
1455

Braz J Med Biol Res 36(11) 2003

Chemokines and eosinophil activation
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Abstract

Chemokines are important chemotactic cytokines that play a funda-
mental role in the trafficking of leukocytes to sites of inflammation.
They are also potent cell-activating factors, inducing cytokine and
histamine release and free radical production, a fact that makes them
particularly important in the pathogenesis of allergic inflammation.
The action of chemokines is regulated at the level of agonist produc-
tion and processing as well as at the level of receptor expression and
coupling. Therefore, an analysis of the ligands must necessarily
consider receptors. Eosinophils are target cells involved in the allergic
inflammatory response since they are able to release a wide variety of
mediators including CC and CXC chemokines and express their
receptors. These mediators could damage the airway epithelial cells
and might be important to stimulate other cells inducing an amplifica-
tion of the allergic response. This review focuses on recently emerging
data pertaining to the importance of chemokines and chemokine
receptors in promoting eosinophil activation and migration during the
allergic inflammatory process. The analysis of the function of eosino-
phils and their chemokine receptors during allergic inflammation
might be a good approach to understanding the determinants of
asthma severity and to developing novel therapies.
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Chemokines are a large family of cyto-
kines that play a highly important role in
orchestrating the exquisitely organized and
regulated movement of cells to specific loca-
tions within the body. There are large reper-
toires of chemokine receptors expressed in
different cell types. In addition, chemokines
promote leukocyte migration and are potent
cell activators (1,2). After binding to their
receptors on neutrophils, eosinophils, baso-
phils, mast cells and other cells, chemokines
elicit granule exocytosis, oxidative burst with

the release of superoxide, and nitric oxide
release, and can affect gene expression, pro-
liferation, homeostasis and apoptosis (3).
Because chemokines are able to attract dif-
ferent cell types, they have been shown to
mediate inflammatory tissue destruction in a
wide variety of human diseases, such as rheu-
matoid arthritis, myocardial infarction, adult
respiratory distress syndrome and asthma (4-
7). Nowadays, investigating the intracellular
mechanisms involved in chemokine-activated
cells or creating chemokine receptor antago-
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nists represents an important approach to
controlling these specific pathologies.

Chemokines are 8-12-kDa heparin-bind-
ing proteins that are rich in basic amino acids
and contain conserved cysteine motifs. The
latter are involved in the formation of essen-
tial disulfide bonds located between the first
and third and the second and fourth cys-
teines in the vicinity of the N-terminus of the
protein, thereby defining four structural mo-
tifs: CXC, CC, C and CX3C (8). The chemo-
kine nomenclature has been in place since
1996 and has been officially endorsed by the
Nomenclature Committee of the International
Union of Pharmacological Reviews (2000,
52: 145-176). In an attempt to clarify the
complex nomenclature associated with

chemokines, Drs. Yoshie and Zlotnik have
devised a systematic nomenclature parallel-
ing that of the receptor nomenclature system
(8). The chemokine Nomenclature Sub-Com-
mittee of the Nomenclature Committee of
the International Union of Immunological
Societies has considered this system and
recommended its adoption by IUIS/WHO
(Tables 1 and 2).

The chemokine receptors exert most of
their biological effects by binding to a large
family of Gi-protein-coupled seven-trans-
membrane receptors leading to activation of
multiple intracellular signaling pathways (9).
Redundancy exists in the signaling of chemo-
kines through chemokine receptors because
many chemokines bind to more than one

Table 1. CC receptor family, CC chemokine ligands and biological function.

CC chemokine CC chemokine ligands Biological function
receptors

CCR1 MIP-1α, RANTES, MCP-2, -3, Eosinophil and monocyte migration,
HCC-1/MIP-1δ (CCL3, CCL5, CCL8, CCL7, decreased Th2 cytokines and airway
CCL14, CCL15) remodelling. Antiviral activity.

CCR2 MCP-1, -2, -3, -4, -5 (CCL2, CCL8, CCL7, Monocyte, lymphocyte and basophil
CCL13, CCL12) recruitment. Mast cell degranulation/

activation.

CCR3 Eotaxin, -2, -3, RANTES, MIP-1α, MCP-2, -3, -4 Eosinophil/mast cell chemotaxis/
(CCL11, CCL24, CCL26, CCL5, CCL3, CCL8, activation. Eosinophil, basophil and
CCL7, CCL13) Th2 cell recruitment.

CCR4 TARC, MDC (CCL17, CCL22) Th2 cell, monocyte recruitment,
dendritic cell recruitment.

CCR5 RANTES, MIP-1α, MIP-1ß, MCP-2, -4, Th2 cell, macrophage recruitment.
HCC-1 (CCL5, CCL3, CCL4, CCL8, CCL13, Decreased eosinophilia and airway
CCL14) hyperreactivity.

CCR6 MIP-3α (CCL20) Decreased eosinophilia, airway
hyperreactivity and lung IL-5.

CCR7 MIP-3ß, 6Ckine (CCL19, CCL21) NK cell recruitment.

CCR8 I-309, TCA-3 (mouse), TARC, HCC-4 (CCL1, Th2 recruitment, smooth muscle cell
CCL17, CCL16) contraction, decreased eosinophilia

and serum IL-5.

CCR9 TECK (CCL25) T-cell recruitment.

CCR10 Eskine, MIP-3α, 6Ckine (CCL27, CCL20, CCL19) T-cell recruitment.

CCR11 MIP-3ß, 6Ckine, TECK, MCP-1, -2, -3, -4, -5 Monocyte recruitment.
(CCL19, CCL21, CCL25, CCL2, CCL8, CCL7,
CCL13, CCL12)
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chemokine receptor, and many chemokine
receptors bind more than one chemokine
(Tables 1 and 2).

The G-protein receptor ligation involves
activation of the heterotrimeric Gα/ßγ com-
plex that is responsible, when activated, for
different cell functions. For example, the
stimulation of chemotaxis by a chemokine
requires functional coupling of the receptor
to Gαi, since migration is completely inhib-
ited by treatment of the cells with pertussis
toxin. However, Gαi itself appears not to be
necessary for cell migration. The essential
step is the release of the heterotrimeric G-
protein ßγ subunits from Gαi and the Gi-
protein-coupled receptor (10). It was shown
that only ßγ subunits released from Gi-
coupled receptors, but not those released
from Gs- or Gq-coupled receptors, could
mediate cell migration (11).

The G-protein effector activation often
modifies the concentrations of a second mes-
senger and involves the signal transduction
machinery. Most chemokines share the abil-

ity to bind to chemokine receptors that trig-
ger these downstream cascades, rapidly acti-
vating phosphoinositide-specific phospholi-
pase C-ß2 (PLC-ß2) and PLC-ß3 isoenzymes,
which lead to inositol-1,4,5-triphosphate for-
mation and to a transient rise in the concen-
tration of intracellular free calcium (Ca2+).
This pathway has been widely used to test
the responsiveness of chemokine receptors
to different chemokines (12). In neutrophils
of mice that lack the genes encoding PLC-ß2

and PLC-ß3, the chemokine-induced calcium
elevation is fully suppressed, which sup-
ports the conclusion that PLC-ß2 and PLC-ß3

are the sole PLC isoforms that are activated
by chemokines in immune cells (13).

Several other chemokines have been
shown to inhibit adenylate cyclase and to
activate mitogen/extracellular signal-regu-
lated kinase (MEK)-1 and/or extracellular
signal-regulated kinase (ERK)-1/2. In addi-
tion, these responses stimulate tyrosine phos-
phorylation of focal adhesion complex com-
ponents and activate nuclear factor-κB (NF-

Table 2. CXC, CX3C and XC receptors, their chemokine ligands, and biological function.

CX chemokine CXC chemokine ligands Biological function
receptors

CXCR1 IL-8, ENA-78, GCP-2 (CXCL8, Neutrophil chemotaxis and functional
CXCL5, CXCL6) modulation.

CXCR2 IL-8, NAP-2, ENA-78, GROα, GROß, Neutrophil chemotaxis and functional
GROγ (CXCL8, CXCL7, CXCL5, CXCL1, modulation.
CXCL2, CXCL3)

CXCR3 Mig, IP-10, I-TAC (CXCL9, Attraction of Th1 cells, activated eosinophils;
CXCL10, CXCL11) allograft rejection.

CXCR4 SDF-1 (CXCL12) Reduction of tissue eosinophil recruitment
and airway hyperreactivity, B cell
responses, stem cell homing.

CXCR5 BCA-1 (CXCL13) Formation of B cell compartment; effector
of T-cell generation. Activated CD4+ T-cell.

CXCR6 CXCL16 Activated T-cell.

CX3CR1 Fractalkine, neurotactin Microglia expression, renal inflammation,
vascular injury.

XCR1 Lymphotactin α Fungal infection, mast cell response.

XCR2 Lymphotactin ß ?
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κB) as well as signal transducer and activa-
tor of transcription 1 (STAT1) and STAT3
(14,15). Thus, chemokines can couple to
distinct signaling pathways that have been
demonstrated to mediate not only migration,
but also cell growth and transcriptional acti-
vation.

One particular signaling pathway, namely
that controlled by lipid kinase phosphoinosi-
tide 3-kinase (PI3K), has been the focus of
much attention with respect to its activation
by chemokine receptors and the role it plays
in regulating cell migration. PI3Ks are a
family of proteins that catalyze the phospho-
rylation of the 3-OH position of the inositol
head group of phosphoinositide lipids, phos-
phatidylinositol (PtdIns), phosphatidylino-
sitol (4) phosphate [PtdIns(4)P] and phos-
phatidylinositol (4,5) bisphosphate [PtdIns
(4,5)P2]. This results in the formation of
PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3,
respectively, collectively termed 3'-phospho-
inositide lipids (16). PI3K is considered to
be one of the direct substrates of heterotri-
meric G-protein ßγ subunit activation that
generate lipid second messenger molecules,
resulting in the activation of multiple intra-
cellular signaling cascades. These events
regulate a broad array of cellular responses,
including survival, activation, differentiation
and proliferation, and are now recognized as
playing a key role in a number of physiologi-
cal and pathophysiological processes in the
lung (17).

PI3K has been shown to be a key regula-
tor of both neutrophil recruitment and acti-
vation. In mice lacking the catalytic subunit
of the myeloid restricted PI3K-γ, neutrophil
migration to the inflamed peritoneum was
severely compromised (18,19). The role of
PI3K in eosinophil degranulation is not
known, but these enzymes are required for
activation of the eosinophil NADPH oxidase
complex (20).

In eosinophils, eotaxin (CCL11), a CC
chemokine that binds CCR3, induces de-
granulation and chemotaxis through the acti-

vation of ERK-2 (a downstream molecule
from p42/44 mitogen-activated protein ki-
nases, MAPK) and p38 MAPK (21). How-
ever, p38 MAPK plays a greater role than
ERK-2 in eosinophil differentiation and mac-
rophage inflammatory protein 1α (MIP-1α,
CCL3) production by eosinophils (22). In-
terestingly, MIP-1ß (CCL4) and T-cell acti-
vation gene 3 (TCA-3, CCL1) (CCR5 and
CCR8 ligands) induce eosinophil chemo-
taxis by a Gαi-independent mechanism, be-
cause the migration was not inhibited by
treatment of the cells with pertussis toxin
(Oliveira SHP, unpublished data). Thus, dif-
ferent pathways may be used by eosinophils
to carry out their functions.

Chemokines, eosinophils and asthma

Bronchial asthma is a chronic inflamma-
tory disorder characterized by airway in-
flammation and infiltration by eosinophils,
neutrophils and T lymphocytes (23-25). Fur-
thermore, there is a mass of evidence show-
ing that the severity of the disease depends
on eosinophil accumulation and activation
within the airways (25-27). Eosinophils con-
tain a number of products that when released
directly cause mucosal injury and contribute
to the disturbances in lung physiology. These
products include major basic protein, eosin-
ophil cationic protein, eosinophil-derived
neurotoxin, and eosinophil peroxidase, in
addition to oxygen and nitrogen metabolites.
In addition, eosinophils generate lipid me-
diators, including platelet-activating factor,
leukotrienes B4 and C4, cytokines and chemo-
kines that are able to activate eosinophils,
other leukocytes, and structural cells. In this
cascade of events, structural cells release more
chemotactic factors such as chemokines and
leukotriene B4 that create a more intense in-
flammatory response (28-30).

The evidence suggests that recruitment
of eosinophils into the site of inflammation
is a multistep process, involving leukocyte-
endothelial interactions through adhesion
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molecules and local generation of chemotac-
tic agents that direct cell migration from the
vascular compartment into the inflamed air-
ways (1).

For many years, research has been fo-
cussed on the mechanisms of activation and
recruitment of eosinophils into the airways
in asthmatic patients or in animals used as
experimental models. Recently, chemokines
have been implicated in contributing to al-
lergic disorders, such as asthma (31-33).
These chemokines seem to be related to the
severity of asthmatic inflammation and reac-
tive airway response.

Chemokines, such as RANTES (CCL5,
regulated on activation, normal T-cell ex-
pressed and secreted), MIP-1α (CCL3) and
monocyte chemoattractant protein 5 (MCP-
5, CCL12) are upregulated early after aller-
gen challenge, but one cannot easily demon-
strate a correlation between this upregula-
tion and the recruitment of defined leuko-
cyte subsets (34). In contrast, the kinetics of
production of eotaxin (CCL11), MCP-1
(CCL2), monocyte-derived chemokine
(MDC, CCL22) and thymus- and activation-
regulated chemokine (TARC, CCL17) shows
a good correlation with the recruitment of
specific leukocyte subsets expressing the re-
ceptors for these chemokines (35-37).

In studies using animal models of aller-
gic airway inflammation, the neutralization
of either MIP-1α (CCL3) or RANTES
(CCL5), but not MCP-1 (CCL2), signifi-
cantly reduced the intensity of the eosinophil
recruitment to the lung and airway during the
allergic airway response. In contrast, neu-
tralization of MCP-1 (CCL2) significantly
reduced total leukocyte migration. Further
examination of the effect of MCP-1 (CCL2)
depletion indicated that both CD4+ and CD8+
lymphocyte subsets were decreased. Deple-
tion of MCP-1 (CCL2) significantly reduced
the airway hyperreactivity to near control
levels, whereas depletion of MIP-1α (CCL3)
or RANTES (CCL5) did not affect the inten-
sity of airway hyperreactivity. These data

suggest that multiple CC chemokines are
involved in the recruitment of the particular
leukocyte populations during the allergic
process (38).

Eotaxin (CCL11), the first CC chemo-
kine showing the ability to selectively recruit
eosinophils, has drawn most attention from
researchers studying allergic responses. Eo-
taxin (CCL11) was first discovered in the
bronchoalveolar lavage fluid of guinea pigs
after an allergen challenge (39). It has since
been cloned in humans and mice, and ap-
pears to have similar functions, although a
paucity of data still exists with respect to
inflammatory disorders. Eotaxin (CCL11),
eotaxin 2 (CCL24), RANTES (CCL5), MCP-
3 (CCL7), -4 (CCL13) and CCR3 expression
were observed in bronchial biopsies from
atopic and nonatopic asthmatics (40). In ad-
dition, an increased bone marrow pool of
CCR3(+) mature and immature eosinophils
has been described in subjects with asthma
(41). Thus, it appears that CCR3 is substan-
tially involved in the recruitment of inflam-
matory cells in the allergic response. Con-
firming this issue, the pretreatment of eosino-
phils from allergic and eosinophilic donors
with a monoclonal antibody to CCR3 blocked
chemotaxis and calcium flux induced by all
CCR3 ligands (42). These results demon-
strated the importance of CCR3 for eosino-
phil responses.

Although some specific eosinophil func-
tion depends on CCR3 activation, other re-
ceptors expressed by eosinophils also ap-
pear to be functional. Recent studies ob-
served that peripheral blood eosinophils from
patients with eosinophilic lung diseases ex-
pressed other chemokine receptors in addi-
tion to CCR3. It was observed that broncho-
alveolar lavage eosinophils from allergic pa-
tients had an increase in CXCR4 and a de-
crease in CCR3 expression (43). These re-
sults suggest that CCR3 may be a primary
mediator and CXCR4 is cooperatively in-
volved in the eosinophil accumulation at
inflamed tissue sites. Initially, CCR3 was
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Table 3. CC chemokine receptor expression in leukocytes and structural cells.

CCR1 CCR2 CCR3 CCR4 CCR5 CCR6 CCR7 CCR8 CCR9 CCR10 CCR11

Eosinophils + + + - + + - + - - -
Neutrophils + + + - - - - - - - -
Mast cells + + + + + + + - - - -
Macrophages + + - - + - - - + - -
Lymphocytes + + + + + + + + + + +
Fibroblasts - + + - - - - - - + -
Epithelial cells - - + - - + - - - + -
Endothelial cells - + + + - - - - - + -
Airway smooth - + - - - - - - - - -

muscle cells

thought to be specific to eosinophils, but has
subsequently been detected on Th2 cell sub-
sets, as well as basophils, mast cells, neural
tissue and airway epithelia. It appears that
CCR3 is important for the basal trafficking
of eosinophils to the intestinal mucosa but
not to the lung. Furthermore, CCR3 may be
involved in mast cell homing to epithelial
tissues (44,45) as well as leukotriene C4

production by eosinophils and basophils (46).
Other chemokine receptors vary consid-

erably in their expression patterns between
leukocyte subsets (Tables 3 and 4). CCR1,
CCR5 and CXCR3 are preferentially ex-
pressed in Th1 cells, whereas CCR3, CCR4
and CCR8 seem to be typical of Th2 cells.
Likewise, mast cells also express a number
of chemokine receptors including, CCR1,
CCR2, CCR3, CCR4, CCR5, CCR6,
CX3CR1 and XCR1 (47-49). These obser-
vations highlight the complexity and diffi-
culty researchers have faced in the func-
tional characterization of chemokines and
their receptors.

When examining responses in various
cell types, the complexity of the chemokine
system becomes readily evident. There are
experimental data demonstrating that eotaxin
(CCL11) is the most potent eosinophil che-
motactic factor. However, additional studies
have now demonstrated that other non-
CCR3-binding chemokines, including MDC
(CCL22), MIP-1ß (CCL4), TCA-3 (CCL1),
C10, and TARC (CCL17), can also induce

eosinophil activation as well as eosinophil
migration. In studies from our laboratories,
we have observed that eosinophils elicited
from the peritoneum of sensitized mice dis-
play additional chemotactic responses to spe-
cific CC chemokines, which are absent from
peripheral blood eosinophils. We demon-
strated that CCR5 and CCR8 ligands MIP-
1ß (CCL4) and TCA-3 (CCL1) were able to
induce elicited eosinophils to migrate using
in vitro chemotactic assays. Furthermore, the
pretreated IL-4- or -TNF-α-elicited eosino-
phils show upregulation of the expression
and function of CCR5 and CCR8 (50) (Tables
5 and 6). We also observed that these chemo-
kines were able to induce a dramatic eosino-
phil peroxidase release, suggesting that MIP-
1ß (CCL4) and TCA-3 (CCL1) are potent
eosinophil activators (Table 6). These stud-
ies have been supported by data in CCR8-/-
mice, where the most significant alterations
were decreased eosinophil accumulation and
release of eosinophil peroxidase into the
bronchoalveolar lavage fluid (51).

Historically, the CXC chemokine recep-
tor expression was thought to be common in
neutrophils but not in eosinophils. However,
the role of CXC receptor expression in eo-
sinophil function has been described recently.
The CXCR3 receptor expression was ob-
served in eosinophils from nonallergic indi-
viduals and is up- and downregulated by IL-
2 and IL-10, respectively. IP-10 (CXCL10)
and Mig (CXCL9), via CXCR3, activate
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eosinophils to migrate, release eosinophil
cationic protein and induce NF-AT complex
nuclear translocation (52).

The functional role of CXCR4 expres-
sion in eosinophils was observed to be in-
ducible and SDF-1α (CXCL12) elicited
strong migration comparable to that induced
by eotaxin (CCL11). Th2 cytokines such as
IL-4 and IL-5 drastically inhibited the ex-
pression of CXCR4 (53). These studies pro-
vide useful insights into novel mechanisms
of action of the CXC chemokines in the
pathophysiology of allergic inflammation,
including initiation, progression and termi-
nation of the eosinophilic processes.

In support for a role for CXCR4, a CXCR4
antagonist (AMD3100) was observed to at-
tenuate allergic lung inflammation and air-
way hyperreactivity in mice. AMD3100-
treated animals had reduced airway hyperre-
activity, peribronchial eosinophilia and over-
all inflammatory responses, as well as re-
duced IL-4 and IL-5 levels (54).

The CXCR3-selective chemokine ligands
also may represent an important therapeutic
approach to control the allergic processes,
since the CXC ligands, IP-10 (CXCL10),
Mig (CXCL9) and I-TAC (CXCL11) can act
as antagonists of CCR3 and thereby inhibit
the infiltration of Th2 cells, in addition to
their agonist effects on CXCR3, which lead
to attraction of Th1 cells (55). Therefore,
although most of the research in allergic
asthma has concentrated on the CC family of
chemokines, the CXC family also appears to
have a distinct function in the overall devel-
opment and severity of disease.

Conclusion

Chemokines play an important role in the
allergic inflammatory process through the
initiation of leukocyte recruitment, activa-
tion and regulation of disease severity.
Chemokines are very promiscuous and bind
to multiple receptors. Therefore, determin-
ing the precise function of the individual

Table 4. CXC chemokine receptor expression in leukocytes and structural cells.

CXCR1 CXCR2 CXCR3 CXCR4 CXCR5 CXCR6

Eosinophils - - + + - -
Neutrophils + + - + - -
Mast cells + + - + - -
Macrophages - - - + - -
Lymphocytes - - + + + +
Fibroblasts - + - - - -
Epithelial cells - - + - - -
Endothelial cells + + + + - -
Airway smooth - - + - - -

muscle cells

Table 6. CC chemokine receptor functional activity (chemotactic activity, EPO release
and Ca2+ flux activity) on eosinophils (Eos) stimulated with TNF-α or IL-4.

Stimulus Chemotactic activity EPO release Ca2+ flux

Eos+Medium Eos+IL-4 Eos+TNF-α Eos+Medium Eos+Medium

MIP-1α (CCR1) ++ - +++ + ++
MCP-1 (CCR2) - - - - -
Eotaxin (CCR3) +++ +++ +++ ++ +++
MDC (CCR4) - - - +++ -
MIP-1ß (CCR5) - ++ ++ +++ -
TCA-3 (CCR8) - ++ ++ +++ -

Results are reported as the following parameters: - = no chemotactic activity, EPO
release or Ca2+ flux; + = weak chemotactic activity, EPO release or Ca2+ flux; ++ =
intermediate chemotactic activity, EPO release or Ca2+ flux; +++ = strong chemotactic
activity, EPO release or Ca2+ flux, when compared with control (nonstimulated eosino-
phils). EPO = eosinophil peroxidase.

Table 5. CC chemokine receptor expression on eosinophils stimulated with TNF-α or
IL-4.

Stimulus mRNA     receptor expression

CCR1 CCR2 CCR3 CCR4 CRR5 CCR8

Medium (control) ++ - +++ - - -
+ TNF-α +++ - +++ - ++ ++
+ IL-4 + - +++ - ++ ++

RT-PCR was used to evaluate mRNA CC chemokine receptor expression. The results
are reported as band intensity of mRNA expression as follows: - = no mRNA expres-
sion; + = weak mRNA expression; ++ = intermediate mRNA expression; +++ = strong
mRNA expression, when compared with control group ß-actin.
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