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Abstract
Background—Pimecrolimus is a calcineurin inhibitor that inhibits T cell and mast cell activation
and effectively treats atopic dermatitis. However, its effects on eosinophils, a cell type implicated in
allergic disease pathology, are unknown. Therefore, we examined the effects of pimecrolimus on eo-
sinophil superoxide anion production, degranulation and survival.

Methods—Purified eosinophils from normal or atopic donors were incubated with serial dilutions
of pimecrolimus (µ.M to nM) and then stimulated with platelet activating factor (PAF), interleukin 5
(IL5), secretory immunoglobulin A (slgA) orAlternaria alternata (Alt) fungus extract. Eosinophil
activation was monitored by cytochrome c reduction resulting from superoxide anion production and
by a 2-site immunoassay for eosinophil-derived neurotoxin (EDN) in cellular supernatants, as a
marker of degranulation. Eosinophil survival was measured by propidium iodide exclusion using
flow cytometry after 4 days in culture.

Results—Normal and atopic eosinophil superoxide anion production induced by PAF, and
associated with increased intracellular calcium, was inhibited up to 37% with 1 µM pimecrolimus.
However, superoxide anion production induced by IL5 and slgA was not consistently inhibited. EDN
release, which ultimately depends on calcium, was inhibited about 30% with PAF, IL5 and slgA
stimulation for normal and atopic donor eosinophils. Furthermore, calcium-dependent Alt-induced
EDN release was inhibited up to 49% with nanomolar pimecrolimus. Finally, increased eosinophil
survival promoted by IL5 and sIgA was not influenced by pimecrolimus.

Conclusion—Pimecrolimus moderately inhibits eosinophhil superoxide anion production and
EDN release associated with calcium mobilization, which may contribute to its efficacy in treating
atopic dermatitis.
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Introduction
Atopic dermatitis is a common, chronic skin disease characterized by extremely pruritic
eczematous lesions that often become infected or lichenified with scratching [1]. The
prevalence of childhood atopic dermatitis in the United States and other Westernized societies
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is around 10% [2,3], and its prevalence and that of the other allergic diseases (asthma and
allergic rhinitis) appear to have risen over the past several decades [4]. Atopic dermatitis often
continues into adulthood [1,5,6] or it may transition into allergic airway disease (referred to as
the 'atopic march'). Severe allergic disease can have a substantial socioeconomic impact on the
patient and their family [7]. Topical corticosteroids, oral antihistamines and adjunctive
antimicrobial agents (e.g. antibiotics) have been the primary therapeutic treatments for atopic
dermatitis for several decades, with more potent immunosuppressive therapies used for
refractory disease [8]. Unfortunately, numerous side effects may arise with the prolonged use
of topical corticosteroids, skin atrophy being the most notable.

More recently, topical calcineurin inhibitors [pimecro-limus cream 1% (.Elidel®, Novartis
Pharmaceutical. Corp., East Hanover, N.J., USA) and tacrolimus (Protopic®, Astellas Pharma
Inc., Tokyo, Japan)] have demonstrated their therapeutic benefit in treating mild to severe
atopic dermatitis, and transient skin burning or irritation is the only currently recognized
common adverse reaction [8,9]. Each of these macrolide compounds binds to macrophilin-12
and the resulting complex then binds to the cytosolic and calcium/calmodulin-dependent
phosphatase, calcineurin. This inhibits the ability of calcineurin to de-phosphorylate the
inactive cytosolic form of nuclear factor of activated T cells, ultimately inhibiting its
translocation to the nucleus and its induction of type 1 [interleukin 2 (1L2), IFN-γ, TNFα],
type 2 (1L4, 1L5) and regulatory (IL10) cytokines [10]. Inhibited cytokine production from
both cutaneous T cells [11] and mast cells [12] appears to contribute to the therapeutic efficacy
of the calcineurin inhibitiors [13,14]. However, inhibition of other cellular responses, such as
FcεRI-mediated mast cell degranulation and secretion, may also contribute to their anti-
inflammatory properties [15].

Eosinophil accumulation in affected tissues is characteristic of atopic disease and is closely
associated with the severity of atopic dermatitis [16–19]. Delayed eosinophil apoptosis,
deposition of eosinophil granule proteins and superoxide anion production each appear to
contribute to disease pathology [19–21]. More recent studies also suggest that the eosinophil
functions more broadly in allergic disease pathophysiology [22]. Tacrolimus [23–25] and
corticosteroids [26] can directly modulate eosinophil activity such as cytokine production or
eosinophil survival; however, it remains unknown whether pimecrolimus can directly influence
eosinophil activity. In addition, some studies suggest that tacrolimus and corticosteroids inhibit
dendritic cell activity and/or viability much more so than pimecrolimus, so the potential for
differing effects on eosinophil activity among these various therapeutic compounds exists.
Therefore, because the eosinophil is implicated as a major effector cell in allergic disease, we
sought to determine the effect of pimecrolimus on eosinophil effector functions and survival.

Materials and Methods
Eosinophil Isolation and Donors

Human eosinophils were purified from 90 ml peripheral blood to greater than 94% using Percoll
density gradient centrifugation followed by negative magnetic cell separation [27]. Donors
included individuals with (‘atopic’) or without (‘normal’) a physician-diagnosed history of
allergic disease (atopic dermatitis/eczema, asthma, allergic rhinitis/hay fever). No donors
received systemic immunosuppressants within 4 weeks of their blood donation and none had
confounding concurrent disease. Informed consent was provided by all donors under an
institutional review board-approved protocol.

Eosinophil Superoxide Production and Degranulation
In 96-well plates, platelet activating factor (PAF; 1 µM), IL 5 (10 ng/ml), immobilized secretory
immunoglobulin A (sIgA) coated on polystyrene beads (Polysciences Inc.; 10 µm diameter)
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or on the plate wells, andAlternaria alternata (Alt) fungus extract (Greer Laboratories; 50 µg/
rnl) were used. to activate purified eosinophils (50,000/well) in the absence or presence of
varying concentrations of pimecrolimus (30–60 min preincubation with pimecrolimus at room
temperature). Purified eosinophils in medium alone (HBSS, 10 mM HEPES, 0.01% gelatin) or
activated with phorbol myristate acetate (PMA, 1 ng/ml) were used as negative and positive
controls, respectively. Superoxide anion production was assessed via superoxide dismutase-
inhibitable reduction of cytochrome c (100 µM) by measuring absorbance at 550 nm [28]. Four
hours after initiation of superoxide production, 96-well plates were spun at 175g for 5 min and
supernatant fluid was collected. To assess degranulation, eosinophil-derived neurotoxin (EDN)
levels in the supernatants were measured using a double-antibody competition
radioimmunoassay [29].

Intracellular Calcium
Purified eosinophils at 2 × 106 cells/ml were incubated with 3 mM indo-I/AM (Molecular
Probes, Eugene, Oreg., USA) in HBSS, 10% alpha calf serum, 10 mM HEPES for 30 min at
37°C. After washing twice, cells were resuspended in HBSS, 0.1% HSA, 10 mM HEPES at 2
× 106 cells/ml. When appropriate, eosinophils were pretreated with I nM pimecrolimus for I h
on ice. Eosinophils were then stimulated with PAF (1 µM) or Alt (75 µg/ml), and fluorescence
was analyzed over time by a FACS analyzer equipped with an ion-argon laser. Intracellular
calcium was monitored by the fluorescence ratio of calcium-bound indo-1 emission (401 nm)
and free indo-l emission (475 nm).

Eosinophil Survival
Eosinophil survival was measured following the method of Bankers-Fulbright et al. [30].
Purified eosinophils were incubated in medium alone (RPMI 1640 + 10% alpha calf serum)
or in the presence of varying concentrations of pimecrolimus at 37°C, 5% CO2 for 30 min.
Additional medium, IL5 (75 pg/ml), or soluble sIgA (10 µg/m1) was added and cells were
incubated at 37°C., 5% CO2 for 4 days. Propidium iodide staining of dead cells was assessed
by flow cytometry, and data, where survival induced by stimuli alone was at least twice that
of survival in medium alone, were analyzed further.

Statistical Analyses
Repeated measures models were used to estimate the effect of pimecrolimus level on eosinophil
EDN release and eosinophil survival in atopic and normal subjects separately. Individual
models were fit for each stimuli (PAF, IL5, sIgA or Alt). A compound symmetric correlation
structure (i.e. equal correlations) was used in these models to estimate the correlations between
pimecrolimus levels within a patient. The ‘sandwich’ estimator of the covariance matrix of the
parameters was used for inferences [31]. The ‘sandwich’ estimator is asymptotically consistent
for the true parameter covariance matrix even if the within-patient correlation matrix is
inappropriately specified. The same type of repeated measures models were estimated to
measure the effect of pimecrolimus concentration on superoxide production. Separate models
were fit for atopic and normal donors at the 180-min time point for PAF, 1L5 and sIgA stimuli.

Results
Two common measures of human eosinophil activation are extracellular superoxide anion
production and EDN release from their specific secondary granules. These eosinophil
responses appear important to allergic disease pathology and can be induced by distinct stimuli,
such as the lipid mediator PAF, the cytokine IL5 and the immunoglobulin complex sIgA.
Topical 1% pimecrolimus, which is used to treat atopic dermatitis, corresponds to a 1 mM

pimecrolimus concentration, and penetration studies in minipig skin indicate that
concentrations of 0.1 µM pimecrolimus or greater can be expected to reach the upper dermis,
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depending on the integrity of the skin [32]. The influence of pimecrolimus in the micromolar
to nanomolar concentration range on eosinophil superoxide anion production induced by PAF,
1L5 and sIgA is shown infigure 1. Because eosinophil responses can vary with the atopic status
of the donor, data for normal and atopic donors were analyzed separately. Only PAF-induced
superoxide anion production for normal donors showed a significant and dose-dependent
inhibition by pimecrolimus at the 180 min endpoint (fig. 2). The effects of pimecrolimus on
eosinophil EDN release occurring under the experimental conditions for measuring superoxide
anion production were also assessed (fig. 3). In the majority of these cases, EDN release was
partially inhibited at the higher pimecrolimus concentrations. Only sIgA-stimulated superoxide
anion production (fig. 2) and EDN release (fig. 3) from normal donor eosinophils were
significantly increased. However, this increased activation with pimecrolimus did not appear
to occur in a dose-dependent manner, as only the lowest concentration of pimecrolimus tested
here (1 nM) resulted in both significantly increased superoxide anion production and EDN
release.

Environmental fungal triggers, including that ofAlternaria alternata (Alt), have long been
associated with exacerbation of atopic disease. Recent evidence from our laboratory indicates
that Alt-derived products can directly activate eosinophils [33]. Therefore, the influence of
pimecrolimus on Alt extract-induced EDN release from normal and atopic donor eosinophils
was also tested (fig. 3). Similar to that for the other stimuli (PAF, 1L5 and sIgA), Alt-induced
EDN release was also inhibited by pimecrolimus. However, inhibition of Alt-induced EDN
release was observed even at subnanomolar pimecrolimus concentrations (fig. 3). Because Alt
extract components compromise the superoxide anion production assay, no superoxide anion
production results with Alt extract stimulation were obtained.

Inhibition of eosinophil activation by PAF and Alt occurred most consistently and in a dose-
dependent manner. Furthermore, eosinophil activation by these 2 stimuli involves rapid
increase in intracellular calcium [33,34]. Thus, to test whether pimecrolimus impacts the
calcium flux in PAF- and Alt-activated eosinophils, intracellular calcium levels were
monitored using a calcium-sensitive fluorescent compound (fig. 4). No change in the
magnitude of the intracellular calcium response was observed.

As a final measure of an eosinophil property associated with atopic disease, increased survival,
which is induced by 1L5 and sIgA, but not PAF, was assessed in the presence of increasing
concentrations of pimecrolimus for eosinophils from normal and atopic donors (fig. 5). No
consistent change in eosinophil survival occurred in the presence of pimecrolimus.

Discussion
Eosinophils are implicated as key effector cells in allergic disease, such as atopic dermatitis,
and additional roles for eosinophils in allergic disease pathology have been suggested [22].
The recently developed calcineurin inhibitors tacrolimus and pimecrolimus have shown their
effectiveness in treating atopic dermatitis. However, the direct effect of pimecrolimus on
eosinophil function has not been reported previously. Here we show that eosinophil activation
induced by calcium mobilizing stimuli, such as PAF and Alt extract, was significantly inhibited
by nanomolar concentrations of pimecrolimus. Eosinophil degranulation, which ultimately
depends on calcium, further appears to be generally inhibited by 1 µM pimecrolimus. However,
stimulus-dependent increase in intracellular calcium was not altered by pimecrolimus,
suggesting that pimecrolimus affects an event (or events) downstream of activation-induced
intracellular calcium increase.

Various stimuli can activate human eosinophils, including some that induce a rapid increase
in intracellular calcium, like PAF and Alt extract [33,34]. Upon activation, extracellular
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superoxide anion production and release of cationic secondary granule proteins, including
EDN, are 2 common eosinophil effector functions that appear to contribute to allergic disease
pathology. Therefore, we assessed the effect of pimecrolimus on these 2 effector functions.
PAF-induced superoxide anion production by eosinophils from normal donors was inhibited
up to 37% by pimecrolimus in a dose-dependent manner (fig. 1,fig. 2). For atopic donors, PAF-
induced superoxide anion appeared to increase slightly from baseline with the addition of low
concentrations of pimecrolimus; however, similar to that for normal donor eosinophils,
superoxide anion production was subsequently reduced in a dose-dependent manner, albeit
only slightly (up to 14% when compared to measurements with no pimecrolimus;fig. 1,fig. 2).
Notably, baseline superoxide anion production from the atopic donors’ eosinophils in response
to PAF stimulation was relatively diminished compared with that from the normal donors (37
and 59 nmol, respectively). Perhaps the subdued responsiveness to PAF of the atopic donors
eosinophils contributed to the limited inhibition of superoxide anion production by
pimecrolimus in this instance. Regardless, eosinophil superoxide anion production induced by
1L5 and sIgA, which do not induce a rapid increase in intracellular calcium [33], were not
inhibited or increased in a consistent dose-dependent manner (fig. 1,fig. 2).

After measurement of superoxide anion production, cellular supernatant from each well was
collected and tested for EDN concentration as a measure of stimuli-induced eosinophil
degranulation. Similar to the effect of pimecrolimus on PAF-induced superoxide production,
PAF-induced EDN release was significantly inhibited at relatively low pimecrolimus
concentrations for normal donor eosinophils and also at higher pimecrolimus concentrations
for atopic donor eosinophils (fig. 3). While IL5 and sIgA do not rapidly mobilize intracellular
calcium, their induction of EDN release from eosinophils ultimately depends on calcium [35,
36]. This EDN release was also significantly inhibited (about 25%) at higher pimecrolimus
concentrations in all instances, except for sIgA stimulation of normal donor eosinophils (fig.
3).

Previous work from our laboratory showed that certain environmental fungi induce EDN
release from eosinophils and that this process involves an increase in intracellular calcium
[33]. Extract fromAlternaria alternata was one of the eosinophil-activating mixtures. Exposure
toAlternaria is a risk factor for symptom exacerbation [37] and respiratory arrest in asthmatic
patients [38], and it is a common IgE-reactive allergen for atopic dermatitis patients [39]. Given
the apparent predilection of pimecrolimus for inhibiting eosinophil activation associated with
calcium mobilization and its known mechanism for inhibiting calcium/calmodulin-dependent
calcineurin activity, the effect of pimecrolimus on calcium-dependent Alt-induced EDN
release was also tested. Interestingly, pimecrolimus inhibited Alt-induced EDN release to a
degree (36%) comparable to that for PAP-induced EDN release and at similar or lower
pimecrolimus concentration (fig. 3). If one considers the level of spontaneous EDN release,
approximately 20% on average, pimecrolimus inhibited up to 49% of non-spontaneous, Alt-
induced EDN release. Thus, pimecrolimus, as well as EGTA and pertussis toxin [33], can
substantially inhibit Alt-induced eosinophil EDN release.

Because PAF and Alt extract induce rapid increases in intracellular calcium, we tested whether
pimecrolimus acts by inhibiting calcium mobilization in eosinophils. As shown infigure 4,
pimecrolimus did not appreciably alter the increase in intracellular calcium induced by PAF
or Alt. Therefore, in accord with the previously reported mechanism of action, pimecrolimus
appears to function in eosinophils downstream of initial calcium mobilization. Whether this
involves binding of pimecrolimus to macrophilin-12, reduced calcineurin activity and/or
inhibition of a downstream process directly dependent on calcium mobilization remains to be
determined.
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With regard to increased eosinophil survival induced by IL5 and sIgA (PAF does not induce
eosinophil survival), no appreciable dose-dependent influence of pimecrolimus was observed
(fig. 5). A lack of inhibition by pimecrolimus is consistent with the calcium mobilization-
independent mechanism of enhanced eosinophil survival induced by these stimuli [33,36].

In summary, pimecrolimus does not appear to influence calcium mobilization-independent
eosinophil responses. However, it does moderately inhibit eosinophil superoxide anion
production and EDN release associated with calcium mobilization via a mechanism apparently
working downstream of initial intracellular calcium influx. This includes a nearly 50%
inhibition of nonspontaneous EDN release triggered by a relevant environmental
allergen,Alternaria fungi. This inhibition of eosinophil responses associated with calcium
mobilization may contribute to the efficacy of pimecrolimus in treating atopic dermatitis.
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Fig. 1.
Effect of pimecrolimus on eosinophil superoxide production. Mean superoxide anion ( )
production by purified eosinophils from normal (n = 13) or atopic donors (n = 9 or 10) is shown
following stimulation with PAF, IL5 or immobilized sigA after pre-incubating eosinophils
with no pimecrolimus (i.e. 0 nM pim; solid line) or with pimecrolimus at 1 nM (long dashes), 10
nM (medium dashes), 100 nM (short dashes) or 1,000 nM (dotted). Positive (PMA, closed circles)
and negative (medium alone, open circles) control responses are shown (n = 11 for normals
and n = 4 for atopics). Significant changes in superoxide anion production relative to stimuli
alone (i.e. 0 nM pimecrolimus) at the 180-min time point are indicated by asterisks. * p < 0.05;
** p < 0.01.
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Fig. 2.
Pimecrolimus dose effect on endpoint eosinophil superoxide production. Mean superoxide
anion ( ) production after incubating for 180 min in the absence (0 nM) and presence of
increasing concentrations of pimecrolimus (1 to 1,000 nM) are shown. Values are fromfigure 1
following stimulation of normal or atopic donor eosinophils with PAF, IL5 or immobilized
sIgA. Significant changes in superoxide anion production relative to stimuli alone (i.e. 0 nM

pimecrolimus) are indicated by asterisks. * p < 0.05; ** p < 0.01. Standard errors of the means
are indicated by unidirectional error bars.
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Fig. 3.
Effect of pimecrolimus on eosinophil EDN release. Cellular supernatant collected at the end
of superoxide anion ( ) production experiments (fig. 1) were assayed for EDN content (n =
11 for normals, n = 4 for atopics). Data are presented as percent EDN release relative to that
induced by stimuli (PAF, IL5 or immobilized sIgA) alone. In separate experiments (ALT
extract complicates measurement of superoxide anion production), EDN release from purified
eosinophils (n = 3 for normals, n = 5 for atopics) induced by ALT fungal extract was measured.
In all instances, the mean percent EDN release in the presence of medium alone (i.e. with no
stimulant) was within the range of 15 to 28%. Significant changes in percent EDN release
relative to stimuli alone (i.e. 0 nM pimecrolimus) are indicated by asterisks. * p < 0.05; ** p <
0.01. Standard errors of the means are indicated by unidirectional error bars.
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Fig. 4.
Intracellular calcium flux induced by PAF and ALT in the absence and presence of
pimecrolimus. Purified eosinophils loaded with a fluorescent calcium indicator (indo-l/AM)
were stimulated with 1. µM PAF or 75 µg/ml ALT fungal extract (black lines). In a second
round of experiments, eosinophils were pretreated with 1 nM pimecrolimus for 1 h on ice before
PAF or ALT stimulation (gray lines). Eosinophils were all from a single individual, and the
sharp fluctuations in the ALT extract + pimecrolimus trace are artificial.
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Fig. 5.
Effect of pimecrolimus on eosinophil survival. Purified eosinophils were preincubated for 30
min without or with varying concentrations of pimecrolimus [n = 11 (IL5) or 7 (sIgA) for
normals, n = 7 for atopics]. IL5 (75 pg/ml) or soluble sIgA. (10 µg/ml) was then added and
cell survival was measured 4 days later. Data are presented as percent survival relative to that
induced by stimuli (lL5 or sIgA) alone. In all instances, the mean percent survival in the
presence of medium alone (i.e. with no stimulant) was within the range of 17 to 25%. Significant
changes in percent survival relative to stimuli alone (i.e. 0 nM pimecrolimus) are indicated by
asterisks. * p < 0.05; ** p < 0.01. Standard errors of the means are indicated by unidirectional
error bars.
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