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Allergen-induced, eotaxin-rich, proangiogenic bone marrow
progenitors: A blood-borne cellular envoy for lung
eosinophilia

Kewal Asosingh, PhD,a Jodi D. Hanson, MS,a Georgiana Cheng, MD,a Mark A. Aronica, MD,a,b and Serpil C. Erzurum,

MDa,b Cleveland, Ohio
Background: Eosinophilic inflammation is closely related to
angiogenesis in asthmatic airway remodeling. In ovalbumin
(OVA)–sensitized mice bone marrow–derived, proangiogenic
endothelial progenitor cells (EPCs) are rapidly recruited into
the lungs after OVA aerosol challenge and promptly followed by
mobilization and recruitment of eosinophils.
Objective: We hypothesized that bone marrow–derived EPCs
initiate the recruitment of eosinophils through expression of the
eosinophil chemoattractant eotaxin-1.
Methods: EPCs were isolated from an OVA murine model of
allergic airway inflammation and from asthmatic patients.
Endothelial and smooth muscle cells were isolated from mice.
Eotaxin-1 expression was analyzed by means of
immunofluorescence, real-time PCR, or ELISA. In vivo
recruitment of eosinophils by EPCs was analyzed in mice.
Results: Circulating EPCs of asthmatic patients had higher
levels of eotaxin-1 compared with those seen in control subjects.
In the murine model OVA allergen exposure augmented
eotaxin-1 mRNA and protein levels in EPCs. The EPCs from
OVA-sensitized and OVA-challenged mice released high levels of
eotaxin-1 on contact with lung endothelial cells from sensitized
and challenged mice but not from control animals and not on
contact with cardiac or hepatic endothelial cells from sensitized
and challenged mice. Intranasal administration of the eotaxin-
rich media overlying cultures of EPCs caused recruitment into
the lungs, confirming functional chemoattractant activity.
Conclusions: Bone marrow–derived EPCs are early responders
to environmental allergen exposures and initiate a parallel
switch to a proangiogenic and proeosinophilic environment in
the lungs of asthmatic patients. (J Allergy Clin Immunol
2010;nnn:nnn-nnn.)
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Increasing blood vessel numbers and density in the airway wall
is a defining characteristic of asthma.1-5 Studies suggest that the
increased vascularity is related to the pathology of inflammation
in asthma.6,7 Overexpression of vascular endothelial growth
factor in airways of mice leads to neovascularization and to the
development of inflammation and airway remodeling that strik-
ingly mimics an asthma-like condition.6 Although angiogenesis
is strongly implicated in the mechanisms driving the allergic in-
flammatory lung process, how new vessel formation in allergic
animals leads to infiltration of eosinophils remains unknown.

Bone marrow–derived endothelial progenitor cells (EPCs) in
postnatal neovascularization are a relatively new concept in
vascular biology.8-14 Whether these cells differentiate into true
endothelial cells (ECs) is controversial; however, animal tumor
and hind-leg ischemia models provide conclusive support that
EPCs are essential for angiogenesis through paracrine mecha-
nisms.8-18 These proangiogenic cells originate from hematopoi-
etic stem cells and are subtyped by specific biologic assays and
cell-surface markers, such as the colony-forming unit–endothe-
lial cell (CFU-EC) assay; vascular endothelial growth factor
receptor 2 (VEGFR-2), Sca-1, C-kit, and lectin positivity; and
low-density lipoprotein uptake (1,19-dioctadecyl-3,3,39,39-tet-
ramethylindocarbocyanine-acetylated low- density lipoprotein
[Dil-AcLDL]).8,15,16,19

Using the ovalbumin (OVA) murine model of allergic airway
inflammation, we recently reported that bone marrow–derived
proangiogenic EPCs are initiators of an early angiogenic switch in
asthmatic lungs.7 EPCs progressively home to the lungs within
hours after an initial allergen challenge. Blood vessel formation
and influx of eosinophils follow the EPCs in a temporal pattern
sequentially.7 Eosinophils are considered the typical effector cells
in asthma.20-23 These inflammatory cells release abundant factors
that mediate airway epithelial damage, airway remodeling, and
bronchoconstriction.20-23 Eotaxins, a family of C-C chemokines,
including eotaxin-1, eotaxin-2, and eotaxin-3 in human sub-
jects24-26 and eotaxin-1 and eotaxin-2 in mice,27,28 are the pri-
mary eosinophil-specific29 chemoattractants, as shown by
recent elegant studies in mice genetically deficient for eotaxin-
1/2.22 Eotaxin-1 is found in lung structural cells, including ECs,
epithelial cells, and airway and vascular smooth muscle cells
(SMCs), whereas eotaxin-2 is secreted by macrophages and T
cells.30 Eotaxin-1 induces mobilization of eosinophils and their
progenitors from the bone marrow into the blood circulation31,32
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Abbreviations used
CFU-EC: C
olony-forming unit–endothelial cell
Dil-AcLDL: 1
,19-Dioctadecyl-3,3,39,39-tetramethylindocarbocyanine-

acetylated low- density lipoprotein
EC: E
ndothelial cell
EPC: E
ndothelial progenitor cell
FITC: F
luorescein isothiocyanate
FVC: F
orced vital capacity
OVA: O
valbumin
PE: P
hycoerythrin
qRT-PCR: R
eal-time quantitative PCR
SMC: S
mooth muscle cell
VEGFR2: V
ascular endothelial growth factor receptor 2
and their adhesion to the endothelium,33-35 whereas eotaxin-2 is
mainly expressed by airway lumen macrophages and primarily
directs the recruitment of eosinophils from the vasculature into
the airway.28 Studies with eotaxin-1 blocking antibodies36,37

and strain-specific eotaxin-1 knockout mice38,39 show reduction
of eosinophil numbers in the lungs, but eotaxin-1 instillation
into the airways of naive mice fails to induce accumulation of eo-
sinophils in the airways.32,41-42 Based on the rapid mobilization
and recruitment of EPCs to the lung after allergen challenge in
sensitized mice and the temporal relationship of EPCs to angio-
genesis and eosinophilic inflammation, we hypothesized that
EPCs can contribute to the genesis of lung eosinophilia through
the expression and secretion of eotaxin-1, which is triggered on
contact of the EPCs with vascular cells in the allergen-sensitized
and allergen-challenged lung.
METHODS

Human subjects
Nonsmoking healthy persons and asthmatic patients were recruited for this

study. Exclusion criteria for both groups included age younger than 18 years or

older than 65 years, pregnancy, HIV infection, and history of respiratory tract

infection in the previous 6 weeks, prolonged exposure to secondhand smoke at

home or work, and exposure to dusty environments or known pulmonary

disease-producing agents. Additional exclusion criteria for healthy control

subjects included history or symptoms of lung disease or allergies. None of

the volunteers with asthma had a recent asthma exacerbation, hospitalization,

or change in medication for 6 weeks before the study. Asthma was defined

based on the National Asthma Education Prevention Program guidelines, in-

cluding episodic respiratory symptoms, reversible airway obstruction deter-

mined based on documentation of variability in FEV1 and/or forced vital

capacity (FVC) by 12% and 200 mL either spontaneously or after 2 puffs of

inhaled albuterol, and/or a positive methacholine challenge result.43 For meth-

acholine challenge testing, increasing concentrations of methacholine were

delivered until FEV1 decreased at least 20% when compared with a control

level. The measure used to compare the sensitivity of one subject with that

of another was PC20, the first provocative concentration that caused a 20%

decrease in FEV1. Studies in human subjects were approved by the Institu-

tional Review Board of the Cleveland Clinic, and written informed consent

was obtained from all participating patients.

Animals
Immunocompetent 6- to 8-week-old female BALB/c mice from the

Jackson Laboratory (Bar Harbor, Me) were used for OVA allergen sensitiza-

tion and challenge.44,45 All mice were maintained in specific pathogen-free

conditions by using microisolator cages and were used in accordance with

applicable regulations after institutional approval.
OVA sensitization
Typical induction of allergic airways disease was performed, as described

previously.7,44,45 In short, BALB/c mice were immunized by means of intra-

peritoneal injection with OVA (10 mg adsorbed in Al[OH]3; Sigma Chemicals,

St Louis, Mo). Two weeks later, a series of daily inhalations (40 min/d) were

started, with mice placed as a group in a chamber kept saturated with nebu-

lized OVA solution (1% wt/vol in sterile PBS). Twenty-four hours after the

first challenge or at indicated time points (days 3 or 6), animals were anesthe-

tized by means of intraperitoneal injection with pentobarbital. Blood was

drawn in EDTA syringes by means of cardiac puncture, and lungs were

dissected. Lungs were gently squeezed through 40-mm pore size nylon

mesh in PBS. In some experiments whole-lung digestion was performed to

isolate lung vascular cells. Hind legs and vertebrae were also dissected, and

bone marrow cells were isolated in sterile PBS. Mononuclear cells were

obtained from blood, lung, and bone marrow by means of centrifugation on

Lympholyte (Cedarlane, Ontario, Canada).

Isolation of murine EPCs
EPCs with greater than 95% purity were isolated, as initially described by

others.46-49 Briefly, bone marrow–derived mononuclear cells were seeded on

fibronectin (1 mg/cm2; Sigma-Aldrich, Milwaukee, Wis)–coated 24-well

plates at a concentration of 4 3 106 cells/0.5 mL in EBM-2 medium

(Cambrex, East Rutherford, NJ) supplemented with 20 ng/mL vascular endo-

thelial growth factor (Invitrogen, Carlsbad, Calif), 20% FBS and 1% penicil-

lin/streptomycin. Lung mononuclear cells were seeded at a density of 0.5 3

106 cells/0.5 mL. Adherent cells were trypsinized between days 7 and 12

and characterized by analyzing for Dil-AcLDL (Molecular Probes, Eugene,

Ore) uptake (15 mg/mL) and by staining with Ulex lectin–fluorescein isothio-

cyanate (FITC; 2.5 mg/mL Sigma), as previously described.7,46-49 Phase-

contrast and fluorescent images were captured by using a 403 objective on

a Leica DM IRB inverted fluorescent microscope equipped with a Retiga

SRC CCD camera and Q-Imaging software. EPCs were also characterized

by using flow cytometric staining with anti-mouse CD45-FITC (eBioscience,

San Diego, Calif), CD11b-FITC (eBioscience), Sca-1–allophycocyanain

(APC; eBioscience), C-kit (eBioscience), CD31-FITC (BD Biosciences,

San Jose, Calif), and VEGFR2–phycoerytrhin (PE; BD Biosciences). Iso-

type-matched irrelevant antibodies were used as controls.

Cytospin preparations were made with a cell concentration of 40,000 cells

in 200 mL of PBS–5% BSA by using a Cytospin3 centrifuge (1,200 rpm for

4 minutes; Thermo Scientific, Waltham, Mass).

Isolation of human EPCs
Human EPCs with greater than 95% purity were obtained from the

peripheral blood circulation by using the CFU-EC assay.7,50 Cells were trypsi-

nized, and cytospin preparations were frozen for batch analysis.

Eotaxin immunofluorescence staining
Cytospin preparations of EPCs were completely air-dried after spinning

and stored at 2208C until batch staining. Frozen cytospin preparations were

brought to room temperature and then fixed in 95% ethanol. A 1-hour blocking

step was used with 2% normal murine serum or 2% FBS for human cells, after

which slides were incubated overnight at 48C in a moist chamber with rabbit

anti-mouse or goat anti-human antibodies against eotaxin-1 (Santa Cruz

Biotechnology, Santa Cruz, Calif), as appropriate. Specificities of both

antibodies were verified by means of preabsorption with pure murine or

human eotaxin-1. For murine cytospin preparations, biotin donkey anti-rabbit

(Jackson ImmunoResearch, West Grove, Pa) and streptavidin Alexa Fluor 568

(Invitrogen) were added as secondary and tertiary reagents, respectively, and

incubated for an hour at room temperature each. For human cells, donkey anti-

goat Alexa Fluor 594 (Invitrogen) was used as the second step. Between each

incubation, slides were washed 3 times with PBS. After the final wash, slides

were mounted with 49-6-diamidino-2-phenylindole dihydrochloride (Vecta-

shield Laboratories, Burlingame, Calif) and sealed. Pictures were taken by

using identical settings within each batch at a final magnification of 4003 with

a Leica DMR fluorescence microscope equipped with a Retiga EX digital

camera and QImaging software. Background subtraction was performed by
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applying the black point function in an area with no cells by using the Levels

Tool in Adobe Photoshop 8.0 and was verified by using slides stained with

secondary (and tertiary for murine samples) reagent(s) only. In Image Pro

grayscale images were used to count EPCs and to calculate the sum intensity.

We used the count/size tool to manually select and set the threshold for

positive labeling for analysis of all images. Average intensity of eotaxin-

1 expression per cell was calculated by determining total intensity for eotaxin-

1 and dividing by the total number of cells per image. All selected objects were

manually verified for inclusion.

Real-time quantitative PCR
Total RNA was extracted from bone marrow–derived EPCs by using a

standardized TRIzol method of phenol extraction (Invitrogen). The A260/

A280 ratio was between 1.9 and 2.2 for all samples. Transcripts were analyzed

by means of real-time quantitative PCR (qRT-PCR) in triplicate. Transcript-

specific primers were generated based on murine sequences from GenBank

and were designed with Primer Express software (Applied Biosystems, Inc,

Foster City, Calif). The National Center for Biotechnology Information’s

BLAST program was used to ensure the specificity of each primer pairs for

each transcript. Primer sequences are eotaxin-1 (CCL11) were as follows:

forward, ATTGTGTTGTTTGTTTGCTTGC; reverse, GTCAGCCTGGTC

TACACAGTGA. Briefly, reverse transcription was carried out with Super-

Script First-Strand Synthesis System for RT-PCR (Invitrogen) to generate

first-strand cDNA. qRT-PCR was performed with SYBR green PCR Master

mix (Applied Biosystems, Inc) and was carried out with an ABI 7300

sequence detection instrument (Applied Biosystems, Inc). Murine glyceral-

dehyde-3-phosphate dehydrogenase was used as an internal control, and

relative transcript abundance was normalized to the amount of glyceralde-

hyde-3-phosphate dehydrogenase for the qRT-PCR data. Mean fold changes

were calculated by averaging the triplicate measurements for each gene. The

relative fold difference calculation uses the 22DDCT method.51

Isolation and culture of murine lung ECs and SMCs
Lungs were perfused with 10 mL of sterile warm PBS through the heart to

remove all blood cells. Lungs were then dissected, minced, and completely

dissociated in digestion buffer (0.1% Collagenase A [Roche Applied Science,

Indianapolis, Ind], 0.04% DNA-se II [Sigma-Aldrich], and 0.5 mmol/L CaCl2
[Sigma-Aldrich] in 1 mL of Dispase II [Roche Applied Science]) for 1.5 hours

at 378C. The cell suspension was filtered through a 40-mm cell strainer (BD

Biosciences), and the number of cells was counted. Dead cells were removed

by using the MACS Dead Cell Removal Kit (Miltenyi Biotec, Bergisch Glad-

bach, Germany), according to the manufacturer’s instructions, and the remain-

ing viable cells were then labeled with biotin anti-mouse CD31 (eBioscience).

MACS anti-biotin microbeads (Miltenyi Biotec) were used as a secondary

reagent, and CD311 cells were isolated by using MS columns (Miltenyi Bio-

tec). The CD312 fraction was collected for SMC cultures while the positive

fraction was run through a second column to increase the purity of the

CD311 ECs. ECs were seeded on rat tail collagen I–coated plates (50 mg/

mL, BD Biosciences) in MCDB-131 complete medium (VEC Technologies,

Rensselaer, NY). Purity was assessed by staining of the cells with anti-bio-

tin–PE (Miltenyi Biotec) for flow cytometric analysis.

Eotaxin-1 ELISA
Single cultures of lung, heart, or liver ECs and SMCs or cocultures with

bone marrow–derived EPCs were performed. A quantity of 0.5 3 106 ECs or

SMCs was incubated on fibronectin-coated 24-well plates, and after 12 hours,

100 3 103 bone marrow–derived EPCs were seeded on top of the vascular cells

in a final volume of 0.5 mL of MCDB-131 complete medium (VEC Technol-

ogies). Media overlaying the cells were conditioned for 5 days, and the

eotaxin-1 concentration was quantified by using murine CCL11/Eotaxin Du-

oSet (R&D Systems, Minneapolis, Minn).

Instillation of EPC-conditioned medium
Mice were mildly anesthetized with isoflurane inhalation, and 50 mL of

conditioned medium was instillated into the airways. Where indicated,

neutralizing eotaxin-1 or isotype-matched control antibodies (75 mg/mL)
were added to the conditioned medium 30 minutes before instillation. After

overnight incubation, mice were killed by means of intravenous injection of

overdose pentobarbital, ETDA blood was drawn by means of cardiac

puncture, and lungs were dissected for whole-organ digestion, as described

above. Eosinophils in whole blood were analyzed with the Advia 120

Hematology Analyzer (Bayer, Pittsburgh, Pa). To analyze recruitment of

eosinophils into the lungs, red blood cells were lysed, and samples were

stained with anti-mouse CD45–FITC (eBioscience) and anti-mouse CCR3–

PE (R&D Systems) antibodies for flow cytometric analysis.52 Isotype-irrele-

vant antibodies were used as controls. Samples were analyzed on a FACScan

(BD Biosciences) flow cytometer. Fifty thousand events were acquired and

analyzed with CellQuest 3.3 software (BD Biosciences).

Statistical analysis
Data were analyzed by using the JMP 5.1 software program. ANOVA or the

Student t test were used for comparisons of parametric data, and the Wilcoxon

test was used for comparison of nonparametric data, as appropriate. P values

of less than .05 were considered significant. Means 6 SEMs for each group

are shown.
RESULTS

Expression of eotaxin-1 by bone marrow–derived

EPCs
EPCs were obtained from murine bone marrow and character-

ized by means of immunofluorescence and flow cytometry. The
cells were positive for Dil-AcLDL uptake and lectin and
expressed the progenitor cell markers Sca-1 and C-kit, and
myeloid markers, such as CD45 and CD11b, were positive for
the EC markers VEGFR2 and CD31 (Fig 1, A), as previously de-
scribed.7,48,53-55 Cytospin preparations of EPCs isolated from dif-
ferent experimental conditions were stained for eotaxin-1. The
majority of EPCs obtained from OVA-sensitized/sham-chal-
lenged (OVA/PBS) and OVA-sensitized/OVA-challenged (OVA/
OVA) mice were positive for eotaxin-1, with a heterogeneous
expression pattern (Fig 1, B). Some eotaxin-1–positive EPCs
were found in naive mice and in sham-sensitized/sham-chal-
lenged (PBS/PBS) or sham-sensitized/OVA-challenged (PBS/
OVA) mice. Levels of the intracellular eotaxin-1 content were
higher in EPCs from the OVA/PBS and OVA/OVA groups com-
pared with those from the PBS/PBS or PBS/OVA groups (all
P < .04; eotaxin-1 content [103] per cell: OVA/PBS, 96 6 14;
OVA/OVA, 122 6 5; PBS/PBS, 65 6 5; PBS/OVA, 69 6 1
[n 5 5 each]; P < .002, ANOVA). qRT-PCR indicated that the
gene expression of eotaxin-1 in EPCs was increased at the
mRNA level in OVA/PBS and OVA/OVA mice (eotaxin-
1 mRNA EPCs: OVA/PBS, 1.25 6 0.20; OVA/OVA, 1.33 6

0.27; PBS/PBS, 1.02 6 0.26; PBS/OVA, 1.02 6 0.38; P < .038,
ANOVA [n 5 3 each]). Thus OVA allergen exposure increases
eotaxin-1 expression in bone marrow–derived EPCs.

Secretion of eotaxin-1 by EPCs and in coculture

with lung ECs and SMCs
Lung ECs and SMCs were harvested from murine lungs under

various conditions of OVA sensitization and challenge to determine
whether EPCs secrete eotaxin-1 and whether release is affected by
contact with vascular cells from the lungs. Purity of cell cultures
was greater than 95% (Fig 2, A). Cocultures with EPCs were per-
formed to analyze the effect of lung ECs and SMCs on EPC eo-
taxin-1 secretion. EPCs isolated from OVA/OVA or OVA/PBS
mice released eotaxin-1 in media overlying cells (Fig 2, B). Lung
ECs had low levels of eotaxin-1 in overlying media (Fig 2, C),



FIG 1. Expression of eotaxin by bone marrow–derived EPCs. A, EPCs were isolated from the bone marrow

and characterized for the expression of endothelial, progenitor cell, and myeloid markers. Dotted lines

indicate autofluorescence and background staining. B, Eotaxin-1 expression by EPCs in different

experimental conditions. Bar 5 200 mm.

FIG 2. Secretion of eotaxin-1 in cocultures of EPCs and lung vascular cells. A, Isolation of ECs and SMCs

from lungs. Dot plots of CD311 cells before and after purification are shown. Histograms for a-SMC actin

(solid line) and calponin (solid line) expression in SMCs are shown. Dashed lines indicate staining with

control antibodies. Phase-contrast images of the ECs and SMCs are also shown. Eotaxin-1 secretion by

EPCs (B), lung ECs (C), and lung SMCs (D) and cocultures of EPCs with lung ECs (E), EPCs with lung

SMCs (F), and EPCs with heart and liver vascular cells (G) are shown. Data represent mean 6 SE values

of 6 mice in each group. IP, Intraperitoneal.
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but this increased significantly in cocultures of EPCs and lung ECs
from the OVA/OVA group, although not in cells obtained from the
control group (Fig 2, E). EC-derived eotaxin is stored in Weibel-
Palade bodies and is cosecreted with von Willebrand factor, which
is also stored in these granules.56 Increased levels of von Wille-
brand factor in the cocultures were not observed (data not shown).
This suggest EPCs as a major source for eotaxin under these
conditions. SMCs from OVA/OVA animals released more eo-
taxin-1 compared with SMCs from the control group (Fig 2, D).
The greatest levels of eotaxin-1 were detected in the cocultures
of EPCs and SMCs obtained from the OVA/OVA group (Fig 2,
F). In contrast to eotaxin, IL-4, IL-5, and IL-13, other important
proeosinophilic cytokines in patients with asthma30 were undetect-
able in media overlying EPCs or in cocultures.



FIG 3. Recruitment of eosinophils into the lungs by EPC-conditioned

medium. EPC-conditioned supernatants (eotaxin-1 concentration of

approximately 400 pg/mL) were intranasally administered into mice that

had undergone sham (2) or OVA intraperitoneal (IP) sensitization. Eosino-

phils in the peripheral blood circulation and recruitment into lungs were

analyzed by means of flow cytometry. Preincubation of the conditioned

medium with neutralizing eotaxin-1 antibody was performed to block

eotaxin-1. Isotype-matched control antibodies had no significant effects

(data not shown). Data represent mean 6 SE values from 3 mice in each

group.
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Cells derived from the heart and liver were evaluated in
cocultures with EPCs to analyze whether the eotaxin release
was lung specific. Eotaxin-1 release was low (<10 pg/mL) in
cultures of liver or heart ECs and remained low in cocultures with
EPCs (Fig 2, G). Similar data were obtained in cocultures of heart
or liver SMCs (Fig 2, G). Thus EPCs from airway allergen-chal-
lenged mice have increased eotaxin-1 secretion, and this is further
enhanced after contact with lung ECs or SMCs isolated from the
allergen-challenged lungs but not in the presence of heart or liver
vascular cells.

In vivo recruitment of eosinophils by EPC-

conditioned media
Mice were intranasally instilled with medium obtained from

the EPC and lung EC cocultures (that contained eotaxin-1 levels
of approximately 400 pg/mL) to analyze the capacity of EPC-
conditioned media to recruit eosinophils into the lungs. After 18
hours, mice were killed, and eosinophils in peripheral blood and
lungs were quantified by staining for CCR3.22,57,58 Naive mice
had low levels of eosinophils in the blood circulation and lungs,
and these numbers did not increase after intranasal instillation
of EPC-conditioned medium (Fig 3). Allergen-sensitized mice
had increased levels of circulating eosinophils but normal levels
in the lungs. However, after nasal instillation of the conditioned
media, OVA-sensitized mice had 3-fold higher levels of eosino-
phils in the lungs, whereas the percentage of circulating eosino-
phils decreased (Fig 3), indicating migration of eosinophils
from the blood circulation into the lungs. Preincubation of the
conditioned media with neutralizing anti–eotaxin-1 antibodies
reduced lung recruitment of eosinophils by 40% (Fig 3). Together,
these data indicate that eosinophil recruitment to the lungs
requires EPC-secreted products but also alterations of resident
vascular cells by means of allergen sensitization.

Eotaxin-1–expressing EPC numbers are increased in

lungs during allergen challenge
In the next set of experiments, we analyzed the presence of

eotaxin-1–positive EPCs in the lungs during allergen challenge. A
time-course experiment was performed during which mice were
challenged daily with OVA allergen or PBS for 6 days. At days 1,
3, and 6, mononuclear cells were isolated from the lungs for EPC
isolation. There was progressive homing of EPCs into the lungs,
as reported previously (data not shown).7 Immunofluorescence
quantification of EPC-derived eotaxin-1 indicated that the OVA/
OVA EPCs expressed high levels of eotaxin-1 temporally related
to OVA challenge that was greater than that seen in control mice
(Fig 4). Together the data indicate that increased numbers of
eotaxin-1–expressing EPCs home to the lungs during allergen
challenge.

Expression of eotaxin-1 by human EPCs
The data from the murine OVA model prompted us to analyze

whether there is increased eotaxin-1 expression by human
asthmatic EPCs. We recently reported increased numbers of
circulating bone marrow–derived EPCs in patients with asthma.7

The study population consisted of 16 subjects, including 9 asth-
matic patients (6 female patients, 36 6 4 years of age, 5 African
American patients, 4 white patients, FEV1 of 75% 6 6%, and
FEV1/FVC ratio of 0.69 6 0.02) and 7 healthy control subjects
(4 female subjects, 34 6 4 years of age, 4 African American
subjects, 2 Asian subjects, 1 white subject, FEV1 of 91% 6

5%, and FEV1/FVC ratio of 0.79 6 0.03). Cytospin preparations
from healthy control subjects and asthmatic patients were immu-
nostained for eotaxin-1 (Fig 5, A). Asthma-derived CFU-ECs had
significantly higher numbers of cells positive for eotaxin (eotaxin-
1–positive cells [mean 6 SE]: control subjects, 37.6% 6 7.4%;
asthmatic patients, 83.1% 6 3.5%; P < .0001; Fig 5, B). More-
over, quantification of the eotaxin content among the positive
cells indicated approximately 4-fold higher levels in asthma-de-
rived CFU-ECs (eotaxin-1 intensity (103) per cell [mean 6 SE]:
control subjects, 1.5 6 0.29; asthmatic patients, 6.2 6 0.90;
P < .0003; Fig 5, C).
DISCUSSION
Neovascularization in asthmatic airways has been reported for

decades, but its role in the genesis of eosinophilic inflammatory
disease remains unknown. Here we show that proangiogenic bone
marrow–derived EPCs in the OVA/OVA murine model of allergic
airway inflammation express high levels of eotaxin-1, an impor-
tant eosinophil chemoattractant. In analogy to the murine model,
EPCs from asthmatic patients also exhibit high levels of eotaxin-
1 expression. The EPCs isolated from allergen-sensitized and
allergen-challenged mice release eotaxin-1 on contact with lung
ECs and SMCs. Thus the findings provide mechanistic insight
into how the angiogenic process can be coupled to the generation
of eosinophilia through eotaxin-1–expressing proangiogenic cells
during their interaction with lung vascular cells.

Almost half a century ago, Dunnill2 was the first to report that
submucosal blood vessels in asthmatic airways are increased in
both number and size. Since then, several groups, including
ours, have confirmed these findings.1,3-5,7,59 The number of blood
vessels is known to be related to the severity of asthma,4,5,59 but a
pathogenic link between angiogenesis and asthmatic allergic
inflammation has been lacking. As in most angiogenic processes,



FIG 4. Eotaxin-1–positive EPCs in allergen-exposed lungs. A, Mononuclear cells were isolated from lungs

and evaluated for eotaxin-1 expression. Representative values for 3 mice in each group are shown. B,

Eotaxin-1 content per positive cells quantified with Image Pro software. IP, Intraperitoneal.

FIG 5. Expression of eotaxin-1 by circulating human EPCs. A, Eotaxin-1 expression analyzed by means of

immunofluorescence staining. Bar 5 200 mm. B, Percentage of eotaxin-1–positive EPCs. C, Eotaxin-1 content

per positive cell was quantified with Image Pro software. Median values and upper and lower quartiles are

shown.
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proangiogenic EPCs are an intrinsic component of the neovascu-
larization seen in asthma. In addition, they strongly correlate with
recruitment of eosinophils,7 main effector cells in this TH2-driven
airway disease.20-22 Eotaxin-1 and eotaxin-2 have critical and
specific roles in the recruitment of eosinophils in asthma.
Expressed by ECs, SMCs, and epithelial cells28,30 and here shown
to be expressed by EPCs, eotaxin-1 is important in the genesis of
eosinophilia by recruitment of eosinophils from the circulation.28

However, a previous study showed that eotaxin-1 instillation into
naive C57Bl/6J mice fails to induce accumulation of eosinophils
in the airways,40 whereas administration through the endotracheal
tube in BALB/c mice leads to recruitment of eosinophils.60 In this
study lung recruitment of eosinophils was not observed on the na-
sal instillation of EPC-conditioned media containing eotaxin-1 in
naive BALB/c mice. These different findings might reflect differ-
ences in strain-specific eosinophil mobilization, methods of
eotaxin delivery, or both. Thus although eotaxin-1 is clearly
important in the initial stages of lung eosinophilia,32,41,42 allergen
sensitization of the animal was required for eotaxin-1 in the EPC-
conditioned media to result in the influx of eosinophils into the
lungs. Allergen sensitization also induced increased eotaxin
expression in the EPCs. This suggests that allergic sensitization
acts though angiogenic pathways, inducing eosinophilic inflam-
mation specifically. Collectively, the data suggest a cellular
mechanism in which ‘‘allergen-sensitized’’ EPCs promote eosin-
ophilic lung inflammation. On allergen sensitization, bone mar-
row–derived EPCs increase eotaxin-1 expression. Within hours
after airway allergen challenge, the eotaxin-rich EPCs are mobi-
lized and blood borne.7 The EPCs release eotaxin-1 on contact
with the lung allergen–sensitized ECs and SMCs; however, the
exact mechanisms remain to be elucidated. The highest-level
secretion occurs on contact with SMCs because the EPCs migrate
into the vascular media, which creates a gradient of eotaxin that
can draw the circulating mobilized eosinophils inward to the
lung. Once within the lung tissues, the eosinophils would follow
the eotaxin-1 and eotaxin-2 gradients that are produced by other
lung cells, including the airway smooth muscle and epithelial
cells and alveolar macrophages. Thus this study reveals a previ-
ously unrecognized and unsuspected role for the proangiogenic
bone marrow progenitor as an early envoy for allergen-induced
(asthmatic) eosinophilic lung inflammation and helps to explain
the coordinate relationship of angiogenesis and eosinophil influx
during an allergen-induced inflammatory response.
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Key message

d Bone marrow–derived proangiogenic progenitors home to
the lungs during allergen challenge and release eotaxin-
1 on contact with lung vascular cells, which contributes
to recruitment of eosinophils.
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