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Introduction

Recently, there has been growing clinical and experi-
mental evidence that human eosinophils (EOS) play a
central role in the pathogenesis of bronchial asthma and
airway hyperresponsiveness (1, 2). An increased number
of EOS in circulation and bronchoalveolar lavage fluids
(BALF) has been reported as a characteristic feature of
chronic bronchial asthma. Furthermore, mediators
released by inflammatory cells such as sulfidopeptide
leukotrienes (LT), platelet activating factor (PAF), reactive
oxygen species and eosinophilic cytotoxic cationic pro-
teins can damage airway epithelial cells, which may
cause airway hyperreactivity (3). Eosinophilia is also
a characteristic feature of parasitic infestation and EOS
are considered to be effector cells in immunity to
helminths (4).

The pathogenesis of this phenomenon has not been
fully elucidated, but recent research findings offer sever-
al explanations (5, 6). First, activation of allergen-specific
helper (CD4*) T-lymphocytes of the Th2-subset and sub-
sequent release of cytokines including interleukin-3
(IL-3), IL-5 and granulocyte macrophage colony stimulat-
ing factor (GM-CSF) (7, 8), with IL-5 as the most likely to
be specific to EOS proliferation and activation (9), links
eosinophilia.

Second, the recent demonstration that a,B,-integrin,
very late activation antigen-4 (VLA-4), is expressed on
EOS, suggests that the VLA-4/vascular cell adhesion
molecule-1 (VCAM-1) adhesion pathway may be involved
in selective eosinophilia (10). Third, a member of the 8 kd
c-c group of chemokines may play an important role in
EOS recruitment and degranulation (11, 12). Fourth, sev-
eral inhibitors of mediators, such as LT and PAF, have

been found to be effective in eosinophilia indicating that
some mediators may play a role in the development of
eosinophilia (6).

In this review, we describe recent explanations
regarding the mechanism of eosinophilia based on stud-
ies using inhibitors, as well as the experimental results of
our newly developed eosinophil inhibitor, GCC-AP0341,
[5-amino-3-(4-chlorophenyl)-1-[(methylaminothiocar-
bonyl)]-1H-1,2,4-triazole] (13).

Mechanisms and inhibitors of eosinophilia

At present, no models are available for studying the
complex mechanistic aspects of eosinophilia. Recently
reported animal models for eosinophilia include
PAF-induced (14), actively sensitized (15), Sephadex-
induced (16), parasite-induced (17), IL-5-induced (18)
and LTD,-induced (19) models. This review will focus on
the first three models. In the PAF-induced model, PAF
alone seems to be insufficient as a basic mediator of
eosinophilia. In the actively sensitized model, symptoms
agreed well with those of allergic asthma but the mecha-
nisms involved are rather complex. The Sephadex-
induced model, which was developed from the parasite
infection model, was found to be an effective tool for eval-
uation of a number of compounds. Using the model
reported by Spicer et al. (16), we screened a variety of
compounds and found one in particular to be highly
active, GCC-AP0341, which is described in the latter part
of this review.

PAF-induced eosinophilia

PAF is chemoattractant for both neutrophils and
eosinophils in vitro, and induces accumulation of such
cells in vivo. Exposure of guinea pigs to aerosols of PAF
(0.01-100 pg/ml) induced a dose-dependent increased
incidence of EOS in BALF at 48 h. Increased numbers of
EOS were detected in BALF 1 h after exposure to PAF
and the eosinophilia was inhibited by treatment with SDZ-
64-412 (Fig. 1), a selective PAF antagonist, whether the
compound was administered before or after inhalation of
PAF. However, the fact that pulmonary airway EOS accu-
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Fig. 1. Structures of eosinophil inhibitors.

mulation due to inhaled PAF (10 pg/ml) was also inhibit-
ed by prior treatment with aminophylline, cromoglycate,
ketotifen, dexamathasone and AH21-132, could indicate
that PAF is not a single mediator in PAF-induced
eosinophilia (20).

Actively sensitized eosinophilia

As already mentioned, the symptoms of actively sen-
sitized eosinophilia agreed well with those of allergic
asthma and several attempts have been made to explain
the complex mechanisms involved. Factors affecting
eosinophilia include cytokines (e.g., IL-3, IL-5 and
GM-CSF) produced by the Th2 subset of CD4-expressing
T cells (7, 8), chemotactic factors released from mast
cells or basophils as a result of signaling through the high
affinity IgE receptor (5), and various mediators (6).

Inhibitors reported in recent years are listed in Table |
and the structures of representative compounds are
shown in Figure 1. Based on these results, the mediators
involved in eosinophilia are discussed. The antibody to
IL-5 inhibited actively sensitized eosinophilia (21, 22)
(Table I, No. 1 and 2). In addition, no eosinophilia was
observed in IL-5-deficient mice after aeroallergen chal-

Eosinophil inhibitors

lenge, and reconstitution of IL-5 production with recombi-
nant vaccinia viruses engineered to express this factor
completely restored aeroallergen-induced eosinophilia
(23). Sanjiv et al. reported that IL-5 can be detected as
asthma progresses from the asymptomatic to the clinical-
ly symptomatic state in subjects with significant BALF
eosinophilia (24). From these results, it appears that IL-5
plays an important role in eosinophilia. On the other hand,
Nagai et al. reported that interferon-gamma inhibited air-
way eosinophilia (Table I, No. 3) possibly by the inhibition
of Th2 lymphocyte-dependent eosinophilia. This result,
together with the activity of IL-5, suggests that Th2 type
CD4* T-lymphocyte plays an important role in eosinophil-
ia. The immunosuppressant FK-506 (Table I, No. 4) was
effective in inhibiting eosinophilia (25), while rapamycin,
which is similar to FK-506, had no effect on OVA-induced
eosinophil accumulation in BALF in Balb/c mice (26).
Differing experimental conditions, such as strains or
doses, may explain this result. As also seen in Table |
(No, 5), T-cell elimination inhibits eosinophilia (27) and
together with the result of FK-506 indicates that T cells
may be involved in development of eosinophilia.

Chemokines are thought to play an important role in
the development of eosinophilia, and studies on
RANTES, monocyte chemotactic protein-3 (MCP-3)/
fibroblast-induced cytokine (FIC), macrophage inflamma-
tory protein 1a have been conducted (28). While
RANTES is well known to play an important role in
eosinophil recruitment and degranulation (11), no effect
on development of eosinophilia has been reported (29).
The chemokine antibody, anti-MCP-3/FIC, inhibited BALF
eosinophilia, indicating that chemokines are involved in
eosinophilia (28). The recent demonstration that VLA-4 is
expressed on eosinophils and other leukocytes, but not
on neutrophils, suggests that the VLA-4/VCAM-1 adhe-
sion pathway is involved in relatively specific eosinophil
migration in vivo. VLA-4 has been shown to play a critical
role in antigen-induced airway eosinophilia (10) (Table I,
No. 7). The fact that several 5-lipoxygenase and phos-
phodiesterase inhibitors affect eosinophilia (Table I, No.
9-13) could indicate that mediators from inflammatory
cells are involved in eosinophilia (30-33).

Sephadex-induced eosinophilia

This model was developed from a parasite-infected
model of eosinophilia and provides some insight into the
mechanistic aspects of eosinophilia (34). In 1969, Basten
et al. reported on eosinophilia caused by parasite infec-
tion in rats (17). The EOS response to inoculation by the
intravenous route is shown in Figure 2. The blood EOS
level remained within the normal range for the first 48 h,
but then the counts rose rapidly, reaching a mean peak
value of approximately 650 cellss/mm® on the 6th day.
Thereafter, the counts fell back to the normal range by the
14th day. On the other hand, they also reported that ani-
mals given homogenate samples of larvae did not devel-
op an EOS response. This finding suggests that the
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Table I: Inhibitors of actively sensitized eosinophilia.
No. Type of inhibitor Compound Comments Ref.
1 Cytokine antibody anti-IL-5 (TRFK-5) An i.p. injection of 2 mg/kg of anti-IL-5 24 h before and 21
3 days after OVA challenge reduced the BALF EOS
count in BALB/c mice.
2 Cytokine antibody anti-IL-5 (TRFK-5) An i.v. injection of 0.3 mg/kg of anti-IL-5 60 min before 22
Ascaris challenge reduced the BALF EOS count
for up to 3 months in monkeys.
3 Cytokine IFN-y l.v. injection of 40-4000 U/animal for 10 days during 26
OVA challenge reduced BALF EOS counts in BALB/c mice.
4 Immunosuppressant FK-506 An s.c. injection of FK-506 (2 mg/kg) 1 h before and 5 h 25
after the four OVA challenges reduced the BALF EOS
count in mice.
5 T cell elimination anti-CD3 monoclonal antibody ~ An i.v. injection of anti-CD3 mAb (100 pg/dose) on 27
(mADb) each of the two days preceding secondary challenge with
OVA reduced the BALF EOS count in mice via inhibition
of eotaxin.
6 Chemokine antibody anti-MCP3/FIC An intrabronchial injection of 0.05 ml of polyclonal 28
anti-MCP3/FIC 4 h before OVA challenge reduced the
BALF EOS count in BALF/c mice.
7 Adhesion molecule inhibitor Anti-VLA-4 mAb An i.v. injection of 1 mg/body of anti-VLA-4 2 h before 10
OVA challenge reduced the BALF EOS count in guinea
pigs.
8 LT inhibitor (FLAP) inhibitor BAY x1005 Oral administration of 30 mg/kg of BAY x1005 1 h before 45
every inhalation of OVA reduced the BALF EOS count in
guinea pigs.
9 LT inhibitor (FLAP inhibitor) MK-886 |.p. administration of MK-886 (3 mg/kg) 30 min before 30
each intranasal dose of OVA reduced the BALF EOS
count in BALB/c mice.
10 5-LO inhibitor Zileuton |.p. administration of zileuton (35 mg/kg) 30 min before 30
each intranasal dose of OVA reduced the BALF EOS count
in BALB/c mice.
11 PDE-IV inhibitor AH21-132 Subcutaneous administration of AH 21-132 for 7 days before 31
antigen challenge reduced the BALF EOS count in guinea
pigs but did not diminish AHR.
12 PDE-1V inhibitor D-22888 P.o. administration of D-22888 (30 mg/kg) for 7 days before 32
OVA challenge reduced the BALF EOS count in guinea pigs.
13 PDE-IV inhibitor CDP-840 |.p. administration of MK-886 (0.1 mg/kg) 2 h before and 33

6 h and 24 h after OVA challenge reduced the BALF EOS
count in guinea pigs.

parasites were embolized to the lungs where they were
trapped because of their size, and that EOS production is
induced under certain circumstances as a consequence
of interactions between intact parasites and various host
cells in blood.

Walls et al. reported a model of developed eosinophil-
ia evoked by injections of Sephadex beads in a manner
resembling the result of injection of parasitic larvae (34).
The results obtained by injection of G200 superfine
Sephadex beads were similar to those obtained with par-
asite in that the rise began after the 2nd day, peaked on
the 6th or 7th day and had returned to within the normal
range by the 10th day. In this examination, the EOS
counts rose at least 5-fold, the neutrophil count did not
exceed twice the resting level and mononuclear cell num-
bers remained within the normal range. Fragmentation of
Sephadex beads to traverse the pulmonary circulation
significantly diminished the eosinophilia, similar to the
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Fig. 2. Eosinophil response to innoculation of Trichinella larvae
by the i.v. route. The broad arrow indicates the time at which the
i.v. injection was given (17).
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Table II: Inhibitors of Sephadex-induced eosinophilia.

Eosinophil inhibitors

No. Type of inhibitor Compound

Comments Ref.

1 Cytokine antibody anti-IL-5 (TRFK-5)

2 Adhesion molecule antibody anti-VLA-4 anti-CD18

3 5-LO inhibitor FR110302

4 5-LO inhibitor Zileuton

5 5-LO inhibitor BAY x1005
(FLAP inhibitor)

6 GCC-AP0341

An i.v. injection of 1 mg/kg of anti-IL-5 15 min before the 35
injection of Sephadex completely reduced the BALF EOS

count in guinea pigs.

An i.v. injection of 3 mg/kg of anti-VLA-4 and 1 mg/kg of 35
anti-CD18 before the injection of Sephadex completely

reduced the BALF EOS counr in guinea pigs.

Sephadex injection on day 1 and p.o. amdinistration of 37
FR110302 (10 mg/kg) on days 1-3 d.i.d. and 1 h before
measurement on day 4 reduced the BALF EOS count

in rats.

P.O. administrations of zileuton (30 mg/kg) 2 h prior to 38
Sephadex injection on day 1 and further administrations

of the drug every 12 h thereafter through the 4 days

time-course reduced the BALF EOS count in rats.

P.o. administration of BAY x1005 (19 mg/kg) 2 h prior 38
to Sephadex injection on day 1 and further administrations

of the drug every 12 h thereafter through the 4 days

time-course reduced the BALF EOS count in rats.

I.p. administrations of GCC-AP0341 (3 mg/kg) 30 min 13
before each i.v. injection of Sephadex on days 0, 3 and
5 reduced the BALF EOS count in rats.

case of Trichinella larvae. An injection of inert particles of
similar size, polystyrene beads, caused no detectable rise
in circulation, indicating that the antigen is trapped in the
lungs.

Using these Sephadex models, several inhibitors
have been discovered (Table Il, Fig. 1). As shown in Table
Il, anti IL-5 (TRFK-5) was effective in the Sephadex-

induced eosinophilia model (35). A similar result was
obtained with the parasite-induced model (36), indicating
that in both models IL-5 may evoke eosinophilia.
Adhesion molecules, VLA-4 and CD-18, also play an
important role in this model (Table II, No. 2) (35), as well
as inhibitors of 5-lipoxygenase (Table Il, No. 3-5) (37, 38).
These results, together with those for the actively sensi-
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Fig. 3. Structure-activity relationship of GCC-AP0341 in the Sephadex-induced eosinophilia model.
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Fig. 4. Dose-response examination of GCC-AP0341, 1 and 2 in
the eosinophilia model.

tized eosinophilia model (Table 1), indicate that quite sim-
ilar factors (e.g., IL-5, adhesion molecules and 5-lipoxy-
genase products) play a role in the development of
eosinophilia.

Evaluation of GCC-AP0341 in the Sephadex model

Since inhibitors of eosinophilia may prove to be novel
agents for the treatment of asthma, we initiated a pro-
gram to modify various compounds using the Sephadex
model (16), in which eosinophilia was induced in the air-
way through i.v. injection of Sephadex particles on days
0, 2 and 5. Inhibitory activity was determined by counting
the number of EOS and total cells in the BALF under a
microscope on day 7. Using this model, we screened a
variety of compounds and found one to be highly effec-
tive, GCC-AP0341 (13).

The structure-activity relationships of GCC-AP0341
and its dose-response examination are shown in Figures
3 and 4, respectively. The structure of GCC-AP0341

40
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Fig. 5. Effect of GCC-AP0341 and dexamethasone on IL-5 (10
U/ml)-stimulated human eosinophil survival. Values are the
mean + SE (n = 4) (13).
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Fig. 6. Effect of GCC-AP0341 on ascaris-induced hyperrespon-
siveness in guinea pigs. Values are mean + SE (n = 8) (13).
Statistical analysis was carried out by Bonferroni’'s method. *p <
0.05 vs. asthma control. **p < 0.01 vs. asthma control.

(Fig. 3) is the most preferable one among those we exam-
ined and modification of each substituent on the triazole
ring results in a drastic reduction of the activity. The dose-
response studies of GCC-AP0341 and its derivatives 1
(5-amino-1-[(methylaminothiocarbonyl)]-1H-1,2,4-tria-
zole) and 2 (5-amino-3-(4-cyanophenyl)-1-[(methy-
laminothiocarbonyl)]-1H-1,2,4-triazole (Fig. 4) revealed
that GCC-AP0341 is highly effective and 4-chlorophenyl
moiety plays an important role in exerting highly potent
activity. Oral administration of GCC-AP0341 also potent-
ly suppressed eosinophilia (ID;;= 0.3 mg/kg). The mech-
anism by which GCC-AP0341 acts has been studied
extensively in our laboratory. No or only very weak activ-
ity has been observed on the binding of PAF (39, 40) and
LTD, (41), as well as the inhibition of 5-lipoxygenase (42)
(our unpublished results).

To investigate the activity for IL-5, we examined the
effect of GCC-AP0341 on IL-5-mediated biological
events. We detected an effect on IL-5-stimulated human
eosinophil survival (43) with an IC, of 2 uM (Fig. 5). This
result demonstrates that GCC-AP0341 reduced
eosinophilia via acting on the activity of IL-5.

The efficacy of GCC-AP0341 against bronchial asth-
ma, an eosinophilia affecting disease, was evaluated in a
model of antigen (ascaris)-induced hyperresponsiveness
in guinea pigs, using the modified methods of sensitiza-
tion reported by Inoue et al. (44). Airway hyperrespon-
siveness was found to be inhibited at a dose of 1 mg/kg
(i.p.) (Fig. 6). It should be noted that inhibitors of
Sephadex-induced eosinophilia potently inhibit aller-
gen-induced airway hyperresponsiveness by actively
sensitizing eosinophilia. This indicates the presence of a
factor that controls both actively and Sephadex-induced
eosinophilia.

Conclusions
Explanations of eosinophilia based on the study of

inhibitors, including one only recently developed, have
been described. The mechanisms involved in eosinophilia
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are complex and not easily defined. We speculate that
mediators such as IL-5 and LT products play an important
role in eosinophilia, and that inhibitors of eosinophilia
could prove to be potent agents for the treatment of aller-
gic diseases such as asthma.
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