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Experimental analysis of allergic airway inflammation (AAI) in ani-
mals and humans is associated with coordinate gene induction. Using
DNA microarray analysis, we have identified a large panel of AAI
signature genes. Unexpectedly, the allergen-challenged lung (a T
helper 2 microenvironment) was found to be associated with the
expression of T helper 1-associated CXCR3 ligands, monokine induced
by IFN-y (Mig), and IFN-y-inducible protein of 10 kDa (IP-10). Here we
report that Mig functions as a negative regulator of murine eosino-
phils. Whereas Mig was not able to induce chemotaxis of eosinophils,
pretreatment with Mig induced a dose-dependent inhibition of che-
moattractant-induced eosinophil transmigration in vitro. Moreover,
i.v. administration of low doses of Mig (=10-30 pg/kg) induced
strong and specific dose-dependent inhibition of chemokine-, IL-13-,
and allergen-induced eosinophil recruitment and, conversely, neu-
tralization of Mig before allergen challenge increased airway eosin-
ophilia. Importantly, Mig also inhibited a CCR3-mediated functional
response in eosinophils. These results indicate that the ultimate
distribution and function of inflammatory cells within the allergic
lung is dictated by a balance between positively and negatively
regulatory chemokines. The identification of a naturally occurring
eosinophil inhibitory chemokine pathway in vivo provides a strategic
basis for future therapeutic consideration.
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osinophil accumulation in the blood and tissues is a hallmark

feature of several important medical diseases, including atopic
disorders, parasitic infections, and numerous systemic diseases (e.g.,
Churg-Strauss syndrome, eosinophilic gastroenteritis, and the id-
iopathic hypereosinophilic syndrome) (1, 2). The finding that
eosinophils normally account for only a small percentage of circu-
lating or tissue-dwelling cells and that their numbers markedly and
selectively increase under specific disease states indicates the exis-
tence of molecular mechanisms that tightly regulate the selective
generation and accumulation of these leukocytes. Numerous me-
diators have been identified as eosinophil chemoattractants, in-
cluding diverse molecules such as lipid mediators (platelet activat-
ing factor, leukotrienes) and recently chemokines such as the
eotaxin subfamily of chemokines (3, 4). However, to date, a role for
naturally occurring inhibitory cytokines of eosinophil chemoattrac-
tion in vivo has not been identified.

During induction of eosinophil-associated allergic airway inflam-
mation (AAI), leukocyte tissue recruitment is orchestrated by the
coordinated induction of chemokines (3, 5). Focusing on eosino-
phils, a paradigm has emerged implicating the T helper (Th)2
cytokines, IL-4 and IL-13, in the induction of eosinophil-active
chemokines that signal through CCR3, a chemokine receptor
selectively expressed on eosinophils. In contrast, Thl cytokines
(e.g., IFN-vy) induce a different set of chemokines [e.g., [FN-y-
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inducible protein of 10 kDa (IP-10, CXCL10), monokine induced
by IFN-y (Mig, CXCL9), and IFN-inducible T cell chemoattractant
(I-TAC, CXCLI11)] (3, 6). These chemokines are unique in that
they selectively signal through CXCR3, a receptor expressed on
activated T cells (preferentially of the Thl phenotype). This Th1l
and Th2 chemokine dichotomy may be even more complex in view
of recent publications suggesting that these Thl- and Th2-
associated chemokines may inhibit CCR3 and CXCR3, respec-
tively. For example, human CXCR3 ligands have been demon-
strated to be CCR3 antagonists, inhibiting the action of CCR3
ligands on human eosinophils and CCR3™* cells in vitro (7, 8). In
addition, eotaxin has been reported to be an antagonist for CXCR3
(9). These results suggest a feedback loop by which Thl- and
Th2-associated chemokines coordinately regulate eosinophil re-
sponses, but this has not been proven in vivo. Recently, we have
taken an empiric approach to define a broad spectrum of genes
associated with induction of AAI (experimental asthma) in mice
(10). In the 291 “AAI signature genes” identified, we found
overexpression of expected Th2-associated cytokines [IL-4,
eotaxin-1, monocyte chemoattractant protein (MCP)-1, MCP-2];
however, several Thl-associated chemokines were also up-
regulated. In this manuscript, we focus attention on the paradoxical
induction of CXCR3 ligands (Th1 regulated) during experimental
AAITin mice, and we report an inhibitory role for the CXCR3 ligand
Mig in regulating eosinophil chemoattraction. Mig potently inhibits
eosinophil migration in vitro and markedly attenuates eosinophil
lung recruitment to diverse stimuli, including chemokines, IL-13,
and allergen in vivo. In addition, Mig effectively inhibited a CCR3-
mediated functional response. As such, these results demonstrate
the existence of naturally occurring eosinophil-inhibitory cytokines,
such as Mig, identifying a pathway with potential therapeutic
significance.

Materials and Methods

Mice. Eight- to 12-week-old male and female CD2-IL-5 transgenic,
WT mice (National Cancer Institute, Frederick, MD) and signal
transduction and activator of transcription (STAT)6-deficient mice
(The Jackson Laboratory) of the BALB/c background were main-
tained as described (11), according to institutional guidelines. The
CD2-IL-5 transgenic mice (BALB/c) were used as a source of
eosinophils, as reported (12).

Abbreviations: AAl, allergic airway inflammation; Th, T helper; IP-10, IFN-y-inducible
protein of 10 kDa; Mig, monokine induced by IFN-vy; STAT, signal transduction and activator
of transcription; OVA, ovalbumin; i.n., intranasal; i.t., intratracheal; BALF, bronchoalveolar
lavage fluid; NBT, nitroblue tetrazolium.
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Experimental AAI Induction and Cytokine Challenge Models. The
ovalbumin (OVA)-induced AAI model was generated as described
(13). Aspergillus fumigatus antigen-induced AAI was stimulated by
3 weeks of mucosal sensitization with repeated intranasal (in.)
administration, as described (13). Eotaxin-induced eosinophilia was
generated by administration of 3 pg of recombinant eotaxin (a kind
gift of PeproTech, Rocky Hill, NJ) by i.n. delivery, according to a
previous publication (14). For intravenous (i.v.) chemokine deliv-
ery, 200 ul (1 ug) of the recombinant chemokine (PeproTech) or
saline was injected into the lateral tail vein 30 min before intratra-
cheal (i.t.)/i.n. cytokine or allergen delivery. Some mice were
treated with 500 pg of neutralizing rabbit polyclonal anti-murine
Mig (prepared by J. M. Farber) or rabbit IgG control 24 h before
allergen challenge. Subsequently, the bronchoalveolar lavage fluid
(BALF) and/or lung tissue was harvested 18—24 h after challenge.
For i.t. delivery of IL-13, mice were anesthetized with ketamine (5
mg/100 pl) and hung upright, and 20 ul of recombinant cytokine
or saline was delivered into the trachea with a Pipetman (Gilson,
Middleton, WI). Mice were treated i.t. with recombinant IL-13 (a
kind gift of Debra Donaldson, Wyeth Laboratory, Cambridge,
MA) on days 0 (4 pg) and 2 (10 ug), before BALF and lung tissue
harvest 36 h later.

Microarray Data Analysis. Microarray hybridization was performed
by the Affymetrix Gene Chip Core facility at Cincinnati Children’s
Hospital Medical Center as described (10). The analysis was
performed with one mouse per chip (n = 3 for each allergen
challenge condition and n = 2 for each saline challenge condition).

Northern Blot Analysis. Lung RNA (10-20 ug) was subjected to
Northern blot analysis as described (10). Mig and IP-10 cDNA
probes were kind gifts of A. D. Luster (Massachusetts General
Hospital, Boston).

Cytokine Quantitation. Cytokine protein concentration in the BALF
of allergen- and saline-challenged mice was quantified by using a
DuoSet ELISA Development kit specific for Mig/CXCL9 (R & D
Systems); the detection limit was 0.9 pg/ml.

Eosinophil Quantitation. BALF differential cell counts and lung
tissue eosinophils identified by anti-major basic protein (MBP)
staining were performed as reported (13).

In Situ Hybridization. In situ hybridization was performed as de-
scribed (10). In brief, murine Mig cDNA in pBluescript (Strat-
agene) was linearized by EcoRI or Notl digestion, and antisense and
sense RNA probes, respectively, were generated by T7 and SP6
RNA polymerase (Riboprobe Gemini Core Systems II transcrip-
tion kit, Promega). The radiolabeled (a-[**S]thio-UTP) probes
were hybridized and washed under high-stringency conditions.

Chemotaxis Assay. All chemotactic responses were determined by
transmigration through respiratory epithelial cells as described (15).
Leukocytes (1.5 X 10°) were placed in the upper chamber and the
chemoattractant (eotaxin-2 at 1 ng/ml or eotaxin-1 at 10 ng/ml)
was placed in the lower chamber. Eosinophils were obtained by
immunomagnetic negative selection of splenocytes from IL-5 trans-
genic mice (12). Pretreated cells were incubated with chemokine
(Mig, JE, or eotaxin-2) for 15 min at 37°C and then washed twice
to remove chemokine from the medium. Transmigration was
allowed to proceed for 1.5-3 h.

Eosinophil Mobilization. BALB/c mice were administered i.v.
eotaxin (1 ug) alone, eotaxin (1 ng) and Mig (1 ug) together, or
saline in 200 ul. After 1 h, mice were bled from the tail vein.
Blood was diluted (1:10) in Discombe’s solution prepared as
described (16).
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Flow Cytometry. Cells (5 X 10°) were washed with fluorescence-
activated cell sorting buffer (2% BSA/0.1% NaNj in PBS) and
incubated with 150 ng (1.5 ug/ml) of phycoerythrin-conjugated
anti-murine CCR3 antibody (R & D Systems), 300 ng (3 pg/ml) of
anti-murine CXCR3 (a generous gift of Jerry Di Salvo, Merck
Research Laboratories, Rahway, NJ), 1 pg (10 ug/ml) of FITC-
conjugated anti-murine CD4 (BD Biosciences Pharmingen) or the
isotype-matched control IgG for 30 min at 4°C. After two washes
in fluorescence-activated cell sorting buffer, cells probed for
CXCR3 were incubated with FITC-conjugated isotype-specific
secondary antibody (Pharmingen) for 30 min at 4°C in the dark.
After two washes, labeled cells were subjected to flow cytometry on
a FACScan flow cytometer (Becton Dickinson) and analyzed by
using CELLQUEST software (Becton Dickinson). Internalization of
surface CCR3 was assayed as reported (15).

Eosinophil Oxidase Activity Assay. Reduction of nitroblue tetrazo-
lium (NBT; Sigma) was used as a measure of superoxide produc-
tion. Cells were seeded onto chamber slides in RPMI medium 1640
for 1 h at 37°C to allow cells to adhere, and then stimulated with
eotaxin-1 (10 nM), Mig (100 nM), or buffer alone in saturated NBT
solution for 20 min at 37°C. PBS-washed cells were fixed with
methanol and counterstained with safranin O (Sigma). At least 200
cells were examined to determine the percentage of NBT* cells.

Statistical Analysis. Data are expressed as mean * standard devi-
ation. Statistical significance comparing different sets of mice was
determined by Student’s ¢ test.

Results

Induction of CXCR3 Ligands in Experimental AAl. We were first
interested in identifying genes that were differentially expressed in
a well established model of eosinophilic AAI Three or 18 h after
allergen challenge, lung RNA was subjected to microarray analysis
using the Affymetrix chip U74Av2, which contains oligonucleotide
probe sets representing 12,422 genetic elements (10). Of the
allergen-induced genes, it was notable that chemokines represented
alarge subset; 14 of the 27 chemokines represented on the chip were
induced compared with saline-challenged control mice. In partic-
ular, there was strong induction of the Thl-associated chemokines
Mig (Fig. 1a), and IP-10 (Fig. 1b). To verify that the microarray data
reflected gene induction, we examined Mig and IP-10 expression by
using Northern blot analysis. Indeed, Mig and IP-10 mRNA were
strongly induced after allergen challenge, and the kinetic pattern
mimicked the microarray data (Fig. 1c). Analysis of Mig protein
expression in the lungs of OVA-challenged mice revealed an
increase in Mig expression (175 *+ 81 pg/ml; mean = SD, n = 4
mice per group) in comparison with saline-challenged mice (<0.9
pg/ml). In an attempt to further define the cellular sources of Mig,
we performed in situ hybridization for Mig mRNA. Antisense
staining of asthmatic lung revealed high levels of Mig in the
perivascular and peribronchial inflammatory regions (Fig. 1d and
data not shown). In contrast, the antisense probe did not detect
significant staining in the saline-challenged lung (data not shown).
Additionally, no specific staining with the sense probe in OVA-
challenged mice was seen (data not shown).

We were next interested in determining whether the induction of
Mig and IP-10 was limited to the OVA model of eosinophilic AAL
We therefore induced experimental AAI in naive mice with
repeated i.n. doses of A. fumigatus antigens. Compared with mice
challenged with saline, A. fumigatus antigen-challenged mice had
marked Mig and IP-10 expression (Fig. 2a). The level of Mig protein
expression in the BALF increased from 1.3 + 1.2 to 12.8 = 7.5
pg/ml (mean = SD, n = 3 or 4 mice per group). Thus, the induction
of Mig and IP-10 by allergen challenge was not specific to the
antigen used, confirming that these chemokines were indeed AAT
signature genes.

Fulkerson et al.
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Fig. 1. Mig and IP-10 mRNA expression in OVA-induced AAIl. (a and b) The
average difference (mean =+ SD, n = 2 or 3 mice per group) for the microarray
hybridization signal of Mig (a) and IP-10 (b) in saline- and OVA-treated mice.
(c) Northern blot analysis of Mig and IP-10 mRNA expression in saline- (Sal) and
OVA-challenged mice. Ethidium bromide (EtBr) staining of the RNA gels is also
shown. Each lane represents RNA from a single mouse. Time points: 3H, 3 h
after one challenge; 18H, 18 h after one challenge; and 2C, 18 h after two
challenges. (d) In situ hybridization of Mig mRNA in the lung of OVA-induced
allergic mice. The staining pattern of Mig antisense riboprobe in correspond-
ing bright-field (Left) and dark-field (Right) images of the OVA-challenged
lungs are shown. BV, blood vessel; AW, airway.

Mig Is Negatively Regulated by STAT6 in Experimental AAlL. Having
identified Mig as a gene associated with allergic airway responses,
we were next interested in identifying factors involved in regulating
Mig expression. We examined the role of STAT6 because this
transcription factor has been identified as a critical regulator of Th2
responses, including allergen-induced chemokine expression (17—
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Fig. 2. Regulation of Mig expression. (a) Northern blot analysis of Mig and
IP-10 mRNA expression after repeated doses of i.n. saline (Sal) or A. fumigatus
antigen (Asp) treatment. (b) Northern blot analysis of Mig and eotaxin-2
mRNA expression in WT and STAT6-deficient mice after saline or A. fumigatus
antigen treatment. Each lane represents a separate mouse. The ethidium
bromide (EtBr) staining of the RNA gel is shown as a control for RNA loading.
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Fig. 3. Murine eosinophils lack CXCR3 on their surface and fail to migrate

toward Mig. (a) Lymphocytes express CXCR3, but eosinophils have no detectable
CXCR3 on their surface (all cells were derived from the spleen of IL-5 transgenic
mice). Filled histogram, isotype-matched control; solid line, CCR3, CXCR3, or CD4.
These results are representative of three experiments. (b) Transmigration of
eosinophils in response to indicated doses of Mig. Cells (1.5 X 10°) were allowed
to transmigrate in response to the chemoattractants (CT) Mig and eotaxin-2. Data
represent mean = SD of eosinophils that migrated through a layer of respiratory
epithelial cells. The results are representative of three experiments. (c and d) Mig
inhibits eosinophil movement toward various concentrations of eotaxin-2 and
eotaxin-1 in vitro. Cells were allowed to transmigrate after pretreatment (PRT)
with buffer, Mig, or eotaxin-2. Data represent mean *+ SD of eosinophils that
migrated toward eotaxin-2 or eotaxin-1. *, P < 0.05. The results are representa-
tive of three experiments.

19). For example, as a positive control, allergen-induced eotaxin-2
expression was completely STAT6 dependent (Fig. 2b). However,
allergen-induced Mig expression was enhanced in the lungs of mice
that were STAT6 deficient, when compared with mice that were
WT (Fig. 2b). These results indicate that the molecular signals that
regulate allergen-induced Mig are different from those that regu-
late allergen-induced eotaxins.

Murine Eosinophils Do Not Migrate in Response to Mig. A subset of
human eosinophils, especially after cytokine treatment, has been
reported to express the Mig receptor CXCR3 (20). To determine
whether allergen-induced expression of Mig could be responsible,
at least in part, for eosinophil lung recruitment, we examined
CXCR3 expression on murine eosinophils. Although significant
CXCR3 expression was demonstrated on lymphocytes, no CXCR3
was detected on the surface of murine eosinophils (Fig. 3a). Similar
results were observed with murine eosinophils isolated from distinct
sources (e.g., from the lung of IL-4 /IL-5 bitransgenic mice and the
lungs of allergen-challenged asthmatic mice; data not shown).
Consistent with the absence of CXCR3 expression, murine eosin-
ophils did not respond to a full concentration range of Mig in a
transmigration assay (Fig. 3b). As a control, replicate eosinophils
strongly responded to eotaxin-2 (Fig. 3b). Taken together, these
data suggest that Mig does not directly promote murine eosinophil
chemotaxis.

Mig Is an Inhibitor of Eosinophils in Vitro. We next hypothesized that
Mig was an inhibitor for CCR3 ligand-induced eosinophil chemoat-
traction. To address this hypothesis, we pretreated eosinophils with
Mig and examined their subsequent chemotactic response to potent
CCR3 ligands. Mig pretreatment strongly inhibited eosinophil
transmigration in response to eotaxin-2 in a dose-dependent man-
ner (Fig. 3c). As a positive control, pretreatment of eosinophils with
eotaxin-2 inhibited transmigration. As a negative control, pretreat-
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ment of eosinophils with 1 ng/ml monocyte chemoattractant
protein 1 (JE, CCL2) did not inhibit eosinophil transmigration
(data not shown). Mig also inhibited eosinophil responses to
eotaxin-1 in a dose-dependent fashion (Fig. 3d); analysis of the
concentration dependence suggested that Mig was more effective at
inhibiting eotaxin-1. In addition, pretreatment of eosinophils with
another CXCR3 ligand, IP-10 (CXCL10), also markedly inhibited
eosinophil transmigration to eotaxin-2 [from 7.6 = 0.25 X 10* to
2.9 = 0.09 X 10* cells (mean = SD, n = 2)]. We wanted to rule out
the possibility that the inhibitory effect of Mig on eosinophils was
due to toxicity. Accordingly, we determined that Mig was not toxic
to eosinophils, as determined by exclusion of a viability dye (trypan
blue) and by the ability of IL-5 to promote eosinophil survival (21)
even in the presence of Mig (data not shown).

Mig Inhibits Eotaxin-Induced Eosinophil Recruitment to the Lung. We
were next interested in determining whether Mig could serve as an
inhibitor of eosinophil migration in vivo. To test this possibility, we
examined the ability of Mig to inhibit eotaxin-2-induced eosinophil
recruitment into the lung. First, i.n. administration of eotaxin-2 (3
pg) to IL-5 transgenic mice was shown to induce marked eosinophil
lung recruitment. For example, 3 h after eotaxin-2 treatment,
eosinophil levels in the BALF increased from 7.2 + 2.7 X 10° to
19.6 + 4.5 X 10°. To test the inhibitory role of Mig, mice were
intravenously injected with Mig 30 min before i.n. eotaxin-2 deliv-
ery. After i.n. treatment with 0.1, 0.5, and 1.0 ug of Mig, there was
a dose-dependent inhibition of eosinophil recruitment to the lung
(21%, 51%, and 88%, respectively) (Fig. 4a). Blood eosinophilia
was unaffected with any dose of Mig (data not shown). The mean
decrease in eotaxin-2-induced BALF eosinophilia after Mig (1 ug)
treatment was 82 * 0.5% (Fig. 4b). For comparison, mice were
treated with (i.v.) eotaxin-1 (1 ug) before i.n. eotaxin-2 delivery.
Mig and eotaxin-1 had similar inhibitory activities (Fig. 4c). As a
negative control, mice were also treated with the chemokine JE
before eotaxin-2 i.n. administration. Intravenous treatment with JE
(1 pg) had no effect on eotaxin-2 induced eosinophil recruitment
to the airway (data not shown). The ability of Mig to inhibit
eosinophil chemokine responses in vivo was not limited to
eotaxin-2; Mig also inhibited the effects of eotaxin-1. For example,
pretreatment with 1 ug of Mig reduced eotaxin-1-induced BALF
eosinophilia from 2.6 = 0.42 X 10°to 4.0 = 1.5 X 103 cells (mean *
SD, n = 3 mice per group). Chemokine-induced eosinophil re-
cruitment into the lung was also inhibited by IP-10. With IP-10
treatment before eotaxin-1 challenge, eosinophil recruitment into
the airways was reduced from 2.6 * 0.42 X 10° to 4.0 = 1.6 X 10°
cells (mean * SD, n = 3 mice per group). We were also interested
in determining whether Mig had an effect on lung tissue eosino-
philia. Histological examination revealed that eosinophil migration
into the lung was dramatically inhibited after i.v. Mig treatment
before eotaxin-2 i.n. delivery (Fig. 4d). When Mig was administered
i.n. (1 pg) before eotaxin-2 administration, eosinophil recruitment
was not significantly inhibited (data not shown), suggesting that
Mig’s inhibitory activity depends on systemic (i.v.), rather than local
(lung), administration.

Mig Inhibits Eotaxin-Induced Eosinophil Mobilization to the Blood.
Because eotaxin has been shown to induce a pronounced blood
eosinophilia in WT mice when administered systemically (22), we
were interested in determining whether Mig could inhibit eotaxin-
induced eosinophil mobilization. To test this possibility, we treated
mice with i.v. eotaxin-1 (1 pg) alone or in combination with Mig (1
png) and examined the effect on blood eosinophilia. After 1 h,
eotaxin-1 induced a rapid increase in circulating eosinophil levels
(Fig. 4e). With i.v. Mig treatment, there was a significant reduction
in eotaxin-induced eosinophil mobilization (Fig. 4e).

Mig Inhibits OVA-Induced Eosinophil Recruitment to the Lung. We
were next interested in determining whether pharmacological
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Fig.4. Mig inhibits chemokine-induced eosinophil recruitment. (a) Mean * SD
of eosinophils that migrated into the airway toward eotaxin-2. IL-5 transgenic
mice were treated intravenously (IV) with saline or Mig 30 min before i.n. (IN)
delivery of eotaxin-2. (b) Mice treated with saline or Mig before eotaxin-2 i.n.
delivery. Data represent mean * SD of airway eosinophils with nine mice in each
group. *, P = 0.001. (c) Eosinophils that migrated into airway in response to i.n.
(IN) eotaxin-2 delivered after i.v. treatment with saline, Mig, or eotaxin-1. Data
represent mean (+SD) of lung or airway eosinophils. Representative experiment
(n = 2) with four mice in each group per experiment. *, P < 0.04. (d) Eosinophils,
detected by anti-major basic protein immunohistochemistry, are shown in lung
tissue after i.v. (IV) saline (Upper) or Mig (Lower) pretreatment before eotaxin-2
delivery (IN). (For higher-resolution image, see Fig. 7, which is published as
supporting information on the PNAS web site.) (e) Mig inhibits eotaxin-induced
eosinophil mobilization to the blood. Data represent mean + SD of blood
eosinophils after i.v. (IV) cytokine administration from three experiments with 12
mice in each group. *, P < 0.0001.

administration of Mig down-regulated eosinophil recruitment to
the lung in OVA-induced experimental eosinophilic AAI To test
this hypothesis, we subjected sensitized mice to a single challenge
with i.n. OVA or saline. We examined the ability of i.v. Mig, given
30 min before allergen challenge, to inhibit leukocyte recruitment
into the lung. Notably, when mice were treated with i.v. Mig, there
was a marked reduction of BALF eosinophils (Fig. 5a¢). The mean
decrease in OVA-induced BALF eosinophilia was 69 = 1.4%. In
contrast, there was no reduction in allergen-induced BALF neu-
trophils or lymphocytes (data not shown). As a control, mice were
treated intravenously with JE (1 ug) before antigen challenge, but
there was no change in BALF eosinophils compared with saline-
treated mice (data not shown).

Mig Inhibits IL-13-Induced Eosinophil Recruitment. Because IL-13 has
been shown to induce the expression of multiple CCR3 ligands (23),
we wanted to determine whether Mig could also inhibit IL-13-
induced eosinophil recruitment in vivo. To test this possibility, we
examined the effect of iv. Mig on i.t. IL-13-induced eosinophil
recruitment to the lung. Mice were treated with Mig 30 min before
a second dose of i.t. IL-13 or saline and we examined the effect on
leukocyte recruitment. Recombinant IL-13 induced marked re-
cruitment of leukocytes into the airway (Fig. 5b). In contrast to mice
treated with i.v. saline, mice treated with i.v. Mig demonstrated a
significant reduction in airway eosinophils (Fig. 5b). The mean

Fulkerson et al.
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creases antigen-induced eosinophil recruitment to the lung. OVA-sensitized
mice were treated with i.p. (IP) injection of anti-Mig antibody or control IgG
(Ctl-Ab) antibody. A representative experiment (n = 2) with four mice in each
groupisshown. Datain a, b, and d represent mean =+ SD of airway eosinophils.
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decrease in IL-13-induced BALF eosinophilia was 71 * 7%.
Interestingly, Mig pretreatment also decreased BALF neutrophils
(Fig. 5b), but it had no effect on BALF lymphocyte levels (data not
shown). We have not yet determined whether the inhibitory effect
on IL-13-induced neutrophilia is directly mediated by Mig or
indirectly through inhibition of eosinophils. These data, together
with the previous in vivo studies, indicate that i.v. Mig potently
inhibits eosinophil recruitment into the lung in response to diverse
stimuli.

A potential mechanism for inhibition of leukocyte recruitment is
a reduction in expression of chemoattractant molecules. We were
interested in determining whether Mig treatment before IL-13
administration altered expression of eosinophil-specific chemo-
kines. In control treated mice, IL-13 induced marked expression of
eotaxin-1 and eotaxin-2 (Fig. 5c). However, Mig treatment had no
effect on the expression of the eosinophil-specific chemokines (Fig.
5c), suggesting that the inhibitory effect does not depend on
blockade of chemokine production.

Mig Neutralization Increases Airway Eosinophil Recruitment. Al-
though we have demonstrated that pharmacological administration
of Mig inhibited eosinophil recruitment in three model systems, it
was important to determine whether endogenous allergen-induced
Mig was a functional inhibitor of eosinophil migration. To test this
possibility, we treated OVA-sensitized mice with anti-murine Mig
IgG. Twenty-four hours after antibody treatment, mice were i.n.
challenged with either OVA or saline and then examined for
eosinophil recruitment into the airways. After neutralizing anti-Mig
treatment, BALF eosinophils increased ~3-fold over control IgG-
treated mice (Fig. 5d). As an additional control, the ability of the
antibody to neutralize Mig was confirmed by the reduction of Mig
protein levels in the BALF 24 h after one i.n. allergen challenge.
Mig levels in the BALF of OVA-challenged mice were 3.7 + 3.9
pg/ml and 28.6 + 14.4 pg/ml (mean = SD, n = 4 mice per group)
after anti-Mig or control IgG treatment, respectively. These data
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Fig.6. Migdoes notinduce CCR3 internalization but is a functional inhibitor of
eosinophils. (a) Analysis of surface CCR3 on eosinophils after incubation with
buffer (solid line), eotaxin-2 (Left, dashed line), or Mig (Right, dashed line). The
filled histogram is the isotype-matched control antibody. (b). Mig inhibits super-
oxide production. Eosinophils were pretreated with buffer or Mig (100 nM) and
analyzed for superoxide production by reduction of NBT in response to eotaxin-1
(10 nM), Mig (100 nM), or buffer. The results represent the percentage of positive
cells. Error bars show the mean = SD; n = 3. *, P < 0.03.

suggest that the antigen-induced expression of the chemokine Mig
functions as an inhibitor of eosinophil recruitment into the airways.

Mig Does Not Induce CCR3 Internalization. Human CXCR3 ligands
have been shown to bind to eosinophils and CCR3-transfected cells
(7, 8). As such, we were interested in ruling out the possibility that
Mig’s inhibitory action was mediated (at least in part) by induction
of CCR3 internalization. Mig pretreatment had no effect on the
level of CCR3 on the surface of eosinophils (Fig. 6a). As a control,
eotaxin-2 pretreatment induced marked CCR3 internalization.
This effect was not seen when the preincubation was conducted at
4°C, verifying that we were indeed assaying receptor internalization
rather than epitope blockade by eotaxin-2, consistent with previous
reports (15).

Mig Inhibits Functional Response of Eosinophils. Eosinophils have
been shown to produce abundant reactive superoxide anion and
related reactive oxygen species (24). We examined the ability of Mig
to inhibit agonist-induced superoxide anion formation in eosino-
phils. To test this ability, we treated eosinophils with eotaxin-1 after
Mig pretreatment and measured oxidase activity. Eotaxin activa-
tion of eosinophils resulted in an increase in NBT™ cells (Fig. 6b).
Mig pretreatment inhibited the formation of eotaxin-induced
NBT* eosinophils by a remarkable 94% (Fig. 6b). The high
background NBT staining in the untreated eosinophils is likely
caused by their endogenous exposure to IL-5 because they are
derived from IL-5 transgenic mice.

Discussion

Inappropriate expression of chemokines can result in excessive
leukocyte recruitment and activation, resulting in extensive tissue
inflammation and injury (25). As such, influencing pathological
processes with chemokine receptor blockade is an active area of
investigation (26). In this study, we have shown that Mig is a potent
inhibitor of eosinophil recruitment both in vitro and in vivo.
Migration of eosinophils in response to CCR3 ligands in vitro was
markedly inhibited by pretreatment of eosinophils with Mig. Like-
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wise, accumulation of eosinophils in the lungs in response to
eotaxin-1 and eotaxin-2 was greatly inhibited after treatment with
iv. Mig. Furthermore, Mig inhibited IL-13-induced eosinophil
recruitment and allergen-induced lung eosinophilia. Notably, when
Mig was neutralized during induction of experimental asthma,
airway eosinophil migration increased with no change in other
leukocyte chemoattraction. In addition, Mig inhibited eosinophil
oxidase activity induced by eotaxin-1, providing supportive evi-
dence that Mig blocks both eosinophil recruitment and the effector
function of this leukocyte. Collectively, these data demonstrate that
allergen-induced Mig acts as a specific and natural inhibitor of
eosinophil recruitment in vivo.

Mig’s inhibitory actions were elicited when it was administered
intravenously (rather than directly to the lung), supporting a
mechanism involving interference with eosinophil recruitment into
the lung. Although one study has shown that human eosinophils
express CXCR3 and transmigrate toward both IP-10 and Mig in
vitro (20), we did not detect CXCR3 expression on murine eosin-
ophils from multiple distinct tissue locations. Consistent with the
absence of CXCR3, murine eosinophils did not respond to a range
of Mig concentrations, suggesting that Mig exerts its inhibitory
effects through a different mechanism. In our study, the magnitude
of Mig-induced reduction of eosinophil trafficking is fairly pro-
found, comparable if not greater than that seen in eotaxin-1 or
CCR3 gene targeted mice (27-29), suggesting a mechanism beyond
CCR3 antagonism alone. There are conflicting reports regarding
the in vitro interaction of human CXCR3 ligands and CCR3. One
study suggests that CXCR3 ligands can competitively inhibit the
binding of the eotaxin chemokines (7), yet in a recent report the
CXCR3 ligand CXCLI11 did not compete with CCL11 for binding
to CCR3 (8). We extend these in vitro results by demonstrating that
Mig is a potent naturally occurring eosinophil-inhibitory chemokine
in multiple models of AAIL

The identification of Mig as an AAI signature gene suggests
the codevelopment of both Thl and Th2 responses during
allergic airway inflammation because Mig is primarily induced by
IFN-v (30). Indeed, although asthma is a Th2-associated disease,
numerous studies have shown coinvolvement of Thl and Th2
cells in the pathogenesis and/or effector phase of human asthma
and experimental asthma in rodents (31-35). For example, the
Thl-associated chemokine IP-10 has been shown to be up-
regulated in human asthma (induction of Mig has not been
examined) (36). Notably, chronic overexpression of IP-10 in the
lungs (because of adenovirus infection or transgenesis in mice)
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influences several features of experimental asthma, primarily by
affecting levels of Th1 and Th2 cells and their cytokines (37-39).
In addition, adoptive transfer experiments in rodent AAI models
have elegantly demonstrated cooperative roles for Th1 and Th2
cells in both suppressing and augmenting disease (33). Defining
the role of Th1 responses in the development of AAI is not just
an academic question because numerous therapeutic strategies
(including conventional allergen immunotherapy) are designed
to promote Thl responses in attempt to inhibit Th2 responses.
Our experiments, strictly focused on the development of lung
eosinophilia, support an inhibitory role for Thl-associated re-
sponses during the development of experimental asthma, at least
with regard to the development of lung eosinophilia. Our finding
that Mig consistently induced an inhibitory action on eosinophil
recruitment may be a result of Mig delivery via the i.v. route.
Notably, when we administered Mig directly to the respiratory
tract, we did not observe inhibition of eosinophil migration.

The inhibition of eosinophil recruitment by Mig may be an
endogenous mechanism of limiting the immune response and lung
injury. Recently, several naturally occurring ligands (including the
eotaxins) have been shown to be effective chemokine receptor
antagonists (7, 40, 41), but these studies have not been verified in
vivo. In our study, we demonstrate that pretreatment with Mig
induced a dose-dependent inhibition of chemoattractant-induced
eosinophil transmigration in vitro. In addition, we have translated
these in vitro observations to demonstrate that Mig’s inhibitory
activity may be exploited to control eosinophil infiltration in a
variety of inflammatory lung models. We also demonstrate that Mig
inhibits a CCR3-mediated functional response of eosinophils in-
duced by eotaxin-1. Taken together, our results provide evidence
for a feedback loop by which Th1- and Th2-associated chemokines
(e.g., eotaxin and Mig, respectively) coordinately regulate eosino-
phil responses in vivo. As such, the identified pathway may serve as
a prototype for the development of novel and selective therapies for
eosinophil-associated disorders.
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