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Introduction

Summary

Emerging evidence suggests that haematopoietic CD34" progenitor cells
migrate from bone marrow (BM) to sites of allergen exposure where they
can undergo further proliferation and final maturation, potentially aug-
menting the degree of tissue inflammation. In the current study we used a
well-characterized mouse model of allergen-induced airway inflammation
to determine the role of CCR3 receptor-ligand interactions in the migra-
tion and function of CD34" cells. Allergen exposure significantly increased
BM, blood and airway CD34" CCR3" cells as well as airway CD34"
CCR3" stem cell antigen-1-positive (Sca-1") and CD34" CD45" inter-
leukin-5 receptor-a-positive (IL-5Ra*) cells. A portion of the newly pro-
duced CD34" CCR3", Sca-1" CCR3" and IL-5Ralpha* lung cells showed a
significant proliferative capacity in response to allergen when compared
with saline-treated animals. In addition, in vitro colony formation of lung
CD34" cells was increased by IL-5 or eotaxin-2 whereas eotaxin-2 had no
effect on BM CD34" cells. Furthermore, both eotaxin-1 and eotaxin-2
induced migration of BM and blood CD34" CCR3" cells in vitro. These
data suggest that the CCR3/eotaxin pathway is involved in the regulation
of allergen-driven in situ haematopoiesis and the accumulation/mobiliza-
tion of eosinophil-lineage-committed progenitor cells in the lung. Hence,
targeting both IL-5 and CCR3-mediated signalling pathways may be
required to control the inflammation associated with allergen-induced
asthma.

Keywords: allergy; cell proliferation; eosinophils; haematopoiesis; inflam-
mation; lung

cells to the airways during an allergic inflammatory
response. It is known that the eotaxin receptor, CC

Allergic airway inflammation in asthma is dominated by
eosinophils, which develop from CD34" haematopoietic
progenitor cells within the bone marrow (BM)."” Evi-
dence increasingly suggests that in addition to the traf-
ficking of mature eosinophils from the BM to the
airways, migration of immature cells and progenitors
from the BM to sites of inflammation can also occur dur-
ing an allergic inflammatory response.*”'" Increased num-
bers of CD34" cells in BM and airways has been reported
in atopic individuals and in individuals with ongoing
asthma or allergic rhinitis.!*'® To date, however, it is not
clear which chemotactic factors induce the traffic of these

chemokine receptor 3 (CCR3) is expressed on human
CD34" BM cells and that asthmatics with late responses
to allergen have increased numbers of BM
CD34" CCR3"cells 24 hr after allergen challenge.'*"
These findings imply that variations in CCR3 expression
on BM CD34" cells may facilitate chemokine-mediated
progenitor cell mobilization to the peripheral circulation
and that eotaxins may orchestrate the homing of CD34"
cells to tissue sites of allergic inflammation. Furthermore,
results from clinical studies using humanized monoclonal
anti-interleukin-5 (IL-5) clearly demonstrate that eosin-
ophils are able to reside in the tissue despite blockade of

Abbreviations: 7-AAD, 7-aminoactinomycin D; BALF, bronchoalveolar lavage fluid; BM, bone marrow; IL-5Rq, interleukin-5
receptor o subunit; MBP, major basic protein; Sca-1, stem cell antigen-1.
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IL-5."° These findings highlight unidentified signals that
promote eosinophil survival and proliferation in vivo in
response to allergen challenge and that need further
investigation. Multiple lines of evidence suggest that the
eotaxins produced locally at the site of allergic inflamma-
tion'”° may influence the function and differentiation of
eosinophils.”** Eotaxins, acting via their receptor, CCR3,
may therefore not only represent an important link in the
mobilization of eosinophils and their progenitors, but also
play a role in haematopoiesis at sites of inflammation (i.e.
in situ haematopoiesis). Therefore, we hypothesize that
CD34" CCR3" cells are increased in the airways after
allergen exposure. We further hypothesize that these cells,
in addition to the classical CD34" IL-5 receptor o sub-
unit-positive (IL-5Ra.") eosinophil progenitor cells, have a
proliferative capacity and undergo in situ proliferation in
response to allergen.

In this study, the importance and potential role for these
potential progenitor populations in the lung following
allergen provocation were investigated in the mouse using
both in vivo models (e.g. allergen provocation of wild-type
and IL-5 transgenic mice as well as 5-bromo-2’-deoxyuri-
dine (BrdU) labelling of progenitor cell populations in the
lung) and ex vivo culture studies (e.g. semi-solid cultures,
evaluating colony formation) to identify and characterize
these cells. Moreover, the specific role of these progenitor
populations in pulmonary allergen-mediated inflammatory
responses was highlighted in vivo by selective depletion
with a rat anti-mouse CCR3 monoclonal antibody.

Materials and methods

Animals

This study was approved by the Animal Ethics Committee
in Gothenburg, Sweden. Five- to six-week-old male BALB/
¢ mice purchased from Taconic (Ry, Denmark) were used
for all in vivo experiments and the in vitro colony-forming
assays. Interleukin-5 transgenic mice (line NJ.1638) were
used as part of in vivo migration studies (i.e. administra-
tion of eotaxin-2) and for in vitro transmigration assays.”’
These mice were kept under animal housing conditions
and provided with food and water ad libitum.

Sensitization and allergen exposure

Mice were immunized twice, at an interval of 5 days, by
intraperitoneal (i.p.) injections of 0-5 ml alum-precipi-
tated antigen containing 8 pg ovalbumin [OVA; bound to
4 mg Al(OH)s, both from Sigma-Aldrich, St Louis, MO]
in PBS. Eight days after the second sensitization, the mice
were quickly and briefly anaesthetized with isofluorane
(Baxter, Deerfield, IL) and received an intranasal adminis-
tration of 100 pug OVA in 25 pl PBS on five consecutive
days. In addition, one group received 25 pl PBS on five

CCR3 and eosinophil progenitors

consecutive days as a control for the OVA exposure.
Twenty-four hours after the final OVA exposure, the mice
were killed and BM, bronchoalveolar lavage fluid (BALF)
cells and lung tissue were collected.

In vivo protocol for evaluation of newly produced
inflammatory cells

The BrdU (Roche Diagnostics Scandinavia AB, Bromma,
Sweden) was administered to mice as a means to label
newly produced cells, of which a proportion are eosino-
phil-lineage-committed cells. The BrdU was given at a dose
of 1 mg in 250 pl PBS by i.p. injection on two occasions,
8 hr apart on day 3 and day 5 before harvesting of samples.

Cell collection and sample processing

Samples were collected 24 hr after the final OVA exposure
using the protocol noted earlier. The animals were killed
with a mixture of xylazin (130 mg/kg, Rompun®, Bayer,
Germany) and ketamine (670 mg/kg, Ketalar®, Park-
Davis, UK). When the animals were deeply anaesthetized
blood was obtained by cardiac puncture of the right ven-
tricle. Bronchoalveolar lavage (BAL) was performed by
instilling 0-25 ml PBS through the tracheal cannula, fol-
lowed by gentle aspiration and repeated with 0-2 ml PBS.
Finally, one femur was cut at the epiphysis and the BM
cells were flushed with 2 ml PBS.

Bronchoalveolar lavage fluid and bone marrow. Samples
of BALF and BM were centrifuged at 300 g for 10 min at
4°. The BAL supernatant was saved for eotaxin-2 mea-
surement and stored at — 80° until analysis. The cells
were resuspended with 0-03% BSA in PBS. The total cell
numbers in BAL and BM were determined using standard
haematological procedures. Cytospins of BAL and BM
were prepared and stained with May—Griinwald—Giemsa
for differential cell counts by counting 300-500 cells using
a light microscope (Zeiss Axioplan 2; Carl Zeiss, Jena,
Germany). The cells were identified using standard mor-
phological criteria, and BM mature and immature eosin-
ophils were determined by nuclear morphology, cell size
and cytoplasmic granulation.”

Lung tissue cells. The pulmonary circulation was perfused
with ice-cold PBS and lungs were removed from the tho-
racic cavity. The lung tissue was thinly sliced and sus-
pended RPMI-1640 (Sigma-Aldrich) complemented with
10% fetal calf serum (FCS), collagenase (5-25 mg/ml) and
DNAse (3 mg/ml; Roche). After 90 min incubation in a
shaking water bath (37°), any remaining intact tissue was
disrupted by repeated passage through a wide-bore Pasteur
pipette and filtered through a 40-pm nylon mesh (BD
Biosciences, Erembodegem, Belgium). The parenchyma
lung cells were diluted in Percoll (density 1-03 g/ml;
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Amersham Bioscience, Uppsala, Sweden) and layered on a
discontinuous gradient, centrifuged at 400 g for 20 min.
The cells in the top layer, mainly macrophages, dead cells
and debris, were discarded. Cells at the Percoll interfaces
were collected and washed in PBS complemented with 10%
FCS. Total cell numbers were determined using standard
haematological procedures.

Immunostaining, flow cytometric analysis and gating
strategy

Antibodies. Fluorescein isothiocyanate (FITC) -labelled
anti-mouse CD34 (clone RAM 34; BD Bioscience), phy-
coerythrin (PE) or FITC-labelled anti-mouse CCR3 (clone
83101; R&D systems, Abington, UK), biotinylated anti-
mouse stem cell antigen-1 (Sca-1)/Ly6 (clone 177228;
R&D Systems) followed by peridinin chlorophyll protein
(PerCP) -labelled streptavidin, PE-labelled anti-mouse
IL-5Ra (Clone 558488; BD Bioscience), PercP-labelled
anti-mouse CD45 (clone 557235; BD Bioscience), FITC-
labelled BrdU (BD Bioscience) and rabbit anti-mouse
major basic protein (MBP) polyclonal antibody in combi-
nation with goat anti-rabbit PE or with biotinylated swine
anti-rabbit followed by streptavidin-FITC were used.

Animals were sensitized and exposed to OVA or PBS as
described above. BM, blood, lung and BAL cells were col-
lected and stained for CD34" CCR3" or CD34"
CCR3" Sca-1" and CD34" CD45" IL-5Ra". Lung cells
were also stained for the following combinations;
CCR3" MBP", IL-5Ra" CCR3" and IL-5Ra" MBP" cells.
Cells were pre-treated with 2% mouse serum (DAKO,
Carpinteria, CA) for 15 min to prevent non-specific bind-
ing and thereafter stained with antibody or the appropri-
ate isotype control antibody in saturating concentrations.
The cells were incubated for 30 min at 4° with antibodies
or isotype control, followed by two washing steps. Finally,
the samples were fixed in 2% paraformaldehyde and kept
at 4° until flow cytometric analysis. In experiments where
cells were stained for surface marker and intracellular
stained for MBP, an extended protocol was used, as per
the manufacturer’s instructions (BD Cytofix/Cytoperm™
Fixation/Permeabilization Solution kit; Cat no.: 554722).
In some experiments, cells were stained with 7-aminoacti-
nomycin D (7-AAD) to exclude dead cells. In other stud-
ies, cells were also stained with anti-CD45 PerCP to
exclude non leucocyte cells. The flow cytometric analysis
was carried out using a FACScan flow cytometer (BD
Bioscience). Twenty thousand cells were computed in list
mode and analysed using the CELLQUEST PrO software. Gat-
ing was set on all intact cells and cells with the CCR3"
high side scatter (SSChigh) profile were identified as eosin-
ophils. As eosinophil-lineage-committed progenitors are
found in the mononuclear cell population,® gating was
also made on cells with an SSC'°" profile (Fig. 1b).

Lung and BM colony assay

Animals were sensitized and exposed to OVA and lung
and BM cells were harvested as described above for
in vitro lung and BM colony assay. Lung CD34" progeni-
tor cells were enriched from the sampled Percoll fractions
as described above. Enrichment of BM CD34" cells was
performed as previously described with some modifica-
tion.” Briefly, mononuclear CD3" cells and neutrophils
were depleted using biotinylated antibodies and finally
CD34" cells were enriched using the same magnetic sepa-
ration method as above. Both BM and lung CD34" cells
(5 x 10°) were cultured at 37° in 5% CO, in a 12-well
plate in 1 ml RPMI-1640 culture medium completed with
0-9% methylcellulose, 20% FCS, 1% penicillin-streptomy-
cin, 2 mM L-glutamine and 0-0006% f-mercaptoethanol
(all obtained from Sigma-Aldrich). Cells were seeded and
divided into groups depending on cytokines added: con-
trol (no cytokines added), recombinant murine IL-5
(rmIL-5; 10 ng/ml; R&D Systems), rmEotaxin-2 (500 ng/
ml; PeproTech EC, London, UK) and rmIL-5 together
with rmEotaxin-2 (10 and 500 ng/ml, respectively). The
BM and lung cultures were fed with 100 pl RPMI-1640
completed with penicillin-streptomycin, L-glutamine and
the respective cytokines on day 6 of culture. The BM col-
onies were counted on day 8 of culture and lung colonies
were counted on days 8-14 of culture, using an inverted
light microscope as described previously.*

Flow cytometric cell cycle analysis for CD34" CCR3",
Sca-1" CCR3" and IL-5Ro." lung cells

Animals were sensitized and exposed to OVA or PBS and
BrdU was administered as described above. Parenchyma
lung cells were harvested as described earlier. Three differ-
ent experiments were performed to determine if
CD34" CCR3", Sca-1" CCR3™ and IL-5Ro" cells have a
capability to proliferate locally in the airways after allergen
exposure. In the first and second experiments, lung CD34*
or Sca-1" progenitor cells were enriched from the sampled
Percoll fractions by labelling the cells with a biotinylated rat
anti-mouse CD34 monoclonal antibody (mAb; clone
RAM34; BD Biosciences) or biotinylated rat anti-mouse
Sca-1/Ly6 mADb (Clone 177228; R&D Systems). After wash-
ing, streptavidin microbeads (MACS; Miltenyi Biotec,
Bergisch Gladbach, GmbH, Germany) were added, accord-
ing to the manufacturer’s instructions and CD34" or Sca-
17 cells were enriched by magnetic separation. The purity
of the CD34" cell fraction was > 75% and for Sca-1" cells it
was > 80%. The enriched fractions of lung CD34" and Sca-
1" cells were stained for CCR3 followed by intracellular
staining for BrdU and 7-AAD. In the third experiment, cells
from the Percoll fractions were stained for IL-5Ra followed
by an intracellular staining for BrdU and 7-AAD. Gating
was set on all intact cells and eosinophils and eosinophil-
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Figure 1. Allergen provocation increase CD34" CCR3" bone marrow (BM), blood, lung and bronchoalveolar lavage (BAL) cells and
CD34" CCR3" Sca-1" lung cells. (a) Flow cytometric analysis for CD34" CCR3" cells in BM, blood, lung and BAL. (b) Representative dot blot show-
ing gating strategies. SSC"®" gated population represents eosinophils, whereas eosinophil-lineage-committed progenitors are mainly found in the
SSC*™ gated population. (c,d) Flow cytometric analysis for the number of lung CD34" CCR3" Sca-1" cells, (c) gated on the SSCMh cell population
and (d) gated on the SSC'" cell population in the lung of ovalbumin (OVA) -sensitized/exposed BALB/c mice compared with OVA-sensitized but
PBS-exposed mice. Data are shown as mean (+ SEM) (n = 3—6). *P < 0-05 between OVA-exposed and PBS-exposed groups.

lineage-committed progenitor cell populations were gated
based on forward and side scatter profiles.

Eotaxin-2 measurements in BALF

The BALF eotaxin-2 in OVA-sensitized/exposed and sal-
ine-exposed animals was analysed by ELISA according to
the manufacturer’s instructions (R&D Systems).

Induction of BALF eosinophilia by eotaxin-2

Interleukin-5 transgenic mice were anaesthetized using
isofluorane and treated with rmEotaxin-2 (PeproTech EC,
5 pg in a total volume of 25 pl 0-1% BSA/PBS) or control
vehicle (0-1% BSA/PBS) by intranasal instillation. The
BAL eosinophils and CD34" cells were measured 18 hr
after the eotaxin-2 treatment.

Transmigration assay

Bone marrow and blood cells harvested from naive IL-5
transgenic mice (NJ.1638) were stained for CD34" and
CCR3" cells before and after migration. Briefly, the
migration of BM and blood CD34" CCR3" cells in

response to eotaxins was assessed using 5-pm polycarbon-
ate membrane transwell inserts in 24-well tissue-culture
polystyrene plates (Costar, Corning, NY). The inserts
were pre-incubated in medium (RPMI-1640 containing
5% FCS) for 1 hr in 37°. The BM cells (1 x 10°) and
blood cells (1-5 x 10°) isolated from IL-5 transgenic mice
and 50 ng/ml rmIL-5 in 200 pl medium were placed into
the inserts. The inserts were then placed into the wells
with 500 pl medium alone (control), or medium contain-
ing rmEotaxin-1 (250 ng/ml) or rmEotaxin-2 (250 ng/
ml). The plates were incubated at 37° in 5% CO, for
90 min. The cells that had migrated to the lower wells
were collected, counted and stained for CD34 and CCR3
as described above for the FACS analysis. Migrated
CD34" CCR3™" cells are expressed as the relative number
of migrated cells of CD34" CCR3" cell input.

In vivo protocol for anti-CCR3 treatment

The effects of anti-CCR3 in allergen-induced eosinophilia
were investigated by pre-treatment of the animals with a
depleting rat anti-mouse CCR3 mAb, (Clone 6S2-19-4;
IgG2b; DNAX, Palo Alto, CA). Mice were treated i.p. with
anti-CCR3 in three different doses (30-300 pg/animal in
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500 pl PBS) or isotype control (100 pg/animal in 500 pl
PBS, rat IgG2b, clone R35-38; BD-Bioscience Europe,
Erembodegem, Belgium) 1 hr before allergen exposure on
the first day of exposure.

Immunocytochemical detection of CD34 antigen together
with Luxol Fast Blue counterstaining

Cytospin preparations from BM and BAL were stained
for CD34 using a biotinylated rat anti-mouse CD34 mAb
(clone RAM34; BD Biosciences). Bound antibodies were
visualized with a Vector Red Alkaline Phosphatase Sub-
strate kit (Vector Laboratories Inc., Burlingame, CA). The
slides were also stained with Luxol Fast Blue and counter-
stained with Mayer’s haematoxylin (DAKO) to identify
these cells as eosinophil-lineage precursors. Five hundred
cells were evaluated in random fields of view.

Double immunocytochemistry for CD34 antigen
and Sca-1

Cytospins from BAL were stained with a rat anti-mouse
CD34 mAb (clone RAM34; BD Biosciences). A rabbit
anti-rat immunoglobulin (DAKO) was used as a link
antibody before incubation with alkaline phosphatase—
anti-alkaline phosphatase (DAKO). Bound antibodies
were visualized with the Vector Red Alkaline Phosphatase
Substrate kit. Slides were then treated with a biotin block-
ing system (DAKO) and incubated overnight at 4° with a
biotinylated rat anti-mouse Sca-1/Ly6 mAb (Clone
177228; R&D Systems). Next day, the slides were washed
and incubated with streptavidin-f-galactosidase and
X-Gal substrate (f-Gal staining set; Roche) and counter-
stained with Mayer’s haematoxylin. Four hundred cells
were counted in random fields of view.

Statistical analysis

All data are expressed as mean + SEM. Statistical analysis
was carried out using a non-parametric analysis of vari-
ance (Kruskal-Wallis test) to determine the variance
among more than two groups. If significant variance was
found, an wunpaired two-group test (Mann—Whitney
U-test) was used to determine significant differences
between individual groups. Wilcoxon signed rank test was
used to analyse changes within the same group. P < 0-05
was considered statistically significant.

Results
FACS analysis for CD34" CCR3" and CD34"
CCR3" Sca-1" cells

Flow cytometric analysis for CD34" CCR3" cells in BM,
blood, lung and BAL showed a significant increase of this

cell population in all three compartments of OVA-sensi-
tized/exposed animals when compared with OVA-sensi-
tized but saline-exposed control animals (Fig. la). Triple
staining for CD34" CCR3" Sca-1" on lung cells was per-
formed to determine if a part of the CD34" CCR3™ cells
also expressed Sca-1. Allergen exposure induced a signifi-
cant increase in the number of CD34" CCR3" Sca-1" lung
cells both in the SSCM¢" gated population (i.e. eosinophils)
and in the SSC'" gated cell population (i.e. eosinophil-
lineage-committed progenitors) when compared with sal-
ine-exposed animals (Fig. 1b). CCR3", Sca-1* CCR3"* and
CD34" CCR3" cells were also increased in the SSC™" and
SSC'" gated cell populations in allergen-exposed mice
when compared with saline-exposed mice (Fig. 1c,d).

Lung and BM colony assay

Lung CD34" cells were cultured together with rmIL-5 or
rmEotaxin-2 to examine if CD34" cells in the lung of
allergen-exposed mice form colony-forming units (CFU)
in vitro. In the cultures of lung CD34" cells (Fig. 2a), we
detected 2 £ 1 CFU/well in the control culture, and 8 £ 3
versus 6 = 2 CFU/well in cultures where either IL-5 or
rmEotaxin-2 was added alone, respectively. When the
combination of rmIL-5 and rmEotaxin-2 was added to
the culture of lung CD34" cells, no further significant
increase in CFU/well was observed (10 £ 1 CFU/well;
Fig. 2a). Interestingly, previous studies have shown that
BM-derived CD34" cells form CFU when stimulated with
rmlIL-5.° Hence, BM CD34" cells were cultured in parallel
as a control for our system. In the cultures of BM CD34"
cells, we detected 1 £ 1 BM CFU/well in the control cul-
tures (no cytokines added), whereas we found no BM
CFU in the cultures where rmEotaxin-2 alone was added.
In contrast, the cultures where rmIL-5 was added alone,
or together with rmEotaxin-2, had 27 £3 and 26 £
2 CFU/well, respectively (Fig. 2b). The optimal time for
BM CFU growth was after 8 days of culture, and in lung
after 8-14 days of culture. The cells were identified as
eosinophils on the basis of morphologically homogeneous
appearance.

Newly produced eosinophil-lineage-committed lung
cells proliferate in vivo after allergen challenge

A multiparametric cell cycle analysis was used to assess
whether the magnetically enriched CD34" or Sca-1" newly
produced eosinophil-lineage-committed cells proliferate
locally within the airways in response to allergen, by anal-
ysis of BrdU staining together with 7-AAD staining (total
DNA stain). We found a significant increase in the num-
ber of CD34" CCR3" BrdU" and Sca-1* CCR3" BrdU"
proliferating cells (i.e. cells within S phase or G2/M
phase) in the allergen-exposed animals when compared
with the saline exposed animals. This increase was
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Figure 2. Haematopoietic activity of interleukin-5 (IL-5) and eotaxin-2 and newly produced eosinophil-lineage-committed cells proliferate after
allergen exposure. (a) Colony-forming units (CFUs) after 8-14 days of culture of lung CD34" cells and (b) 8 days of culture of bone marrow
(BM) CD34" cells harvested from ovalbumin (OVA) -sensitized/exposed mice (n = 3-6) *P < 0-05 for comparison between control and cyto-
kine/chemokine-stimulated colonies; Wilcoxon signed rank test. The number of CCR3" BrdU" proliferating cells in the lung, analysed by FACS
of magnetically enriched CD34" cells (c) and Sca-1" cells (d) from OVA-sensitized/exposed BALB/c mice compared with OVA-sensitized but
PBS-exposed mice. Open bars represent cells gated on the SSC"" cell population and dark bars are cells gated on the SSC' cell population.
Data are shown as mean (+ SEM) (n = 5-7). *P < 0-05 and **P < 0-01 between OVA-exposed and PBS-exposed groups.

paralleled with an increase in proliferating cells in both
SSCMeh and SSC™ lung cell populations, representing
eosinophils and their progenitors (Fig. 2¢,d).

CCR3" lung cells co-express MBP

We employed double staining of CCR3 together with
MBP to further assess whether the CCR3" cells were com-
mitted to the eosinophil lineage. Almost all of the CCR3"
cells gated on both the SSC™&" and SSC'" cell population
co-expressed MBP (ranging between 75 and 99%) (data
not shown).

CD34" CD45" IL-5Ra" cells increase in the airways
after allergen challenge and newly produced IL-5Ra"
lung cells proliferate in vivo

Bone marrow, lung and BAL cells were stained for
CD34" CD45" IL-5Ra" to evaluate the amount of CD34"

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 144-154

progenitors (CD34" CD45" cells) and the classical eosin-
ophil progenitors (CD34" CD45" IL-5Ra" cells) in our
model. No differences were found in BM eosinophil pro-
genitors of allergen-exposed animals compared with sal-
ine-exposed animals (data not shown). In contrast, lung
and BAL CD34" CD45" IL-5Ra" cells were significantly
increased in the allergen-exposed animals compared with
the saline-exposed animals (Fig. 3a). To further assess
whether the IL-5Ra" newly produced cells proliferate
locally within the airways in response to allergen a multi-
parametric cell cycle analysis for BrdU" cells together
with 7-AAD staining (total DNA analysis) was used. A
significant increase in the newly produced proliferating
IL-5Ra" cells in allergen-exposed animals compared with
saline-exposed animals was found in both SSC"&" and
SSC'* gated lung cell populations, showing that both
eosinophils and their progenitors have a proliferative
capacity locally in the airways in response to allergen
(Fig. 3b).
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Number of IL-5Ra" BrdU* 7-AAD" cells in the lung, analysed by
FACS in OVA-sensitized/exposed BALB/c mice compared with OVA-
sensitized but PBS-exposed mice. Open bars represent cells gated on
the SSC™M&" cell population and dark bars are cells gated on the
SSCY cell population. Data are shown as mean (+ SEM) (n = 5-6).
* P < 0-05 and ** P < 0-01 between OVA-exposed and PBS-exposed
groups.

IL-5Ra" cells co-express CCR3

Double staining with antibodies against IL-5Ro and CCR3
was used to further evaluate if the IL-5Ra" cells express
CCR3. More than 95% of the lung IL-5Ro" cells gated
within the granulocyte population (SSCM") stained posi-
tively for CCR3 (Fig. 4a). In contrast, only 55% of the
SSC'" gated IL-5Ro" cells stained positively for CCR3
(Fig. 4b). Furthermore, SSChigh and SSClo gated CCR3
*TL-5Ra* cells were significantly increased in the allergen-
exposed animals compared with saline-exposed (Fig. 4a,b).
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Eotaxin-2 in BALF

Eotaxin-2 levels were measured in BALF to further inves-
tigate the interplay between BALF eotaxin-2 levels and the
accumulation of eosinophils and their progenitors in the
airways in OVA-exposed animals. BALF eotaxin-2 levels
significantly increased in the OVA-exposed animals
compared with the sensitized but saline-exposed control
animals (694 £ 157 versus 27 = 8 pg/ml, P < 0-01).

Eotaxin-2 induces CD34" eosinophil recruitment
to the airways

We have previously shown that IL-5 transgenic mice have
an increased number of CD34" cells in blood'® and
administration of eotaxin-2 to the airway lumen of differ-
ent IL-5 transgenic mouse strains result in traffic of eosin-
ophils to the airways.”®*’ Therefore we used an IL-5
transgenic mouse strain to further elucidate the role of
eotaxin-2 in the in vivo recruitment of CD34" cells to the
airways. Eotaxin-2 treatment significantly induced CD34"
cell recruitment to the airways in IL-5 transgenic mice
when compared with animals treated with vehicle (0-1%
BSA/PBS) (Fig. 5a).

Eotaxin-1 and eotaxin-2 induce migration of CD34"
BM and blood eosinophils in vitro

Bone marrow and blood CD34" CCR3" eosinophils
migrated in response to eotaxin-1 and eotaxin-2. Eotaxin-
1 was the most effective chemokine of the two on BM
CD34" CCR3" eosinophil migration (data not shown),
whereas eotaxin-2 was the most potent in blood
CD34" CCR3" eosinophil migration (Fig. 5b). Also the
CD34~ CCR3" blood eosinophils migrated in response to
eotaxin-2, but to a lesser extent (Fig. 5b).
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Figure 4. Number of CCR3"-IL-5Ra" cells in the lung. (a) The number of CCR3", interleukin-5 receptor o subunit-positive (IL-5Ra")and
CCR3" IL-5Ra" cells in the lung, analysed by FACS and gated on SSC™" cell population and (b) gated on SSC' cell population in ovalbumin
(OVA) -sensitized/exposed BALB/c mice compared with OVA-sensitized but PBS-exposed mice. Open bars represent PBS-exposed animals and
dark bar represents OVA-exposed animals. Data are shown as mean (+ SEM) (n = 5-6). *P < 0-05 and **P < 0-01 between OVA-exposed and

PBS-exposed groups.
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Figure 5. Eotaxin-2 induces migration of CD34" CCR3" cells. (a)
The effect of local airway administered eotaxin-2 (Eot-2) to interleu-
kin-5 (IL-5) transgenic mice (NJ.1638) on bronchoalveolar lavage
(BAL) CD34" eosinophil-lineage-committed cells compared with
IL-5 transgenic mice administered vehicle. Data are shown as mean
(+ SEM) (n=3), * P<0:05. (b) In vitro transmigration assay of
CD34" CCR3" and CD34~ CCR3" blood cells in response to
eotaxin-2. Data are expressed as migration index (% of migrated
cells of cell input) and shown as mean (+ SEM) (n = 3).

Table 1. Eosinophils in bone marrow and bronchoalveolar lavage
(BAL) after anti-CCR3 treatment

Bone marrow eosinophils
(% of total cells)

BAL eosinophils

Immature Mature  Total (x 10%/ml)

Treatment

IgG2b 72 (0:9) 12+4 (1-2) 196 (1-6) 121-4 (15-6)
aCCR3 (30 pg ip.) 57 (1-1) 10-2 (2:1) 1599 (3:0) 487 (13-4)*
aCCR3 (100 pg ip.) 7-9 (1-1) 11:6 (1-3) 19:5 (2:5) 44.7 (12:5)*
aCCR3 (300 pg ip.) 57 (0-7) 85 (0-8) 14-2 (1-0) 13-3 (3-2)**

Effect of in vivo treatment with isotype control (IgG2b) or anti-
CCR3 in ovalbumin (OVA) -sensitized/exposed mice on bone mar-
row and BAL eosinophilia. Data are shown as mean (SEM)
(n =5-9, *P < 0-05 and **P < 0-01 for comparison between control
and aCCR3 treatment; Mann—Whitney U-test).

Effects of systemic anti-CCR3 treatment

Intraperitoneal treatment with anti-CCR3 resulted in a
significant reduction in BAL eosinophils compared with
the isotype control-treated group (Table 1).The inhibitory
effect of the anti-CCR3 antibody on BAL eosinophils was
paralleled with a reduction in CD34" eosinophil-lineage-
committed cells in BAL regardless of dose administered
(Fig. 6a). Furthermore, systemically administered anti-
CCR3 treatment resulted in a significant reduction of
BAL CD34" Sca-1" cell compared with the isotype con-
trol-treated group (Fig. 6b). In contrast, a non-significant
reduction in BM eosinophils was found in the group trea-
ted with the highest dose of anti-CCR3 compared with

CCR3 and eosinophil progenitors
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Figure 6. Effects of in vivo treatment with anti-CCR3 monoclonal
antibody. Effect of in vivo treatment with the anti-CCR3 monoclonal
antibody versus its isotype control (rat IgG2b) antibody, on (a)
bronchoalveolar lavage (BAL) CD34", (b) BAL CD34" Scal™ cells
and (c) bone marrow (BM) CD34" cells in ovalbumin (OVA) -sensi-
tized/exposed BALB/c mice. The antibody was administered intraper-
itoneally (30-300 pg) 1 hr before exposure on the first day of
exposure. Data are shown as mean (+ SEM) (n = 6-9). *P < 0-05
compared with the rat IgG2b-treated group.

the isotype control-treated group (Table 1). However,
eosinophil-lineage-committed cells positive for CD34
(BM CD34" cells) was significantly reduced after the anti-
CCR3 treatment when compared with the control-treated
group (Fig. 6¢).

Discussion

The present study provides evidence for a role of the
CCR3/Eotaxin pathway in local proliferation and mobili-
zation of CD34" cells in the airways after allergen expo-
sure. We have determined that CD34" CCR3" cells
increase in BM, blood and airways after allergen expo-
sure, and further demonstrated that allergen-induced
newly produced eosinophil-lineage-committed (CD34"
CCR3" BrdU") lung cells have the capacity to proliferate
in situ after allergen exposure. Significantly, IL-5 and
eotaxin-2 each alone stimulated in vitro CFUs of lung
CD34" cells but not BM CD34" cells. Moreover, delivery
of eotaxin-2 to the airways of IL-5 transgenic mice
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resulted in a substantial increase of CD34" cells in BAL
and in vitro transmigration assays show that BM and
blood CD34" CCR3" cells migrate in response to eotaxin-
2. These data, together with our observations showing
that systemic treatment with a depleting anti-CCR3 anti-
body abolished both CD34" and Sca-1" cells in airways to
levels similar to control animals, suggest a role of this
chemokine receptor in lung progenitor cells.

The present study showed that allergen-sensitized and
allergen-exposed animals displayed a significant increase
in CD34" CCR3™ cells (relative to allergen-sensitized but
saline-exposed animals) in not only the BM, but also in
blood and airways. We further demonstrate that a pro-
portion of the CD34" CCR3" cells in the airways stain
positively for Sca-1, which confirms that some of these
cells are likely to be haematopoietic stem cells. That is,
Sca-1 is considered to be a stem cell marker, and has
recently been shown to be involved in regulating the
repopulation ability of haematopoietic stem cells in
mice.”®* Previously it had been shown that both imma-
ture and mature BM eosinophils express CCR3 and that
the expression is higher in BM from patients with atopic
asthma compared with controls, suggesting that there is
an increased pool of CCR3" immature and mature eosin-
ophils available for rapid mobilization.'***?" In addition,
the expression of CCR3 has been shown to be up-regu-
lated during maturation of CD34" cells to circulating
eosinophils, suggesting a role in the trafficking of metam-
yelocytes to inflamed tissue.”’ Furthermore, an increase in
CD34" cells in sputum has been reported in atopic asth-
matic patients as well as in nasal polyp tissue.”* The
increase of CD34" cells in the nasal mucosa of patients
during a pollen season, suggests that progenitors are
recruited into the local airway tissue by allergen-depen-
dent mechanisms; here they may differentiate into more
mature cells within the site of allergic inflammation (i.e.
in situ haematopoiesis).'>*>**> These parallel phenom-
ena in allergic mice and asthmatics imply that the mouse
model has relevance to the human disease in relation to
eosinophil maturation and trafficking.

We employed a multiparametric cell cycle analysis
assessed by FACS to assess whether the CD34" newly pro-
duced eosinophil-lineage-committed cells proliferate
locally within the airways in response to allergen. A sig-
nificant increase of newly produced proliferating CD34"
eosinophil-lineage-committed cells in vivo after allergen
exposure (compared with the saline-exposed animals) was
identified. It is noteworthy that almost all lung cells that
stained positively for CCR3 also co-expressed MBP, which
further argues for the eosinophil-lineage commitment of
these CD34" CCR3" cells. In addition, we cultured
CD34" lung cells to assess their capacity to form CFUs
in vitro after incubation with rmIL-5 alone, rmEotaxin-2
alone, or with the combination of rmIL-5 and rmEo-
taxin-2. Surprisingly, a significant increase in CFUs com-

pared with control was found in all three groups, arguing
that eotaxin-2 itself can function as an eosinophilopoietic
factor in the lung, expanding the previous findings that
lung progenitors can produce IL-5-dependent CFUs
in vitro.”** Studies in humans have suggested a role of
eotaxin-1 in the differentiation of CD34" cells towards
eosinophils because cord-blood-derived CD34" cells cul-
tured in the presence of eotaxin-1 differentiate into eosin-
ophils.”! Furthermore, we have previously shown that
CD34" cells release markedly more IL-5 compared with
the CD34 eosinophils, suggesting that the airway CD34"
cells may play an autocrine role in their final maturation
to eosinophils.” In contrast, we were unable to detect any
colony formation of BM CD34" cells that were incubated
with eotaxin-2 alone, suggesting that this chemokine only
has haematopoietic function outside the BM. Taken
together, these findings suggest that allergen-induced hae-
matopoietic events do occur in the lung during allergen
exposure, and that eotaxin-2 has haematopoietic effects
alone or together with IL-5, primarily within the airways,
whereas IL-5 has haematopoietic effects in the BM as well
as in the lung.

CD34" progenitors that co-express IL-5Ra are consid-
ered to be the earliest eosinophil-lineage-committed pro-
genitor cell.* CD34" IL-5Ra" cell numbers are increased
in the mucosa of patients with atopic asthma compared
with controls and CD34" IL-5Rx* as well as CD34"
CCR3™ cells have been shown to increase in BM, circula-
tion and induced sputum in patients with allergic asthma
compared with controls.*'*"'*?%* The present study
show that CD34" CD45" IL-5Ra" eosinophil progenitors
are increased in the airways after allergen exposure, con-
firming previous published data in mice and
humans.******” However, we also demonstrate a signifi-
cant increase in the proliferating IL-5Ra" cells in vivo in
the lung after allergen challenge. It is important to note
that most of the IL-5Ra" cells in the airways of allergen-
exposed mice also co-expressed CCR3, which implies that
these receptors may have complementary functions in the
lung CD34" cells. Additionally, we found a significant
reduction in CD34" Sca-1" BAL cells in the animals trea-
ted with a CCR3-depleting antibody compared with the
isotype control-treated group, confirming the role of
CCR3 in the accumulation of airway CD34" cells. Our
finding of airway cells with stem cell markers such as
CD34 and Sca-1 after allergen exposure, together with
evidence of proliferation of lung CD34" and Sca-1" cells,
further argues that eosinophilopoiesis can occur locally in
the lung after allergen exposure.

A significant reduction in the CD34" BM cells was found
with the CCR3 antibody treatment, further verifying a role
of the CCR3 receptor on CD34" BM eosinophil-lineage-
committed cells. Previously, it has been shown that com-
bined systemic and local airway administration of this
depleting anti-CCR3 mAb, abolish eosinophils from the
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airway lumen after allergen exposure®® and CCR3-deficient
mice have a greatly reduced eosinophilic inflammatory
response to allergen.’”*” A recent study shows that anti-
CCR3 mAb treatment inhibits the migration and differenti-
ation of mouse BM CD34" cells in vitro.*' However, in the
same study they used a depleting anti-CCR3 mAb, which
induced antibody-mediated killing** without any addi-
tional antagonistic activities, casting doubt on the conclu-

sions noted in this paper.*'

In conclusion, our study argues that the CCR3/eotaxin

pathway is involved in both the regulation of allergen-dri-
ven in situ haematopoiesis as well as the accumulation of
eosinophil-lineage-committed progenitor cells in the lung.
These data further suggest that the development of thera-
peutic strategies directly targeting in situ lung eosino-
philopoiesis may represent a novel approach in the
treatment of asthma. Targeting CCR3, or alternatively
eotaxin-1 and/or eotaxin-2, may be effective in reducing
tissue progenitor cell proliferation and mobilization in

allergen-induced airway eosinophilia.
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