
therapies against allergy and other pathologies in which
proteins with EF-hands are involved.

Calcium sensors modulate superoxide production by
alveolar macrophages

Airway inflammation is a characteristic feature in airway
diseases such as asthma and COPD. Inflammatory cells like
macrophages, neutrophils, eosinophils and lymphocytes are
crucial in the pathogenesis of asthma and COPD [1, 2].
Macrophages produce oxygen radicals, such as superoxide
anion (O2

� ), which contributes to the pathogenesis of allergic
reactions, epithelial cell damage as seen in asthma as well as
an oxidant/anti-oxidant imbalance in COPD [34]. The most
predominant radical O2

� is released during the respiratory
burst of granulocytes and macrophages by NADPH-oxidase
activity, in response to several stimuli [35]. Superoxide rapidly
reacts with NO, yielding the highly reactive oxygen radical
peroxynitrite (ONOO� ), which causes tissue injury and
induces airway hyper-responsiveness [36].
Recently, we used CALP1 and CALP2 to investigate the

importance of CaM in radical production. For that purpose,
radical production by bronchoalveolar lavage (BAL) cells from
guinea-pigs was measured using lucigenin-enhanced chemilu-
minescence. CALP2, but not CALP1, is a potent and selective
activator of guinea-pig alveolar macrophages. CALP2 only
slightly activated neutrophils, but did not affect eosinophils.
The CALP2-induced radical production was completely
blocked by superoxide dismutase and the NADPH-oxidase
inhibitor diphenylene iodonium chloride (DPI), showing that
superoxide anion, released upon activation of NADPH-
oxidase is the main radical produced by CALP2 stimulation.
The increased superoxide production was accompanied by an
increase of [Ca21]i in alveolar macrophages and was com-
pletely blocked by the CaM antagonist W7 and partly by the
IP3 receptor antagonist 2-aminoethoxydiphenyl borate (2-APB)
and the store-operated calcium channels blocker lanthanum,
but not by voltage-dependent calcium channel blockers. Taken

together, CALP2 stimulates superoxide production by alveolar
macrophages due to increased [Ca21]i, both from intracellular
IP3-sensitive stores and extracellular influx through lantha-
num-sensitive calcium channels.
Previously, we showed that CALP2 also increases [Ca21]i

and NO production in airway epithelial cells [37]. It was
hypothesized that CALP2, as a CaM antagonist, opens
calcium channels in airway epithelial cells, leading to calcium
influx in these cells [23, 38]. Therefore, we now postulate that
the production of radicals by CALP2 in macrophages is
predominantly due to an increase of [Ca21]i. Although less
than in the presence of extracellular calcium, macrophages still
produce radicals upon stimulation with CALP2 in calcium-
free medium. This production was accompanied by a much
smaller increase in [Ca21]i than seen in the presence of
extracellular calcium, indicating that extracellular calcium
indeed plays a role in the effect of CALP2 on radical produc-
tion in alveolar macrophages. However, CALP2 increased
[Ca21]i in the absence of extracellular calcium, suggesting that
CALP2 also stimulates calcium release from intracellular
stores. It is likely that CALP2 first releases calcium from
intracellular stores leading to the initial high radical produc-
tion and secondly, CALP2 opens store-operated calcium
channels, which results in a further increase in [Ca21]i, with
the consequent more sustained production of radicals (Fig.
2b). This hypothesis is confirmed by the fact that lanthanum, a
selective inhibitor of store-operated calcium channels (ICRAC)
[39], inhibited the action of CALP2. Furthermore, ICRAC

channels are present in macrophages and neutrophils but not
in eosinophils [7]. Because CALP2 did not activate eosino-
phils, this further strengthens the hypothesis that CALP2, at
least partly, acts via (store-operated) calcium channels.
Although CALP2 itself is an inhibitor of CaM, the CaM

inhibitor W7 completely blocked the effects of CALP2. First
this can be explained by a direct effect of W7 on NADPH
oxidase. In this case, W7 blocks the CALP2-induced radical
production by inhibiting the effect of CALP2-released
calcium on NADPH oxidase. Secondly, W7 can inhibit the
CALP2-induced increase in [Ca21]i through blockage of the
effects of CALP2 on store-operated calcium channels. We
earlier showed that CALP2 did not bind to CaM in the
hydrophobic core, which is typical for W7 [40], but rather
interferes with the carboxyl-terminal calcium-binding site of
CaM [10]. Moreover, it was recently shown that, depending
on the protein bound to CaM, CaM undergoes marked
different conformational changes, leading to changed calcium
binding [41]. It is therefore assumed that W7 inhibits the
action of CALP2 through a different inhibitory mechanism
on CaM, leading to altered conformational changes.
In conclusion, we found that CALP2 is (1) a strong

activator of alveolar macrophages, (2) a mild activator of
alveolar neutrophils and (3) is unable to activate alveolar
eosinophils. Because CALP2 is a selective CaM antagonist,
the present study provides evidence that CaM regulates the
production of reactive oxygen species by alveolar macro-
phages. Further, the calcium-binding site of CaM is likely to
have stimulatory effects, whereas the hydrophobic core of
CaM has inhibitory effects on radical production. Elucidation
of the exact role of CaM in radical production may contribute
to the development of new therapeutic strategies for the
treatment of inflammatory diseases.
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Calcium sensors modulate asthmatic symptoms in a model
for allergic asthma

As mentioned above, CALP1 and CALP2 (1) epithelium-
dependently modulate airway responsiveness [37], (2) attenu-
ate mast cell degranulation in vitro [24] and (3) modulate
superoxide production by alveolar macrophages [42]. Taken
together, the CALPs, by modulating CaM-dependent re-
sponses, have several effects on different cell types involved in
airway responses. Therefore, we used these peptides to define
the role of the calcium-sensing regulatory protein CaM in an
animal model for allergic asthma. Sensitized guinea-pigs were
intratracheally pre-treated with CALP1 or CALP2, and
30min later the animals were challenged with aerosolized
ovalbumin (OVA). We measured acute bronchoconstriction
as well as characteristic features of asthma 6 and 24h after
challenge. Neither CALP1 nor CALP2 prevented the
anaphylactic response elicited by OVA challenge. However,
CALP1 pre-treatment attenuated the influx of inflammatory
cells in the lungs 6 h after challenge. Furthermore, radical
production by these cells was diminished both 6 and 24h after
challenge. Moreover, CALP1 completely inhibited airway
hyper-responsivenss in vitro 24h after challenge. We conclude
that CALP1, as a selective CaM agonist, inhibits the de-
velopment of asthmatic features probably via the attenuation
of mast cell degranulation and radical production [43].
The mast cell is thought to be the primary cell in the

orchestration of inflammation in the airways [44]. Inhibition
of mast cell mediator release is a key target for new
therapeutic approaches for asthma. CALP1 and CALP2
both inhibited mast cell degranulation in vitro [24]; however,
we did not observe a direct effect of the CALPs on the
anaphylactic response due to OVA challenge. Therefore,
CALP1 and CALP2 seem to have no acute effect on mast cell
degranulation in vivo. It cannot be excluded that a more
chronic inhibiting effect on mast cell degranulation might
occur. Indeed, the influx of inflammatory cells 6 h after OVA
challenge was attenuated in these animals. Moreover, BAL
cells from CALP1-treated animals showed attenuated radical
production upon PMA stimulation 6 h after OVA challenge.
After CALP2 pre-treatment, we observed no differences
in the number of inflammatory cells in the lungs or the ac-
tivity of these cells compared with untreated guinea-pigs.
It is likely that CALP1 inhibits the release of chemotaxins
or chemokines by mast cells. These mediators do not have a
role in the direct bronchoconstriction, but are important
for the recruitment and activation of inflammatory cells in
the lungs [44].
CALP1 pre-treatment completely prevented the develop-

ment of airway hyper-responsiveness 24 h after OVA chal-
lenge, but had no effect on the number of inflammatory cells
in the lungs. Moreover, CALP1 treatment also decreased
radical production by inflammatory cells at this time-point.
Although we cannot completely exclude effects of CALP1 on
other cell types, these effects might be due to an inhibition by
CALP1 of the release of chemotaxins and chemokines by
mast cells. We show that CALP1 attenuates the development
of airway hyper-responsiveness but has no effect on airway
inflammation. Because inflammatory cells produce several
cytokines, chemokines and reactive oxygen species, these
findings show that not the number of inflammatory cells, but

the activity of these cells [45, 46], determines the development
of airway hyper-responsiveness.
Taken together, this study demonstrates that both mast

cells and inflammatory cells are crucial in the development of
airway hyper-responsiveness. Furthermore, the activity of
inflammatory cells seems to play a much more important role
in the development of airway hyper-responsiveness than the
absolute number of inflammatory cells in the lungs.

Conclusions

In this review, we describe the effects of CALP1 and CALP2
on several cell types involved in asthma and COPD. CALP1
blocks mast cells mediator release, inhibits the release of
epithelium-derived relaxing factors and presumably attenu-
ates radical production by alveolar macrophages in vivo.
CALP2, on the other hand, blocks mast cell mediator release,
increases the release of NO by airway epithelial cells and
markedly increases radical production by alveolar macro-
phages in vitro, and most likely also in vivo. Taken together,
these peptides have both beneficial and detrimental effects on
cells involved in the pathogenesis of airway diseases (Fig. 4).
CALP predominantly acts via modulation of (store-

operated) calcium channel activity in airway epithelium, mast
cells and inflammatory cells. Because increasing evidence
shows that altered calcium channel functioning plays an
important role in several diseases [41, 47–49], including
asthma [50], these channels could also contribute to the
pathophysiology of asthma. Indeed, since ICRAC is important
for both mast cell and macrophage activation, selective
blockers of this current might be of use in asthma [51].
Moreover, calcium flux through store-operated channels is a
common response in leucocytes stimulated by several inflam-
matory mediators. Inhibitors of CRAC channels therefore
have the potential to be useful as immunomodulatory and
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Fig. 4. Schematic representation of the proposed effects of CALP1 and
CALP2 on different cell types involved in the pathogenesis of asthma.
CALP1 blocks mast cell mediator release in vitro, inhibits the release of
inflammatory mediators by macrophages in vivo and direct administration
induces airway hyper-responsiveness through the inhibition of nitric oxide
(NO) release by airway epithelial cells. CALP2 blocks mast cell mediator
release in vitro, increases the production of reactive oxygen species by
macrophages in vitro and attenuates airway hyper-responsiveness through
the release of NO by epithelial cells.
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anti-inflammatory agents. They could show selectivity be-
cause the number of CRAC channels is upregulated in
activated or primed lymphocytes [52]; if so, they might be of
use in the treatment of asthma. Because ICRAC is important
for mast cell activation, there could also be therapeutic
potential for an ICRAC blocker in allergic conditions.
Inflammatory diseases in which macrophages or neutrophils
are important cells (COPD) are also potential targets, since
ICRAC is involved in macrophage [53] and neutrophil
activation [54].
We conclude that, due to both beneficial and detrimental

effects, neither CALP1 nor CALP2 seem to be candidates for
therapeutic interventions in asthma and COPD. However,
although more research has to be performed to elucidate the
exact mechanism of action of these peptides, some indirect
evidence has been obtained that store-operated calcium
channels are crucial in this mechanism. CALPs can serve as
useful tool to further explore the role of these calcium
channels in airway diseases.

References

1 Busse WW, Lemanske RF Jr. Asthma. N Engl J Med 2001;

344:350–62.

2 Saetta M. Airway inflammation in chronic obstructive pulmonary

disease. Am J Respir Crit Care Med 1999; 160:S17–20.

3 Burney PG, Chinn S, Rona RJ. Has the prevalence of asthma

increased in children? Evidence from the national study of health

and growth 1973–86. BMJ 1990; 300:1306–10.

4 Lemanske RF Jr, Busse WW. Asthma. JAMA 1997; 278:1855–73.

5 Barnes PJ. Therapeutic strategies for allergic diseases. Nature 1999;

402:B31–8.

6 Stirling RG, Chung KF. Future treatments of allergic diseases and

asthma. Br Med Bull 2000; 56:1037–53.

7 Parekh AB, Penner R. Store depletion and calcium influx. Physiol

Rev 1997; 77:901–30.

8 Dutta D. Mechanism of store-operated calcium entry. J Biosci

2000; 25:397–404.

9 Dillon J, Woods WT, Guarcello V, LeBoeuf RD, Blalock JE.

A peptide mimetic of calcium. Proc Natl Acad Sci USA 1991;

88:9726–9.

10 Villain M, Jackson PL, Manion MK et al. De novo design of

peptides targeted to the EF hands of calmodulin. J Biol Chem

2000; 275:2676–85.

11 Manion MK, Su Z, Villain M, Blalock JE. A new type of Ca(21)

channel blocker that targets Ca(21) sensors and prevents Ca(21)-

mediated apoptosis. FASEB J 2000; 14:1297–306.

12 Manion MK, Villain M, Pan ZG, McDonald JM, Blalock JE.

Cellular uptake and in situ binding of a peptide agonist for

calmodulin. Biochem Biophys Res Commun 2000; 277:462–9.

13 Djukanovic R, Roche WR, Wilson JW et al. Mucosal inflamma-

tion in asthma. Am Rev Respir Dis 1990; 142:434–57.

14 Boushey HA, Holtzman MJ, Sheller JR, Nadel JA. Bronchial

hyperreactivity. Am Rev Respir Dis 1980; 121:389–413.

15 Folkerts G, Nijkamp FP. Airway epithelium: more than just a

barrier. Trends Pharmacol Sci 1998; 19:334–41.

16 Hogman M, Frostell CG, Hedenstrom H, Hedenstierna G.

Inhalation of nitric oxide modulates adult human bronchial tone.

Am Rev Respir Dis 1993; 148:1474–8.

17 Ricciardolo FL, Geppetti P, Mistretta A et al. Randomised double-

blind placebo-controlled study of the effect of inhibition of nitric

oxide synthesis in bradykinin-induced asthma. Lancet 1996;

348:374–7.

18 Nijkamp FP, van der Linde HJ, Folkerts G. Nitric oxide synthesis

inhibitors induce airway hyperresponsiveness in the guinea pig

in vivo and in vitro. Role of the epithelium. Am Rev Respir Dis

1993; 148:727–34.

19 Folkerts G, van der Linde HJ, Nijkamp FP. Virus-induced airway

hyperresponsiveness in guinea pigs is related to a deficiency in nitric

oxide. J Clin Invest 1995; 95:26–30.

20 Folkerts G, Ten Broeke R, Fischer A, Geppetti P, Nijkamp FP.

Nitric oxide control of airway smooth muscle. Eur Respir Rev

2000; 10:249–52.

21 Shaul PW, North AJ, Wu LC et al. Endothelial nitric oxide

synthase is expressed in cultured human bronchiolar epithelium.

J Clin Invest 1994; 94:2231–6.

22 Liu Q, Gross SS. Binding sites of nitric oxide synthases. Meth

Enzymol 1996; 268:311–24.

23 de Leon M, Wang Y, Jones L et al. Essential Ca(21)-binding motif

for Ca(21)-sensitive inactivation of L-type Ca21 channels. Science

1995; 270:1502–6.

24 Houtman R, Ten Broeke R, Blalock JE, Villain M, Koster AS,

Nijkamp FP. Attenuation of very late antigen-5-mediated

adhesion of bone marrow-derived mast cells to fibronectin by

peptides with inverted hydropathy to EF-hands. J Immunol 2001;

166:861–7.

25 Siraganian RP. Mast cells and basophils. In: Gallin JI, Goldstein

IM, Snyderman R, eds. Inflammation: basic principles and clinical

correlates. New York: Raven, 1988; 531–54.

26 Schwartz L, Huff T. Biology of mast cells. In: Middleton E, Reed

CE, Ellis EF, eds. Allergy: principles and practice. St Louis:

Mosby, 1993; 261–76.

27 Hamawy MM, Mergenhagen SE, Siraganian RP. Adhesion

molecules as regulators of mast-cell and basophil function.

Immunol Today 1994; 15:62–6.

28 Ra C, Yasuda M, Yagita H, Okumura K. Fibronectin receptor

integrins are involved in mast cell activation. J Allergy Clin

Immunol 1994; 94:625–8.

29 Mould AP, Akiyama SK, Humphries MJ. Regulation of integrin

alpha 5 beta 1-fibronectin interactions by divalent cations.

Evidence for distinct classes of binding sites for Mn21, Mg21, and

Ca21. J Biol Chem 1995; 270:26270–7.

30 Tuckwell DS, Brass A, Humphries MJ. Homology modelling of

integrin EF-hands. Evidence for widespread use of a conserved

cation-binding site. Biochem J 1992; 285:325–31.

31 Fasolato C, Hoth M, Matthews G, Penner R. Ca21 and Mn21

influx through receptor-mediated activation of nonspecific cation

channels in mast cells. Proc Natl Acad Sci USA 1993; 90:3068–72.

32 Hoth M, Penner R. Depletion of intracellular calcium stores

activates a calcium current in mast cells. Nature 1992; 355:353–6.

33 Bennett JP, Cockcroft S, Gomperts BD. Ionomycin stimulates

mast cell histamine secretion by forming a lipid-soluble calcium

complex. Nature 1979; 282:851–3.

34 Shapiro SD. The macrophage in chronic obstructive pulmonary

disease. Am J Respir Crit Care Med 1999; 160:S29–32.

35 Babior BM. Oxygen-dependent microbial killing by phagocytes

(first of two parts). N Engl J Med 1978; 298:659–68.

36 Sadeghi-Hashjin G, Folkerts G, Henricks PA et al. Peroxynitrite

induces airway hyperresponsiveness in guinea pigs in vitro and

in vivo. Am J Respir Crit Care Med 1996; 153:1697–701.

37 Ten Broeke R, Folkerts G, Leusink-Muis T et al. Calcium sensors

as new therapeutic targets for airway hyperresponsiveness and

asthma. Faseb J 2001; 15:1831–3.

38 Levitan IB. It is calmodulin after all! Mediator of the calcium

modulation of multiple ion channels. Neuron 1999; 22:645–8.

39 Su Z, Csutora P, Hunton D, Shoemaker RL, Marchase RB,

Blalock JE. A store-operated nonselective cation channel

in lymphocytes is activated directly by Ca(21) influx factor

and diacylglycerol. Am J Physiol Cell Physiol 2001; 280:

C1284–92.

Calcium sensors as targets for asthma and COPD 175

r 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:170–176



40 Tanaka T, Ohmura T, Hidaka H. Calmodulin antagonists’ binding

sites on calmodulin. Pharmacology 1983; 26:249–57.

41 Vandenberg JI, Lummis SC. Ion channels – a plethora of

pharmaceutical targets. Trends Pharmacol Sci 2000; 21:409–10.

42 Ten Broeke R, Leusink-Muis A, Hilberdink R et al. Specific

modulation of calmodulin activity induces a dramatic production

of superoxide by alveolar macrophages. Lab Invest 2004; 84:

29–40.

43 Ten Broeke R, Brandhorst MC, Leusink-Muis A et al. Ca21

sensors modulate asthmatic symptoms in an allergic model for

asthma. Eur J Pharmacol 2003; 476:151–7.

44 Holt PG, Macaubas C, Stumbles PA, Sly PD. The role of allergy in

the development of asthma. Nature 1999; 402:B12–7.

45 Muijsers RB, van Ark I, Folkerts G et al. Apocynin and 1400 W

prevents airway hyperresponsiveness during allergic reactions in

mice. Br J Pharmacol 2001; 134:434–40.

46 Henricks PA, Nijkamp FP. Reactive oxygen species as mediators in

asthma. Pulm Pharmacol Ther 2001; 14:409–20.

47 Nilius B, Droogmans G. Ion channels and their functional role in

vascular endothelium. Physiol Rev 2001; 81:1415–59.

48 Freichel M, Suh SH, Pfeifer A et al. Lack of an endothelial store-

operated Ca21 current impairs agonist-dependent vasorelaxation in

TRP4� /� mice. Nat Cell Biol 2001; 3:121–7.

49 Cooper EC, Jan LY. Ion channel genes and human neurological

disease: recent progress, prospects, and challenges. Proc Natl Acad

Sci USA 1999; 96:4759–66.

50 Hoshino M, Morita S, Iwashita H et al. Increased Expression

of the human Ca(21)-activated Cl(� ) channel 1 (CaCC1) gene

in the asthmatic airway. Am J Respir Crit Care Med 2002;

165:1132–6.

51 Li SW, Westwick J, Poll CT. Receptor-operated Ca(21) influx

channels in leukocytes: a therapeutic target? Trends Pharmacol Sci

2002; 23:63–70.

52 Fomina AF, Fanger CM, Kozak JA, Cahalan MD. Single channel

properties and regulated expression of Ca(21) release-activated

Ca(21) (CRAC) channels in human T cells. J Cell Biol 2000;

150:1435–44.

53 Malayev A, Nelson DJ. Extracellular pH modulates the Ca21

current activated by depletion of intracellular Ca21 stores in

human macrophages. J Membr Biol 1995; 146:101–11.

54 von Tscharner V, Prod’hom B, Baggiolini M, Reuter H. Ion

channels in human neutrophils activated by a rise in free cytosolic

calcium concentration. Nature 1986; 324:369–72.

176 R. Ten Broeke et al.

r 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:170–176


