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Abstract

The mechanism of cooperation between IL-5 and eotaxin
for the selective accumulation of eosinophils at sites of aller-
gic inflammation is unknown. In this investigation we have
used IL-5 deficient mice to define the relationship between
this cytokine and eotaxin in the regulation of blood eosino-
philia and eosinophil homing and tissue accumulation. Both
IL-5 and eotaxin could independently induce a rapid and
pronounced blood eosinophilia in wild type mice when ad-
ministered systemically. In contrast, only eotaxin induced a
pronounced blood eosinophilia in IL-5 deficient mice. The
eosinophilic response induced by intravenous eotaxin in
wild type mice did not correlate with a significant reduction
in the level of bone marrow eosinophils, whereas intrave-
nous IL-5 resulted in depletion of this store. These results
suggest the existence of two mechanisms by which eosino-
phils can be rapidly mobilized in response to intravenous
eosinophil chemoattractants; first, mobilization of an IL-5
dependent bone marrow pool, and second, an eotaxin-induced
sequestration of eosinophils from tissues into the blood.
Subcutaneous injection of eotaxin induced a local tissue
eosinophilia in wild type mice but not in IL-5 deficient mice.
Furthermore, tissue eosinophilia in wild type mice, but not
in IL-5 deficient mice, was enhanced by adoptive transfer of
eosinophils or the administration of intravenous IL-5. How-
ever, pretreatment of IL-5 deficient mice with intraperito-
neal IL-5 for 72 h restored eosinophil homing and tissue
accumulation in response to subcutaneous eotaxin. We pro-
pose that eotaxin secreted from inflamed tissue may play an
important role in initiating both blood and tissue eosino-
philia in the early phases of allergic inflammation. Further-
more, IL-5 is not only essential for mobilizing eosinophils
from the bone marrow during allergic inflammation, but
also plays a critical role in regulating eosinophil homing
and migration into tissues in response to eotaxin and possi-
bly other specific chemotactic stimuli. (J. Clin. Invest. 1997.
99:1064-1071.) Key words: chemotaxis « eosinophils « eotaxin «
homing . interleukin-5
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Introduction

The proposed central role of eosinophils in asthma and allergic
disease has initiated extensive investigations into the molecu-
lar and cellular mechanisms regulating eosinophil trafficking in
response to inflammatory stimuli. The recruitment of eosino-
phils to sites of allergic inflammation is a complex process that
potentially may be regulated by the inflammatory cytokines
IL-1B, IL-3, IL-4, IL-5, granulocyte macrophage colony stimu-
lating factor (GM-CSF) and tumor necrosis factor a (TNFa),!
and the chemokines RANTES, monocyte chemoattractant
protein-3 (MCP-3), macrophage inflammatory protein-loa (MIP-
la), and eotaxin. IL-3, IL-5 and GM-CSF have been shown to
enhance eosinophil development, migration and effector func-
tion (1-7), while IL-1B, IL-4, IL-5, and TNFa may regulate
eosinophil trafficking by activating adhesion systems in the
vascular endothelium (8-13). In conjunction with chemokines
(RANTES, MCP-3, MIP-1a, and eotaxin) and lipid mediators
(platelet-activating factor and leukotriene By), IL-5 may also
promote eosinophil chemotaxis within inflamed tissues (14—
25). Despite this apparent complexity, it is clear from investi-
gations with IL-5 deficient (IL-577) mice that the absence of
IL-5 alone abolishes the tissue and blood eosinophilia nor-
mally generated by allergic responses and parasite infections
(26, 27). Of the cytokines implicated in modulating eosino-
philic inflammation, only IL-5 and eotaxin have been identi-
fied to selectively regulate eosinophil trafficking (16-18, 28).
Currently, it is unknown which of these cytokines provides
the essential signal for eosinophil homing and migration into
tissues.

IL-5 has been identified as a central mediator in the regula-
tion of eosinophilic inflammation and in the etiology of asthma
and allergic disease (7, 26, 27, 29-31). IL-5 not only regulates
the growth, differentiation, and activation of eosinophils (1-6),
but also provides an essential signal for the induction of eosin-
ophilia during allergic inflammation (7, 26, 27). Investigations
with IL-57'~ mice have established that blood and airways
eosinophilia, and the subsequent development of lung damage
and airways hyperreactivity, which occurs in response to
aeroallergens, is dependent on IL-5 (27). However, these in-
vestigations also indicate that other factors derived from the
site of antigen presentation are required to amplify the IL-5
signal for eosinophil migration and are essential for wide-
spread eosinophilic inflammation in tissues (27).

Eotaxin, a member of the C-C branch of chemokines, has
been identified recently as a novel chemotactic agent for eosin-
ophils (16, 17). The potency and rapid action of eotaxin in in-
ducing selective pulmonary and intradermal eosinophil re-
cruitment, suggests an integral role for this protein in the early

1. Abbreviations used in this paper: MOP, mini-osmotic pump, OVA,
ovalbumin.



phases of the signaling mechanism for eosinophil homing and
tissue recruitment (16-18). Eosinophils also express an eotaxin
specific receptor which may regulate the selective recruitment
of this leukocyte to sites of inflammation (32). Eotaxin is con-
stitutively expressed in a number of tissues and may regulate
basal tissue homing of eosinophils. Increased production of eo-
taxin in response to antigen stimulation, in association with the
increased synthesis of cytokines and eosinophil chemoattrac-
tant chemokines, may regulate eosinophil tissue homing and
accumulation to the site of inflammation (16-18). Investiga-
tions in guinea pigs suggest that eotaxin and IL-5 may act co-
operatively to promote the recruitment of eosinophils into tis-
sues (28). The number of eosinophils recruited to sites of
intradermal injection of eotaxin correlated with an increase in
the number of circulating eosinophils induced by systemic ad-
ministration of IL-5. In mice, eotaxin-induced recruitment of
eosinophils to the lung and skin was only consistently observed
in IL-5 transgenic mice, which have elevated levels of IL-5 and
a pronounced basal blood eosinophilia (33). Thus, during the
inflammatory response, IL-5 may provide the signal for the re-
lease of a pool of eosinophils from the bone marrow, while eo-
taxin may elicit the signal for eosinophil localization to the site
of inflammation (28, 33). Amplification of eotaxin-induced
eosinophilia in the presence of increased levels of systemic IL-5
may be directly due to this cytokine or to the concomitant in-
crease in the pool of circulating eosinophils. Furthermore, it is
not known whether there is an essential requirement for IL-5
in the mechanism for eotaxin-induced recruitment of eosino-
phils to mucosal tissues.

In order to provide important insights into the molecular
mechanisms regulating eosinophil homing and selective eosin-
ophil trafficking during complex tissue responses to inflamma-
tory stimuli, it is essential to gain a better understanding of the
interaction between IL-5 and eotaxin. In this investigation, we
have used IL-57"~ mice to define the relationship between this
cytokine and eotaxin in the regulation of blood eosinophilia
and eosinophil homing and tissue accumulation. Our results
suggest that eotaxin may have important roles in initiating
both blood and tissue eosinophilia in the early phases of aller-
gic inflammation. Furthermore, IL-5 was found to be essential
for eotaxin-induced tissue eosinophilia suggesting that it may
provide a key signal for eosinophil homing to tissues in re-
sponse to specific chemotactic stimuli.

Methods

Animals. Male mice (C57BL/6, 6-8 wk of age) were used in all skin
bioassay experiments. Donor eosinophils for homing experiments
were obtained by sensitizing mice (C57BL/6, 8-10 wk of age) by in-
traperitoneal (i.p.) injection with 50 pg ovalbumin (OVA)/mg Alhy-
drogel (CSL Ltd., Parkville, Australia) in 0.9% sterile saline on days
0 and 12. On day 24 sensitized mice received injections of 50 pg OVA
i.p., every second day for 8 d, and eosinophils were washed from the
peritoneal cavity with 15 ml of RPMI-1640 medium. In some experi-
ments mice were injected with supernatants (0.5 mg protein/100 )
obtained from cultured SF9 insect cells, instead of OV A, as this was
found to induce a stronger intraperitoneal eosinophilia. Eosinophils
were purified by FACS using forward Vs side scatter and polarization
of light. The purity of the enriched population of eosinophils was
> 98% as determined by differential staining with Giemsa-May-
Grunwald. Purified eosinophils were diluted as required into RPMI-
1640 and 100 pl injected into the tail vein of recipient mice. Greater
than 97% of injected cells were determined as viable by trypan blue
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exclusion. IL-57/~ mice and control littermates (IL-57*) were derived
as previously described (26).

Effect of IL-5 or eotaxin on levels of circulating and bone marrow
eosinophils. Mice were injected i.v. with eotaxin (0.03-2.4 nmol/kg),
IL-5 (10-500 pmol/kg), or control vehicle (100 wl of 10 mM PBS/0.1%
BSA [< 0.1 ng/mg endotoxin], pH 7.4). Blood samples were taken be-
fore, at 30 min and hourly (as indicated in the text) after intravenous
injection of eotaxin, IL-5 or control vehicle for differential quantifica-
tion of leukocytes. At the peak of blood eosinophilia (30 min in IL-5""*
mice and 3 h in IL-57/~ mice with intravenous IL-5 and 30 min for all
mice with intravenous eotaxin) mice were killed by cervical disloca-
tion and the right femurs removed into ice cold HBSS. Epiphyses
from both the proximal and distal ends of the femurs were removed
and the bone marrow cavity lavaged with 2 ml of HBSS. The number
of cells/ml of lavage fluid was determined using a hemocytometer and
2 X 10° cells were cytocentrifuged and stained with Giemsa-May-
Grunwald for differential cell counting. Routinely, 300-400 cells were
counted per slide.

Bioassay of eotaxin- or IL-5-induced eosinophil accumulation in
skin. Mice were anesthetized with ether, the dorsal skin shaved, and
injected i.v. with IL-5 (100 pmol/kg in IL-5*"* mice and 500 pmol/kg
in IL-57/~ mice) or control vehicle (100 pl of 10 mM PBS/0.1% BSA
[< 0.1 ng/mg endotoxin], pH 7.4). In some experiments, wild type
mice were injected with eotaxin (1.2 nmol/kg i.v.) or in combination
with IL-5 (100 pmol/kg). After 1 h mice were injected subcutaneously
with 150 pl of air and the required concentration of eotaxin (1-80
pmolssite), IL-5 (0.1-10 pmol/site), combination of both cytokines
(IL-5 [10 pmol/site] and eotaxin [5.0 pmol/site]) or control vehicle
(100 ! HBSS/0.01% BSA [< 0.1 ng/mg endotoxin], pH 7.4). 2 h after
subcutaneous injection of cytokine(s) or control vehicle, mice were
killed by CO, asphyxiation, and the dorsal skin membrane (subcuta-
neous fascia [34], approximately 18 X 18 mm) below the air pouch ex-
cised directly onto a glass slide. Slides were allowed to air dry before
being fixed with methanol and stained with Giemsa-May-Grunwald
for differential cell counting. Eosinophils/mm? were determined by
counting 10 fields of view (X250). Blood samples were taken before
intravenous injection of IL-5, 30 min after administration, and hourly
thereafter.

Role of IL-5 and eotaxin in eosinophil homing. 1L-5'~ and IL-5**
mice were injected i.v. with 1 X 10° or 4 X 10° donor eosinophils and
10 min later peripheral blood samples were taken. Mice were then in-
jected subcutaneously with eotaxin (5.0 pmol/site), IL-5 (10 pmol/
site), or control vehicle (100 wl HBSS/0.01% BSA, pH 7.4). After 2h
the mice were killed and the dorsal skin membrane was excised and
prepared for differential cell counting (as above).

Restoration of eosinophil homing in IL-57'~ mice. 1L-57~ mice
were anesthetized with ketamine (60 mg/kg i.p.) and rompun (8 mg/
kg i.p.) by injection and the ventral skin was shaved and washed with
hibitane. Mini-osmotic-pumps (MOP) containing IL-5 or control ve-
hicle (10 mM PBS/0.1% BSA, pH 7.4, i.p.) were implanted under
sterile conditions and the wound was sealed. MOP were calibrated to
deliver control vehicle or 100 pmol/kg of IL-5 per h for 7 d. After 72
h, mice were injected i.v. with IL-5 (500 pmol/kg) or control vehicle
(100 wl of 10 mM PBS/0.1% BSA, pH 7.4) at 0 and 30 min. Eotaxin
(5.0 pmolsite), IL-5 (10 pmol/site) or control vehicle (HBSS/0.01%
BSA, pH 7.4) was then injected subcutaneously and 2 h later the mice
were killed and the dorsal skin membrane was excised for differential
cell counts (see above). Blood samples were taken before intravenous
injection of IL-5 and at intervals of 30 min thereafter.

Characterization of tissue and circulating leukocytes. Dorsal skin
membrane preparations were stained with Giemsa-May-Grunwald so-
lution and 10 fields/slide were counted for eosinophil infiltration. Blood
samples were drawn from the tail vein into heparinized (10 U/ml) tubes.
Blood eosinophil numbers were quantified in whole blood by staining
with Discombe’s solution (35). Total and differential circulating leuko-
cyte numbers were also quantified on blood smears after staining with
Giemsa-May-Grunwald solution. 200-300 leukocytes were counted on
each slide. Cell types were identified by using morphological criteria.
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Materials. Mouse recombinant eotaxin was purchased from Pepro-
Tech, Inc. (Rocky Hill, NJ). Mouse recombinant IL-5 was expressed
and purified from the baculovirus expression system (36). IL-5 was
purified to homogeneity by gel filtration (Superdex 75 Pharmacia
LKB Biotechnology, Inc., Piscataway, NJ) and ion exchange (Mono
Q Pharmacia LKB Biotechnology, Inc.) and protein levels estimated
by optical density at 280 nm and Biorad protein assay using gamma
globulin as the standard. MOP (model 2001) were purchased from
Alza Corp. (Palo Alto, CA). All other reagents were purchased from
standard commercial chemical houses.

Results and Discussion

Effect of intravenous IL-5 and eotaxin on circulating eosinophil
levels. Intravenously administered IL-5 induced a rapid and
sustained increase in circulating eosinophils in IL-5"/* mice
(Fig. 1 a). The peak was at the first time point of 30 min and
eosinophil numbers fell to basal levels over 5 h. This effect
was concentration-dependent (10, 20, 50 pmol/kg, results not
shown) and a dose of 100 pmol/kg induced an eosinophilia that
was equivalent to that observed during allergic pulmonary in-
flammation in mice (27). The rapid action of intravenous IL-5
in guinea pigs has been associated with the mobilization of a
bone marrow pool of eosinophils (28). This mechanism also
appeared to be operating in the present experiments as the
eosinophilia correlated with a fall in bone marrow eosinophil
numbers (Fig. 2). In IL-57/~ mice, however, intravenous IL-5
at levels as high as 500 pmol/kg did not induce a pronounced
blood eosinophilia, in comparison to wild type mice (Fig. 1 a),
suggesting that the mechanism involved in the release and/or
maintenance of this pool of eosinophils requires the presence
of this cytokine. The effect of intravenous administration of

(b)

eotaxin on circulating levels of eosinophils has not been previ-
ously reported. In this investigation systemic eotaxin potently
induced a dose (0.03-2.4 nmol/kg) dependent blood eosino-
philia (Fig. 1 b). The onset of eosinophilia was extremely rapid
and blood levels were at least equivalent to that observed dur-
ing eosinophilic inflammation in mice and in response to intra-
venous IL-5 (Fig 1 a). However, eotaxin was approximately
threefold less potent than IL-5 in inducing an equivalent eosin-
ophilia. Moreover, eotaxin induced a peripheral blood eosin-
ophilia in IL-5~"~ mice (Fig. 1 c). This response was diminished
(~50%) in comparison to the blood eosinophilia observed in
IL-5** mice. The increase in blood eosinophil numbers in
IL-5%"* mice and IL-57/~ mice in response to intravenous eo-
taxin did not correlate with a significant reduction in the level
of bone marrow eosinophils (Fig. 2). IL-5~ mice have re-
duced basal blood levels of eosinophils which may affect the
number of eosinophils migrating through tissues (26). There-
fore, a reduction in the eosinophilic response to intravenous
eotaxin may reflect the number of eosinophils available to be
recruited to the blood, rather than a direct role for IL-5 in the
recruitment mechanism. Thus, two mechanisms may exist
whereby eosinophils can be rapidly mobilized in response to
intravenous eosinophil-specific chemoattractant stimuli, mobi-
lization of an IL-5-dependent bone marrow pool and eotaxin-
induced recruitment of eosinophils residing in tissues into the
circulation.

During allergic intradermal inflammation, two phases
(peaks at 6 and after 24 h) of tissue eosinophilia were observed
(37). The first phase of eosinophilia can occur independently
of systemic IL-5, while the second phase is significantly re-
duced in the presence of IL-5-mAb. Expression of eotaxin oc-

Figure 1. The effect of intravenous ad-

(a) 20 1 . ministration of IL-5 or eotaxin on circu-
—O0— 240 nmol/kg eotaxin lati . hil b in TL-5++
] * —0O—  1.20 nmol/kg eotaxin at:jnIgLegSjEOp. ! nl\lj[m crs m d d
g 16 - 030 nmolkg eotaxin 214 1L~ mice. Mice were injected
" % . with IL-5 (100 or 500 pmol/kg), eotaxin
= —a—  0.03 nmol/kg eotaxin .
D —o— iv. IL-5, IL-5*/+ s : (0.03-2.4 nmol/kg) or control vehicle
= | . o~ B 12 —e—  control vehicle o
x6 —o— iv.IL-5,IL-5 2 (100 pl of 10 mM PBS/0.1% BSA, pH
% —e— control vehicle, IL-5** g 7.4). Blood samples were taken before,
! o 2 g4 at 30 min, and hourly after intravenous
2 ‘é. injection of the cytokines or control ve-
g -% hicle for differential quantification of
g 21 s 4 leukocytes. () Blood eosinophil levels
g induced by IL-5 (100 pmol/kg) in IL-5%/*
0 0 . - : mice and by IL-5 (500 pmol/kg) in
0 1 2 3 4 5 0 1 2 3 IL-5"'~ mice. (b) Eotaxin (0.03-2.4
hours post injection hours post injection nmol/kg) induced a dose dependent in-
crease in circulating eosinophil num-
© bers. (c) Eotaxin (2.4 nmol/kg) induced blood eosinophilia was significantly reduced
20+ * but not abolished in IL-57/~ mice. Circulating eosinophil numbers were determined
T 30 min after injection of eotaxin. Results represent the mean number of eosinophils

[ 2.4 nmol/kg eotaxin, IL-5++
2.4 nmol/kg eotaxin, IL-57-
* control vehicle, IL-5+/+
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per ml of blood =SEM for groups of 5-6 mice. The significance of differences be-
tween experimental groups was analyzed using Student’s unpaired ¢ test. Differences
in means were considered significant if P < 0.05. (a) * P < 0.001 compared with con-
trol vehicle at 30 min. (b) *P < 0.001 at 2.4 nmol/kg eotaxin compared with control
vehicle. (¢) *P < 0.001 compared with control vehicle and ** P < 0.05 compared with
2.4 nmol/kg eotaxin in IL-5*'* mice.
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Figure 2. Eosinophil numbers in the bone marrow of IL-5""* and
IL-57"~ mice in the presence of intravenous IL-5 or eotaxin. IL-5 (100
pmol/kg and 500 pmol/kg, for IL-5*/* and IL-5"~ mice, respectively),
eotaxin (2.4 nmol/kg) or control vehicle (100 pl of 10 mM PBS/0.1%
BSA, pH 7.4) were injected intravenously into mice. Femurs were re-
moved at the peak of the blood eosinophilic response (30 min in
IL-5""* mice and 3 h in IL-57/~ mice with intravenous IL-5 [Fig. 1 a]
and 30 min for all mice with intravenous eotaxin [Fig. 1 b]) and the
bone marrow cavity lavaged with 2 ml of HBSS. The number of cells/
ml of lavage fluid was determined and 2 X 10° cells were cytocentri-
fuged and stained with Giemsa-May-Grunwald for differential cell
counting. Results represent the mean number of bone marrow eo-
sinophils =SEM for groups of four mice. Differences in means were
considered significant if P < 0.05. * P < 0.05 compared with control
vehicle.

curs early in the inflammatory response and can be induced in
cultured endothelial cells, alveolar epithelial cells, and T cell
clones (Th1 and Th2 clones) (17, 18). Taken together, these re-
sults suggest that eotaxin secreted from inflammatory cells or
tissue sites in the early phases of the inflammatory response
may be able to initiate and supplement tissue eosinophilia by
sequestering, into the circulation, eosinophils which are mi-
grating through noninflamed tissues. This mechanism would
utilize the eosinophil pool already participating in immune sur-
veillance and provide a mechanism for an immediate response
to allergic inflammation or parasite infection in mucosal tis-
sues. Eosinophilic inflammation could then be amplified and
sustained over the course of the inflammatory response by
eosinophils mobilized by IL-5 from the bone marrow.

Effect of subcutaneously injected eotaxin and IL-5 on eosin-
ophil accumulation in the skin. The role of IL-5 in the selec-
tive accumulation of eosinophils in tissue in response to eo-
taxin was analyzed in IL-5** and IL-57/~ mice. In IL-5"/F
mice, as previously observed (18, 33), eotaxin was a highly po-
tent chemotactic signal for the selective and rapid recruitment
of eosinophils. Within 2 h, eotaxin (1.0-20 pmol/site) had in-
duced a pronounced tissue eosinophilia which was highly de-
pendent on concentration (Fig. 3 a). The effect of eotaxin was
maximal at 5.0 pmol/site and subsequent increases in dose re-
sulted in a concentration-dependent reduction of eosinophil
accumulation. Similar results were also obtained in mice with
dilutions of crude supernatants from COS cells transfected
with eotaxin cDNA (17). These results, in part, may explain
why some investigators see no or only poor chemotactic re-
sponses with eotaxin in the absence of systemic eosinophilia
(33). The narrow range in which eotaxin stimulates eosino-

philia suggests that chemotactic signals for the selective migra-
tion of a cell type are discretely regulated at the site of inflam-
mation.

The effect of eotaxin on eosinophil transmigration was sig-
nificantly amplified (Fig. 3 a) by first inducing a blood eosino-
philia by injection of IL-5 (100 pmol/kg i.v.) (Fig. 1a) 1 h prior
to eotaxin injection. Subcutaneously injected eotaxin or IL-5
did not induce blood eosinophilia (results not shown). These
results support the concept that eotaxin and IL-5 act coopera-
tively to regulate the accumulation of eosinophils. However,
subcutaneous injection of IL-5 (1-10 pmol/site) also induced a
concentration dependent tissue eosinophilia which was also
amplified by intravenous injection of IL-5 (Fig. 3 b). Tissue
eosinophilia induced by IL-5 (10 pmol/site) was equivalent to
that produced by eotaxin (5.0 pmol/site) (Fig. 3 ¢). Coinjection
of eotaxin (5.0 pmol/site) and IL-5 (10 pmol/site) subcutane-
ously, significantly amplified eosinophil recruitment in com-
parison to eotaxin or IL-5 alone (Fig. 3 ¢). These results sug-
gest that IL-5 secreted in tissue compartments can act as a
chemoattractant for eosinophils and enhance local chemotac-
tic signals for eosinophil accumulation (22, 24, 25).

In IL-57/~ mice, eotaxin (5.0 pmol/site), IL-5 (10 pmol/site),
or a combination of both cytokines at the same site did not in-
duce tissue eosinophilia (Fig. 3 ¢). However, IL-5'~ mice have
reduced basal levels of circulating eosinophils. Intravenous ad-
ministration of IL-57/~ mice with IL-5 (doses of 500 pmol/kg at
0 and 30 min before the subcutaneous injection of the cyto-
kines at 1 h) was shown to restore circulating eosinophil num-
bers to the basal levels observed in IL-5/* mice (see Fig. 5 a).
However, this failed to promote eotaxin- or IL-5-induced tis-
sue eosinophilia (see Fig. 5 b), suggesting a critical role for IL-5
in the migration of eosinophils into tissues in response to spe-
cific chemotactic stimuli.

The relationship between blood eosinophilia induced by
eotaxin and/or IL-5, and the subsequent accumulation of eosin-
ophils at subcutaneous sites of administration of these che-
moattractants was also examined (Fig. 3 d). Interestingly, in-
travenous injection of eotaxin (1.2 nmol/kg) induced a blood
eosinophilia in wild type mice (Fig. 1 b), but did not amplify
chemotactic responses to subcutaneously administered eotaxin
(5.0 pmol/skin site) or IL-5 (10 pmol/skin site) (Fig. 3 d). In
contrast, injection of IL-5 (100 pmol/kg i.v.) significantly po-
tentiated chemotactic responses to either cytokine, when ad-
ministered subcutaneously (Fig. 3 d). Furthermore, intrave-
nous injection of a combination of both IL-5 (100 pmol/kg)
and eotaxin (1.2 nmol/kg) significantly amplified chemotactic
responses to eotaxin (5.0 pmol/skin site) or IL-5 (10 pmol/skin
site) when administered subcutaneously (Fig. 3 d). Eosinophil
accumulation was significantly greater than responses ob-
tained with intravenous IL-5 and subcutaneous eotaxin or with
intravenous IL-5 and subcutaneous IL-5.

These results show that intravenous IL-5 and eotaxin can
act cooperatively to potentiate local chemotactic responses.
Interestingly, increased numbers of eosinophils in the blood in
response to intravenous eotaxin did not significantly enhance
responses to chemotactic stimuli in the skin, without intrave-
nous IL-5. Intravenous IL-5 may enhance tissue accumulation
by first priming circulating eosinophils. This data further
shows the cooperative nature of the interaction between eo-
taxin and IL-5 for eosinophil homing.

Role of IL-5 and eotaxin in eosinophil homing. To deter-
mine whether the level of eotaxin-induced tissue eosinophilia
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Figure 3. The effect of intravenous IL-5 on eotaxin- and IL-5-induced eosinophil recruitment into the skin in IL-5*/* and IL-5"~ mice. (a) Accu-
mulation of eosinophils into dorsal skin membranes in response to subcutaneously injected eotaxin (1.0-80 pmol/site) or control vehicle (100 .l
of HBSS/0.01% BSA, pH 7.4). Eotaxin-induced eosinophil recruitment was concentration dependent and was determined in the presence or ab-
sence of intravenous IL-5. Mice were injected intravenously with IL-5 (100 pmol/kg) or control vehicle (100 pl of 10 mM PBS/0.1% BSA, pH
7.4) and 1 h later eotaxin or control vehicle was injected subcutaneously. Eosinophil recruitment was maximal at 5.0 pmol/site eotaxin. (b) Accu-
mulation of eosinophils into dorsal skin membranes was determined as described above, however, mice were subcutaneously injected with IL-5
(0.1 to 10.0 pmol/skin site) instead of eotaxin. IL-5-induced eosinophil recruitment was concentration dependent and was determined in the
presence or absence of intravenous IL-5. Eosinophil recruitment was maximal at 10 pmol/site IL-5. (¢) IL-5%/* mice were injected with IL-5 (100
pmol/kg i.v.) and then injected subcutaneously with either IL-5 (10 pmol/site) or eotaxin (5 pmol/site) or with a combination of both cytokines
(IL-5 10 pmol/site and eotaxin 5.0 pmol/site). IL-5/~ mice were also injected subcutaneously with these cytokines, individually or in combina-
tion (at the above concentrations), after administration of IL-5 (500 pmol/kg i.v.). (d) Effect of i.v. injection of IL-5 (100 pmol/kg) or eotaxin (1.2
nmol/kg) or a combination of both cytokines on accumulation of eosinophils into dorsal skin membranes in response to subcutaneously adminis-
tered eotaxin (5 pmol/site) or IL-5 (10 pmol/site) in IL-5*/* mice. Maximal accumulation of eosinophils occurred in the presence of a combina-
tion of intravenous eotaxin and IL-5. In the above experiments chemoattractant agents or control vehicle were injected into the skin 1 h after in-
travenous administration of IL-5, eotaxin or control vehicle. Eosinophil recruitment into dorsal skin membranes was determined 2 h after
subcutaneous injection of eosinophil chemoattractants or control vehicle. Results represent the mean number of eosinophils/mm? +SEM for
groups of six mice. One dorsal membrane preparation was excised from each animal and prepared for differential cell counting. Ten fields per
preparation were counted for eosinophil infiltration and the mean was obtained. Differences in means were considered significant if P < 0.05.
(a) * P < 0.001 compared to intravenous control vehicle at the same subcutaneous concentration of eotaxin. (b) * P < 0.001 compared to intrave-
nous control vehicle at the same subcutaneous concentration of IL-5. (¢) * P < 0.05 compared to eotaxin or IL-5 alone in IL-57/*; and (d) *P <
0.01 compared to control vehicle intravenous, and ** P < 0.05 compared to IL-5 intravenous. No significant difference was observed between
control vehicle and eotaxin groups, both intravenous, in the presence of subcutaneous eotaxin or IL-5.

was solely dependent on IL-5 or on the available pool of circu- ophils in the skin in response to eotaxin (5.0 pmol/site) (Fig.
lating eosinophils and to ascertain the role of these cytokines 4 a) or IL-5 (10 pmol/site) (Fig. 4 b). These responses were sig-
in eosinophil homing, donor eosinophils were injected intrave- nificantly amplified by transferring 4 X 10° donor cells to
nously into IL-5""* and IL-5~/~ mice (Fig. 4). IL-5** mice (result shown only for eotaxin, Fig. 4 a). In con-

Adoptive transfer of eosinophils (1 X 10° donor cells) to trast, injection of up to 4 X 10° eosinophils in IL-57/~ mice did
IL-5** mice significantly enhanced the accumulation of eosin- not promote eosinophil recruitment to sites of eotaxin (5.0
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Figure 4. The role of IL-5 and eotaxin in eosinophil homing. (¢) Mice
were injected intravenously with donor eosinophils (1 X 10° or 4 X 10°
cells into IL-5* mice or 4 X 10° cells into IL-57/~ mice) and 10 min
later peripheral blood samples were taken. Mice were then injected
subcutaneously with eotaxin (5.0 pmol/site) or control vehicle (100 wl
HBSS/0.01% BSA, pH 7.4). After 2 h the mice were killed and the dor-
sal skin membrane excised and prepared for differential cell counting.
Donor eosinophils significantly enhanced the accumulation of eosino-
phils into the skin in response to eotaxin (5.0 pmol/site) in IL-5"*
mice. In contrast, adoptive transfer of eosinophils to IL-57"~ mice did
not promote eosinophil recruitment to sites of eotaxin (5.0 pmol/site)
exposure. (b) Mice were treated as above with the following excep-
tions. IL-5%* were injected intravenously with 1 X 10° donor eosino-
phils (results with 4 X 10° not shown) and instead of eotaxin, mice were
injected subcutaneously with IL-5 (10 pmol/site). (c) Eosinophil levels
in the blood after adoptive transfer of eosinophils to IL-5"* mice or
IL-57'~ mice. Circulating eosinophil numbers in mice given intrave-
nous 4 X 10° donor eosinophils were significantly elevated relative to
mice that didn’t receive intravenous donor eosinophils. Results repre-
sent (a and b) the mean number of eosinophils per mm? =SEM. 10
fields were counted from each membrane preparation and (c) the

mean number of eosinophils per ml of blood SEM. Data was obtained from groups of 5-6 mice. Differences in means were considered signifi-
cant if P < 0.05. (a and b) * P < 0.01 when compared with 5.0 pmol/site eotaxin or 10 pmol/site IL-5 in the absence of donor eosinophils and (@)
%k P < (.001 when compared in the absence of donor eosinophils. (¢) *P < 0.01 when compared in the absence of donor eosinophils.

pmol/site) (Fig. 4 a) or IL-5 (10 pmol/site) (Fig. 4 b) exposure.
Donor eosinophils were administered to mice (Fig. 4 ¢) in
numbers which established blood eosinophil levels equivalent
to those which were induced by intravenous IL-5 in IL-5%*
mice (Fig. 1 @) and promoted enhanced tissue chemotactic re-
sponses to eotaxin (Fig. 3 @) and IL-5 (Fig. 3 b). Donor eosino-
phil levels in the blood were also similar to that observed dur-
ing allergic responses in mice (27). These results in IL-57~
mice indicate that increased levels of circulating eosinophils
alone are not sufficient to promote the enhanced recruitment
of eosinophils to sites of eotaxin or IL-5 exposure. Moreover,
they indicate an essential role for IL-5 in eosinophil homing
and migration into tissues in response to specific chemoattrac-
tant stimuli.

Restoration of eotaxin- and IL-5-induced tissue eosinophilia
and eosinophil homing in IL-5"'~ mice. The central role of IL-5
in eotaxin-induced eosinophil recruitment was confirmed in
IL-57/~ mice pretreated intraperitonealy for 72 h with IL-5 us-
ing MOP. The continuous administration of intraperitoneal
IL-5 in the pretreatment did not induce blood eosinophilia.
However, subsequent intravenous administration of IL-5 in-

IL-5 Deficiency Abolishes Eotaxin-induced Tissue Eosinophilia

duced a rapid blood eosinophilia (Fig. 5 a) equivalent to that
induced by IL-5 in IL-5*" mice (Fig. 1 @) and which promoted
enhanced tissue chemotactic responses to eotaxin (Fig. 3 a)
and IL-5 (Fig. 3 b). The ability of eotaxin (5.0 pmol/site) and
IL-5 (10 pmol/site) to induce tissue recruitment of eosinophils
was also restored (Fig. 5 b). These results establish the essen-
tial role of IL-5 in the chemoattractant signal elicited by subcu-
taneous eotaxin and IL-5 and suggest that basal levels of IL-5
may play a critical role in regulating eosinophil homing, per-
haps by activating adhesion systems in the vascular endothe-
lium (9, 13). Moreover, results indicate an essential role for IL-5
in the homing of eosinophils to sites of specific chemotactic
stimuli. Thus, IL-5 may have multiple functions in the regula-
tion of eosinophil trafficking, mobilizing eosinophils from
bone marrow stores, eliciting chemotactic responses for eo-
sinophils in tissues and by operating systems at a tissue level
which regulate eosinophil homing and migration into tissues in
response to specific chemoattractant stimuli.

In summary, the selectivity, rapid action, and kinetics of tis-
sue expression of eotaxin suggest a central role for this
chemokine in the early phases of the signaling mechanism for
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Figure 5. Restoration of eotaxin- and IL-5- induced tissue eosinophilia and eosinophil homing in IL-5~/~ mice. (A) IL-57'~ mice were pretreated
for 72 h with intraperitoneal IL-5 using MOP. Peripheral eosinophilia was induced in these mice by two injections of IL-5 (500 pmol/kgi.v.) at 0
and 30 min. Intravenous injection of IL-5 in mice which were not pretreated for 72 h with intraperitoneal IL-5 failed to induce a pronounced
blood eosinophilia. Blood eosinophilia was not induced by intravenous injection of control vehicle (100 pl of 10 mM PBS/0.1% BSA, pH 7.4) in
IL-5 pretreated mice. Blood samples were taken before intravenous injection of IL-5 and at intervals of 30 min thereafter. The resulting eosino-
philia at 30 min after the second intravenous injection of IL-5 in IL-5 pretreated mice was equivalent to that induced by this cytokine (Fig. 1 a) at
the time of subcutaneous administration of eotaxin (Fig. 3 b) or IL-5 (Fig. 3 b) in IL-5*"* mice. Blood eosinophilia was not induced in mice solely
by pretreatment with intraperitoneal IL-5 for 72 h. (b) Eotaxin (5.0 pmol/site), IL-5 (10 pmol/site) or control vehicle (HBSS/0.01% BSA, pH 7.4)
were injected subcutaneously 30 min after the second intravenous injection of IL-5 or control vehicle and 2 h later the mice were killed and the
dorsal skin membrane excised for differential cell counts. Eotaxin- and IL-5-induced recruitment of eosinophils to sites of exposure was only re-
stored in IL-57"~ mice which were pretreated with intraperitoneal IL-5 for 72 h. Results represent (a) the mean number of eosinophils per ml of
blood +£SEM, and (b) the mean number of eosinophils per mm? =SEM. 10 fields were counted from each membrane preparation. Data was ob-
tained from groups of four mice. Differences in means were considered significant if P < 0.05. (a) * P < 0.001 when compared with intravenous
IL-5 in the absence of IL-5 pretreatment for 72 h and (b) * P < 0.001 when compared with intravenous IL-5 in the absence of IL-5 pretreatment
for 72 h.

eosinophil homing during allergic inflammation (16-18, 28). exposed to human interleukin 3. J. Clin. Invest. 81:1986-1992.
Under basal conditions, eotaxin and IL-5 may act coopera- 2. Owen, W.F., Jr., M.E. Rothenberg, D.S. Silberstein, J.C. Gasson, R.I.

tively t lat . hil h . d ti lati Stevens, K.F. Austen, and R.J. Soberman. 1987. Regulation of human eosino-
1vely to regulate cosinophil homing and tissue accumuliation phil viability, density, and function by granulocyte/macrophage colony-stimu-

(28, 33). In response to inflammatory stimuli IL-5 provides an lating factor in the presence of 3T3 fibro blasts. J. Exp. Med. 166:129-141.
essential signal for the mobilization of a bone marrow pool of 3. Yamaguchi, Y., T. Suda, J. Suda, M. Eguchi, Y. Miura, N. Harada, A.

. . . . . . o Tominaga, and K. Takatsu. 1988. Purified interleukin 5 supports the terminal
eOSanphllS and to maintain perlpher al eosmophlha (7’ 26, 27)' differentiation and proliferation of murine eosinophilic precursors. J. Exp.

This study indicates a second critical role for IL-5 in regulating Med. 167:43-56.
eosinophil homing and tissue migration in response to che- 4. Clutterbuck, E.J., E.M. Hirst, and C.J. Sanderson. 1989. Human interleu-

. . . . s kin 5 (IL-5) regulates the production of eosinophils in human bone marrow cul-
moattractant stimuli. It will be of interest to determine if IL-5 tures: comparisons and interactions with IL-1, IL-3, IL-6 and GM-CSF. Blood.

regulates homing by activating eosinophil-specific adhesion  73:1504-1512.

systems at the vascular endothelium (97 13)_ Eotaxin secreted 5. Fujisawa, T., R. Abu—Ghazgleh, H. Kit'a, C.J: Sanderson,'and G.J. Gleich.
£ . . . 1990. Regulatory effects of cytokines on eosinophil degranulation. J. Immunol.
rom inflammatory cells and tissue may augment the IL-5 sig- 144:642—646

nal by supplementing blood eosinophilia in the early phases of 6. Lopez, A.F., C.J. Sanderson, J.R. Gamble, H.D. Campbell, .G. Young,
the inflammatory response as well as eliciting a selective and M.A. Vadas. 1988. Recombinant human interleukin 5 is a selective activa-

h ttractant si 1 . hil polarizati d mi tor of human eosinophil function. J. Exp. Med. 167:219-224.
chemoatiractant signal lor eosinophitl polarization and migra- 7. Coffman, R.L., B.W.P. Seymour, S. Hudak, J. Jackson, and D. Rennick.

tion (16, 33). 1989. Antibody to interleukin-5 inhibits helminth-induced eosinophilia in mice.
We conclude that IL-5 is not only essential for the rapid  Science (Wash. DC). 245:308-310.

bilizati £ . hils £ the b but al 8. Pober, J.S., M.A. Gimbrone, L.A. Lapierre, Jr., D.L. Mendrick, W. Fiers,
mobilization of €oSINoOpAIlS Irom the bone marrow but also R. Rothlein, and T.A. Springer. 1986. Overlapping patterns of activation of hu-

has other critical biological functions in regulating eosinophil man endothelial cells by interleukin 1, tumor necrosis factor, and immune inter-
homing and migration into tissues in response to specific ~ feron./. Immunol. 137:1893-1896.

chemotactic stimuli. Furthermore. eotaxin in the earl hases 9. Walsh, G.M., A. Hartnell, A.J. Wardlaw, K. Kurihara, C.J. Sanderson,
: ’ yp and A.B. Kay. 1990. IL-5 enhances the in vitro adhesion of human eosinophils,

of the inflammatory mechanism may promote blood and tis- but not neutrophils, in a leucocyte integrin (CD11/18)-dependent manner. Im-
sue eosinophilia. This investigation further supports the con- munology. 71:258-265.

. . 10. Walsh, G.M., J. Mermod, A. Hartnell, A.B. Kay, and A.J. Wardlaw.
cept that IL-5 and eotaxin are key therapeutic targets for the

1991. Human eosinophil, but not neutrophil, adherence to IL-1-stimulated hu-
improved treatment of acute and chronic allergic disease. man umbilical vascular endothelial cells is oy, (very late antigen-4) dependent.
J. Immunol. 146:3419-3423.

11. Schleimer, R.P., S.A. Sterbinsky, J. Kaiser, C.A. Bickel, D.A. Klunk, K.
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