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Abstract

The selective recruitment of eosinophils in tissue is a striking feature
of allergic diseases. Recently, a family of chemoattractant molecules,
namely chemokines, has been described which potently activates
eosinophil function in vitro. We have developed a murine model of
eosinophil recruitment to compare the relative potency and efficacy of
chemokines in vivo. Of the chemokines tested, only eotaxin and MIP-
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la induced significant accumulation of eosinophils in vivo,but eotaxin
was more effective than MIP-1a. Chemokines, especially eotaxin
acting via the CCR-3 receptor, may have a fundamental role in
determining selective eosinophil recruitment in vivo.

Eosinophils as target for the
treatment of allergic diseases

There is much evidence to suggest an
important role for eosinophils in the patho-
physiology of parasitic and allergic diseases
(1,2). In the former diseases, eosinophil ac-
cumulation and activation at sites of migrat-
ing larvae may Kkill the parasites or render
them immobile (3). In addition, epidemio-
logical studies suggest arelationship between
eosinophil levels in blood and protection
against parasitic diseases (2). However, in
allergic diseases, such as atopic dermatitis
and asthma, uncontrolled eosinophil activa-
tion may lead to the release of lipid media-
tors, basic proteins, reactive oxygen species
and cytokines (4). For example, in asthma
these eosinophil products may cause bron-
choconstriction, damage the respiratory epi-
thelium and contribute to airway hyperre-
sponsiveness (5).

A striking feature of allergic diseases is

the presence of a great number of eosino-
phils in tissue in the absence of a significant
number of neutrophils (5). This preferential
accumulation of eosinophils suggests the
existence of specific pathways used by eo-
sinophils, but not by neutrophils, for their
specific accumulation in vivo. An under-
standing of the particular mechanisms mod-
ulating eosinophil recruitment in vivo would
aid in the development of pharmacological
therapies which would specifically block the
recruitment of eosinophils, but not of other
leukocytes (6). Such therapies may be of
benefit in allergic diseases where inhibition
of eosinophil recruitment is desirable, but
without the side effects of current therapies
(e.g., steroids) which inhibit leukocyte re-
cruitment indiscriminately.

Mechanisms of eosinophil
recruitment

In response to extravascular injurious
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stimuli, circulating leukocytes have to inter-
act with endothelial cells prior to leaving
blood vessels and entering the interstitium.
The current paradigm for the accumulation
of leukocytes into tissues of the systemic
circulation predicts the presence of at least
three stages of leukocyte/endothelial cell in-
teraction (7,8) (see Figure 1). Although this
paradigm has been demonstrated more ex-
tensively for neutrophil and lymphocyte re-
cruitment in vivo, similar mechanisms are
thought to be important for eosinophils (6).
Initially, the circulating leukocytes are cap-
tured and roll on the endothelial cells of
post-capillary venules, a process mediated
by selectins present on the leukocytes (L-
selectin) and endothelial cells (P- and E-
selectin) and their carbohydrate ligands (e.g.,
PSGL-1,ESL-1and CD34)(8,9). The integrin
VLA-4 may also play arole in mediating the
rolling of VLA-4-positive cells (such as eo-
sinophils) in vivo (10). The rolling leuko-
cytes may then be activated by chemoattract-
ants (e.g., eotaxin, interleukin-8, PAF) which
leads to upregulation and increased avidity
of integrins present on the leukocyte surface
(e.g., CD11/CD18 and VLA-4) (7). These
molecules mediate the firm adhesion of acti-
vated leukocytes to endothelial cells by bind-
ingto ligands including ICAM-1 and VCAM-
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Figure 1 - The three-step model for the migration of blood leukocytes into tissue of the

systemic circulation.
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1 (8). The leukocytes are then able to migrate
to the interstitium, a process that also in-
volves PECAM-1 (CD31) (8).

Eosinophil-active chemokines

Of special interest to this review is the
recent discovery of a family of chemoattract-
ants, namely chemokines (chemoattractant
cytokines), a few of which are potent activa-
tors of eosinophils (Table 1). Chemokines
are proteins of molecular mass usually rang-
ing from 8 to 10 kDa and amino acid se-
quence identity of 20 to 90% (11). These
proteins have four conserved cysteine resi-
dues and, depending on the presence of one
amino acid between the first two cysteines,
are classified into C-C (no amino acid) and
C-X-C (one intervening amino acid) chemo-
kines (11). More recently, a member (lym-
photactin) of a third subfamily, C chemo-
kines, has been identified which possesses
only two cysteine residues (11). The main
function of chemokines appears to be related
to the selective activation and recruitment of
particular leukocyte subsets, but a number of
different roles have been ascribed to these
proteins (11,12). Chemokines act on distinct
7-membrane spanning G protein-coupled
receptors on the surface of leukocytes (13,14).

There are two receptors which mediate
the actions of C-X-C chemokines and these
receptors appear to be expressed mainly,
although not exclusively, on neutrophils
(13,14). As such, C-X-C chemokines are
potent activators of neutrophil function and
recruitment and are thought to play an im-
portantrole in acute inflammation (13). There
are five receptors which mediate the actions
of C-C chemokines and these receptors are
differentially expressed on monocytes, B and
T lymphocytes, eosinophils, and basophils,
amongst other cell types (13,14). For ex-
ample, eosinophils express high levels of the
CCR-3 receptor (40,000 to 400,000 recep-
tors per cell) and this receptor appears to
mediate the action of eotaxin, RANTES and
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MCP-3 on eosinophils (15,16). Interestingly,
CCR-3 is the only eotaxin receptor identi-
fied to date. Eosinophils also express the
CCR-1 receptor but only at 1-5% of the
levels of CCR-3 (16) and, thus, it is likely
that CCR-3 is largely responsible for mediat-
ing the effects of eotaxin, RANTES, MCP-3
and MCP-4 on eosinophils (17) (Table 1).

In agreement with their ability to bind to
and activate the CCR-3 receptor, RANTES,
MCP-3, MCP-4 and eotaxin are effective
activators of eosinophils in vitro (18-21).
Thus, these chemokines have been shown to
elevate intracellular calcium levels in eosin-
ophils and induce chemotaxis, mediator re-
lease and the production of oxygen radicals.
In addition, it is now evident that elevated
levels of these chemokines are found in tis-
sue samples obtained from patients with al-
lergic diseases (22,23). Both MCP-2 (24)
and MIP-1a (19) have also been shown to
activate human eosinophils but they are con-
siderably less effective than MCP-3, MCP-4,
RANTES and eotaxin (17). MCP-2 recog-
nizes a similar receptor to that of MCP-3
(CCR-3) but it has lower receptor affinity
(24). MIP-1a does not activate the CCR-3
receptor (22) and is likely to activate eosino-
phils via the CCR-1 receptor. Furthermore,
there is evidence to suggest that both
RANTES and MCP-3 may also activate the
CCR-1 receptor in eosinophils inasmuch as
RANTES- and MCP-3-induced intracellular
calcium elevation in eosinophils is fully de-
sensitized only after activation of these cells
with MCP-2 (CCR-3) and MIP-1a (CCR-1)
(19,24).

In vivo studies in a murine model
of eosinophil recruitment

In contrast to the many studies evaluating
the effect of chemokines in vitro, there have
been very few investigations assessing the
effects and importance of chemokines for
eosinophil recruitment in vivo. Indeed,
eotaxin was the only C-C chemokine whose

discovery was based on an in vivo assay
(20). Moreover, there have been no studies
assessing the comparative potency of eosi-
nophil-active chemokines in vivo.

Using eosinophils purified from the blood
of mice overexpressing the murine IL-5
gene (25), we have developed a murine mo-
del to compare the potency and effective-
ness of eosinophil-active chemokines in vivo
(26). A number of different recombinant
murine C-X-C (KC, MIP-2) and C-C (mMCP-
1/JE, mMIP-1a, mMIP-16, mEotaxin,
mRANTES) chemokines were tested for their
ability to induce eosinophil recruitment in
vivo. Only eotaxin and MIP-10a induced sig-
nificant eosinophil recruitment but eotaxin
was more effective than MIP-1a at the doses
tested (0.3 to 30 pmol/site). None of the C-
X-C chemokines induced any significant mi-
gration of eosinophils into skin sites. In agree-
ment with the data using [!'!In]-labelled eo-
sinophils, histological sections of skin sites
injected with eotaxin and MIP-1a showed
significant infiltration of endogenous eosin-
ophils. In contrast, histological sections of

Table 1 - List of members of the chemokine su-
perfamily.

The murine homologues of human chemokines
are given within parenthesis. #C-C chemokines
shown to be potent activators of eosinophils
mainly via the CCR-3 receptor. @C-C chemokines
shown to activate eosinophils but less potently
than #. +IL-8 induces the chemotaxis of IL-5-
primed eosinophils (e.g., Ref. 34). Not shown is
the C chemokine lymphotactin (11).

C-C chemokines C-X-C chemokines
RANTES# (mMRANTES) IP-10 (crg-2)
MIP-1a@ (mMIP-1a) Mig (mMig)
MIP-1R (mMIP-1R) NAP-4

MIP-1y (ImMRP-2) IL-8+

MCP-1 (mMCP-1/JE) PF-4

MCP-2@ ENA-78 (LIX)
MCP-3# (MARC) GCP-2

MCP-4# GROa (KC)
Eotaxin* (mEotaxin) GROR/GROy (MIP-2)
[-309 (TCA-3) SDF-1

HCC-1 NAP-2

C-10 (mC-10)
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skin sites injected with C-X-C chemokines
showed an intense inflammatory infiltrate
consisting mainly of neutrophils but without
any significant eosinophil infiltration. Simi-
larly, the only human recombinant proteins
to induce significant eosinophil recruitment
into mouse skin were hEotaxin and hMIP-
1a, butnothRANTES, hMCP-1, hMCP-3 or
hMCP-4.

The data demonstrating potent effects of
mEotaxin in mouse skin are in good agree-
ment with studies showing the efficacy of
eotaxin in guinea pig and primate skin
(20,22,27). More recently, the human homo-
logue of guinea pig eotaxin has been cloned
(20,23) and shown to be upregulated at sites
where eosinophil infiltration occurred (e.g.,
nasal polyps) and after cytokine-induced
stimulation of various cell lines. Similarly,
in guinea pigs and mice eotaxin is expressed
in the lungs after antigen challenge of sensi-
tized animals and its expression parallels
eosinophil infiltration (28-30). As on human
eosinophils, it is also likely that mEotaxin
activates the murine homologue of CCR-3
on eosinophils (31). Although eotaxin pro-
vides an exciting new mechanism to explain
tissue eosinophilia, studies using eotaxin
knock-out technology, anti-eotaxin antibod-
ies or CCR-3 receptor blockers are needed to
prove this concept.

Interestingly and in contrast to its relative
low effectiveness at activating human eosin-
ophils, MIP-1a was effective at inducing
eosinophil recruitment in mouse skin. This
is consistent with the ability of MIP-1a to
bind to murine eosinophils and induce their
chemotaxis in vitro (31). In addition, block-
ing studies have shown an important role for
MIP-1a in mediating eosinophil migration
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to the lungs of antigen-challenged mice (32).
It is unclear whether MIP-1a activates mu-
rine eosinophils via the CCR-1 or the CCR-
3 receptors. However, it has been suggested
that mCCR-3 may play a more important
role in the effects of MIP-1a on eosinophils,
inasmuch as MIP-16, which also binds to
mCCR-1, fails to activate murine eosino-
phils (31). Another interesting finding was
the inability of RANTES to induce signifi-
cant recruitment of eosinophils in mouse
skin. This is in contrast to data which have
shown RANTES to activate human eosino-
phils and to induce eosinophil recruitment in
primate and dog skin, albeit with high doses
of this chemokine (22,33). RANTES also
failed to activate guinea pig eosinophils,
even though it bound to eotaxin receptors on
the surface of these cells (20).

Conclusion

We have described a new model for the
study of eosinophil recruitment in vivo. In
this model, eotaxin and MIP-1a are effective
inducers of eosinophil migration, but eotaxin
was significantly more effective than MIP-
1a. None of the other C-C and C-X-C che-
mokines tested induced any significant eo-
sinophil recruitment. It is our working hy-
pothesis that chemokines (e.g., eotaxin) that
activate the CCR-3 receptor are fundamental
to the process of selective recruitment of
eosinophils to tissues in vivo. If this is true,
drugs which block the CCR-3 receptor will
provide a useful and selective treatment for
allergic diseases. Studies using monoclonal
antibodies are under way to evaluate this
hypothesis in our murine model.
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