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Rationale: Increasedbronchialvascularity isa featureofasthmathatcan
contribute to airflowobstruction and progressive decline in lung func-
tion. Angiogenesis is associated with the lung homing and in situ dif-
ferentiation of endothelial progenitor cells (EPC) in mouse models of
asthma. We have previously shown that inhibiting allergen (Ag)-
induced recruitment of EPC in sensitized mice attenuated increased
bronchial vascularityanddevelopmentofairwayhyperresponsiveness.
Objectives: We investigated the accumulation of EPC and formation
of new blood vessels in the lungs of human subjects with asthma
after Ag inhalation challenge.
Methods: Consenting patients withmild atopic asthma (n¼ 13) with
FEV1> 70%,methacholine PC20< 16mg/ml, and a dual response to
Ag were recruited. Sputum levels of EPC were determined by multi-
gating flow cytometry, and lung vascularity was enumerated by
immunostaining with vonWillebrand factor.
Measurements and Main Results: Sputum levels of EPC were deter-
mined by multigating flow cytometry and lung vascularity was enu-
merated by immunostaining with vonWillebrand factor. There was
a significant increase in sputum EPC levels 24 hours post Ag but not
diluent challenge. Similarly, a significant increase in the number and
diameter of blood vessels in lung biopsy tissue 24 hours post Ag
was observed. In vitro culture of EPC demonstrated the capacity of
these cells to differentiate into mature endothelial cells and form
tubelike vessel structures. In sputum supernatants, there was a sig-
nificant increase inCXCR2agonists, IL-8,andGro-a24hourspostAg.
OnlyGro-a stimulateda significantEPCmigrational response in vitro.
Conclusions: Our data suggest that increased lung homing of EPC
may promote bronchial vascularity in allergic asthmatic responses
and that the recruitment of these progenitors maybe orchestrated
by CXCR2 chemokines.
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Tissue remodeling and persistent inflammation are key features of
the airways in asthma (1, 2). The functional sequelae of airway
remodeling in patients with asthma are the development of non-
specific airway hyperresponsiveness (AHR), accelerated decline
in lung function, and loss of post-bronchodilator response to b2-
adrenoreceptor agonists (3). Airway wall thickening has been

positively correlated with clinical asthma severity and AHR
and correlates inversely with airflow obstruction (4).

Airway wall neovascularization, seen as increases in both the
size and number of bronchial blood vessels, is a prominent feature
of fatal and nonfatal asthma (5–7) and has been shown to corre-
late with reticular basement membrane thickening (8), extent of
airway obstruction (7, 9), and disease severity (4, 10–12). Capillary
engorgement, leakage, and vasodilatation can directly increase
airway wall thickness, increase airway luminal narrowing, and
facilitate inflammatory cell trafficking and are believed to ac-
count for the decrease in forced expiratory flow rates in asthmatic
responses (13, 14). Thus, increases in subepithelial vascularity are
important remodeling events in airway narrowing and airflow
obstruction in asthma.

It has been proposed that postnatal angiogenesis, a complex
process whereby new blood vessels sprout from extant microvas-
culature, can arise either from the proliferation of resident mature
vascular endothelial cells and/or as a result of the lung homing of
endothelial progenitor cells (EPC) from the bone marrow (BM)
(15). Although the exact role of EPC remains unclear, recent
reports point to progenitors as either having the potential to pro-
duce growth factors that stimulate local angiogenesis in a para-
crine fashion or incorporating into existing microvessels and
acting as building blocks to form new vasculature (10). Increased
mobilization of EPC has been detected in several inflammatory
lung conditions, including patients with bacterial pneumonia,
acute lung injury, and atopic asthma (16–18). In patients with
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Increased levels of endothelial progenitor cells (EPC) have
been detected in the blood of patients with asthma showing
increased clonogenic potential compared with normal sub-
jects. It remains unclear as to whether increases in EPC occur
within the lungs of subjects with asthma post–allergen
challenge and how this relates to changes in lung vascularity
and airway function.

What This Study Adds to the Field

The novel findings of this study are that there is a significant
influx of EPC to the airways in response to allergen but not
diluent inhalation challenge in dual-responder patients with
asthma. Associated with this was an increase in the level of
vascularization of lung tissue detected post–allergen chal-
lenge in dual-responder patients with asthma. That EPC can
contribute to increase lung vascularity is supported by the
angiogenic potential of these cells in culture and the ex-
pression of receptors reminiscent of mature endothelial cells.
Furthermore, generation of CXCR2 chemokines may stim-
ulate the lung homing of these cells in asthmatic responses.
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asthma, increased numbers of EPC with increased proliferative
potential compared with normal asymptomatic subjects has been
reported (19). The lung homing of EPC in an allergen (Ag)-
induced human asthmatic response and the correlation with an-
giogenesis and airway function have not been investigated to date,
and thus the role of these cells in disease pathology remains un-
resolved.

The novel findings of this study are that there is a significant
influx of EPC to the airways in response to Ag but not diluent
inhalation challenge in dual-responder patients with asthma. As-
sociated with this was an increase in the level of vascularization
of lung tissue detected post–Ag challenge in dual-responder
patients with asthma. That EPC can contribute to increase lung
vascularity is supported by the angiogenic potential of these cells
in culture and the expression of receptors reminiscent of mature
endothelial cells. Furthermore, generation of CXCR2 chemo-
kines may stimulate the lung homing of these cells in asthmatic
responses.

METHODS

Subjects

Nonsmoking subjects withmild stable asthma (n¼ 13 for EPC and n¼ 10
for endobronchial biopsy sampling) were recruited. Subjects (aged 19–42 yr)
were skin-prick test positive, had FEV1 greater than or equal to 70%
predicted, and had baseline provocative concentration of methacholine
causing a 20% drop in FEV1 (PC20) less than or equal to 16 mg/ml.
Subjects were steroid naive, infrequently used inhaled b2-agonist, and
provided informed written consent, and the study was approved by the
local ethics committees.

Study Design

Allergen/diluent (Ag/dil) challenges were randomized with a 2-week
washout period. Subjects attended the clinic: At visits 1 and 4, medical
history, skin-prick test (visit 1), spirometry, methacholine inhalation,
and sputum induction were performed; at visits 2 and 5, Ag/dil inhalation
challenge and sputum induction (7 h post-challenge) were performed; at
visits 3 and 6, methacholine inhalation and sputum induction were per-
formed. Endobronchial biopsies were sampled at pre– and 24 hours
post–Ag challenge.

Methacholine Inhalation

Methacholine inhalation challenge was performed as previously de-
scribed (20).

Ag Inhalation Challenge

Asthma was required to be stable (FEV1 within 10% of baseline) to
proceed with the Ag challenge. Ag inhalation was performed as pre-
viously described (21, 22). Subject characteristics are summarized in
Tables 1 and 2.

Sputum Induction and Cell Isolation

Sputum was induced and processed as previously described (23). (See
online supplement for details.) Supernatants were separated by centri-
fugation and stored at 2708C until required for ELISA.

Immunofluorescence Staining and Flow Cytometric

Enumeration of EPC in Sputum Samples

Sputum-extracted cells were simultaneously immunostained with CD34-
phycoerythrin, CD133-peridinin chlorophyll protein, and VEGFR2-
allophycocyanin (see online supplement for details).

Endobronchial Bronchoscopy

Endobronchial biopsies were sampled as previously described in detail
(24), and tissue processing was performed as previously described (25).

Immunohistochemistry of Factor VIII in Bronchial Biopsies

Lung vascularity was identified in 6-mm sections of human endobron-
chial biopsies prefixed in paraformaldehyde and stained with a poly-
clonal rabbit anti-human von Willebrand factor (see online supplement
for details).

Endothelial Progenitor Colony Assays

Mononuclear cells isolated from blood of patients with asthma drawn by
venipunctureintoethylenediaminetetraaceticacidwereseededin12-well
fibronectin-coated plates and cultured for 21 days (seeonline supplement
for details). Late outgrowth colonies termed endothelial colony-forming
cells (ECFC)were harvested, and expression of stem cell and endothelial
cell lineage markers was confirmed by immunostaining.

Angiogenesis Assay

The angiogenic potential of EPCwas assessed in an in vitro angiogenesis
assay (see online supplement).

Chemokine and Cytokine ELISA Assays

The levels of vascular endothelial growth factor (VEGF), IL-8, Gro-a,
and eotaxin, hepatocyte growth factor, fibroblast growth factor and
stromal cell derived factor (SDF)-1 were measured using human
cytokine/chemokine MILLIPLEX MAP kit (Millipore, Mississauga,
ON, Canada). (See online supplement.)

Progenitor Cell Transmigration Assays

The migrational response of progenitors was assessed using Transwell
chambers as previously described (26) (see online supplement).

Statistical Analysis

Results were expressed as mean6 SEM. The Ag-induced changes from
baseline in total sputum cell numbers, sputum differential numbers,
CD341 cell numbers, CD3411331VEGFR21 cell numbers, and cyto-
kine protein levels were analyzed using a repeated measures analysis of
variance (see online supplement for details). The number and size of
von Willebrand factor–positive blood vessels were analyzed using
a Wilcoxon signed rank test. Alpha was set at 0.05. (see online supple-
ment for details).

RESULTS

Sputum Cells (Total and Differential Cells)

After inhaled Ag challenge of dual-responder patients with
asthma, there was a significant increase in the total cell count
from induced sputum when pre-Ag and 7-hour post-Ag levels
were compared with 24-hour post-Ag levels (pre-Ag, 3.16 6
0.47; 7-h post-Ag, 4.49 6 0.79 3 106/ml vs. 24-h post-Ag,
7.62 6 1.73 3 106/ml; P , 0.05). Differential cell counts showed
an increase in only eosinophils when pre-Ag levels were com-
pared with 7-hour post-Ag (0.0626 0.022 vs. 0.646 0.203 106/ml,
P , 0.05) and between 7-hour and 24-hour post-Ag (1.12 6
0.33 3 106/ml, P , 0.05) (Figure 1). Significantly greater num-
bers of total cells and eosinophils were detected in sputum
samples taken 24 hours post-Ag compared with diluent challenge
(7.62 6 1.73 and 3.18 6 0.80 vs. 1.12 6 0.33 and 0.06 6
0.01 3 106/ml, respectively; P , 0.05). At 7 hours post-challenge,
only eosinophils were increased in the Ag compared with dilu-
ent challenge group (0.64 6 0.20 vs. 0.04 6 0.13 3 106/ml, P ,
0.05) (Figure 1).

Sputum Progenitor Cells: Ag-Induced Lung Homing

Progenitor cell assessments in sputum were performed by se-
quential multigating flow cytometric analyses (Figure 2). In re-
sponse to Ag, but not diluent, inhalation challenge there was
a significant increase in number of CD341 progenitors in the

772 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011



sputum when baseline levels were compared with levels 24
hours post-challenge (10.98 6 2.88 vs. 38.24 6 12.85 3 104/ml,
P , 0.05) (Figure 3). In addition, there were significantly more
CD341 cells in the Ag- compared with diluent-challenge group
at 24 hours post-challenge (38.246 12.85 vs. 8.476 2.053 104/ml,
P , 0.05).

Similarly, there was a significant increase in the absolute num-
ber of EPC identified as CD3411331VEGFR21 cells in induced
sputum when baseline and 7-hour post-Ag levels were com-
pared with 24-hour post-Ag levels (1.59 6 0.38 and 2.25 6
0.63 vs. 6.57 6 2.57 3 102/ml, P , 0.05) (Figure 3). In addition,
there were significantly more sputum EPC in the Ag- compared
with diluent-challenge group at 24 hours post-Ag (6.57 6 2.57
vs. 1.356 0.49 3 102/ml, P , 0.05). Further analyses of our data
showed that there were no significant correlations between ei-
ther 24-h post-Ag total progenitor cell levels (CD341 cells) or
EPC levels (CD341451VEGFR21 cells) in the sputum and
PC20 dose of methacholine after Ag.

Immunohistochemistry of Factor VIII in Bronchial Mucosa

Compared with pre-Ag, there was a significant increase in the
number of factor VIII1 blood vessels in endobronchial biop-
sies from patients with asthma when pre-Ag was compared
with 24-hour post-Ag challenge (11.8 6 1.4 vs. 17.2 6 1.4
vessels/mm2; n ¼ 10; P , 0.05) (Figure 4). Similarly, there
was a significant increase in the diameter of factor VIII1
blood vessels when prechallenge biopsy tissue was compared
with 24-hour post-Ag tissue (2.4 6 0.37 vs. 5.6 6 0.57 mm, P ,
0.05) (Figure 4).

Confirmation of Clonogenic Activity and Angiogenic

Potential of Blood EPC

In semisolid culture medium, we identified the potential of
blood cells to form late outgrowth colonies (Figure 5). 1,19-dio-
ctadecyl-3,3,39,39-tetramethylindocarbo-cyanine acetylated low
density lipoprotein uptake and lectin–fluorescein isothiocyanate
binding confirmed that the ECFC expressed both stem cell mak-
ers and endothelial lineage markers (Figure 5). In addition, as
determined by flow cytometry, ECFC expressed progenitor cell
receptors CD34, CD133, and VEGFR2 but not CD452, a pan-
leukocyte/hemopoietic cell marker, or CD142 monocyte cell
marker. Also, the ECFC expressed CD31, CD144 (VE-
cadherin), CD146 (MUC18), and CD105 (endoglin), confirming
EC lineage commitment (Figure 6).

Angiogenesis Assay

When seeded in an angiogenic matrix, ECFC formed tubelike
structures over a period of 8 to 14 hours. This confirmed the an-
giogenic potential of blood-extracted EPC from subjects with
asthma (Figure 7).

Chemokines in Sputum Supernatants

Cytokine/chemokine levels in sputum supernatants were
assessed by Luminex Technology (Table 3). When pre-Ag was
compared with 24-hour post-Ag levels, a significant increase in
IL-8 (306.4 6 51.8 vs. 680.2 6 160.1 pg/ml, P , 0.05) was found.
Similarly, a significant increase in Gro-a was detected as early
as 7 hours post-Ag, maintained at 24 hours post-Ag (387.8 6

TABLE 1. SUBJECT CHARACTERISTICS

Patient No. Sex Age (yr) FEV1 (% predicted) Allergen Baseline PC20 24-h PC20 EAR (% decrease in FEV1) LAR (% decrease in FEV1)

1 F 20 74.1 Cat 8.3 4.72 23.66 16.03

2 F 42 84.4 Cat 0.17 0.11 41.28 17.02

3 F 28 95.2 HDMDP 3.41 0.79 41.67 19.87

4 M 30 92.8 Alternaria 2.23 1.52 24.57 16.9

5 M 19 77.8 HDMDP 1.19 0.44 28.33 45.83

6 M 19 98.3 Grass 16 6.63 26.19 19.05

7 F 21 98.1 Cat 4.96 1.31 24.64 24.64

8 M 33 90.4 HDMDP 11.02 1.34 43.75 18.75

9 M 19 93 RGW 2.89 0.62 40.48 23.81

10 M 21 71.6 Cat 1.86 0.61 30.19 33.44

11 F 21 86.1 HDMDP 11.95 1.19 49.09 24.36

12 M 28 109.7 HDMDF 7.94 7.66 30.87 30.43

13 F 24 92.2 HDMDP 11.62 0.44 53.57 25

Definition of abbreviations: EAR ¼ early airway response; HDMDF ¼ house dust mite Dermatophagoides farinae; HDMDP ¼ house dust mite Dermatophagoides

pteronyssinus; LAR ¼ late airway response; PC20 ¼ provocative concentration of methacholine causing a 20% drop in FEV1; RGW ¼ ragweed.

TABLE 2. SUBJECT LUNG FUNCTION DETAILS

Allergen Challenge Diluent Challenge

Subjects, No. 13 8

Age, yr 25.0 (1.9) 27.3 (2.8)

Sex, M/F 7/6 4/4

Early-phase % fall in FEV1 235.25 (2.81)* 24.51 (1.04)

Late-phase % fall in FEV1 224.24 (2.32)* 24.49 (1.55)

Methacholine PC20 pre-challenge, mg/ml 4.05 (1.42) 4.45 (1.43)

Methacholine PC20 24 h Post-challenge, mg/ml 1.12 (1.39)* 6.69 (1.54)

Definition of abbreviations: PC20 ¼ provocative concentration of methacholine causing a 20% drop in FEV1.

Values are presented as means 6 SEM except for PC20 values, which are geometric means with % SEM in parentheses.

There was a significant difference for both the early- and late-phase % decrease in FEV1 and methacoline log PC20 post-

challenge when allergen versus diluent challenge values were compared.

* P , 0.05 for between-group comparisons.
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95.7 vs. 956.16 279.1 and 942.06 262.1 pg/ml, P, 0.05). Levels
of SDF-1 in all sputum supernatants were found to be below the
lower limit of detection by the ELISA assay.

Migrational Responses of Progenitor Cells

We found no migrational activity for progenitor cells in sputum
supernatants taken pre- and 24 hours post-Ag (data not shown).
However, we then assessed the migrational response of progen-
itors extracted from patients with atopic asthma to the recombi-
nant chemokines at levels that were similar to those detected in
the sputum supernatants. Compared with SDF-1, which was used
as a positive control, significant migrational response of EPC was
elicited by Gro-a (0.5 ng/ml) at concentrations that were com-
parable with those detected within the sputum supernatants
post-Ag challenge (Figure 8).

DISCUSSION

A considerable body of evidence shows that activation of hemo-
poietic events within the BM and increased accumulation of

hemopoietic progenitor cells in the lung is associated with the
development of proinflammatory responses in the airways in al-
lergic asthma. Understanding the role of BM-derived progeni-
tors in tissue remodeling changes within the asthmatic lung
still remains to be defined. In recent studies in which the traffic
of vascular endothelial progenitor cells has been investigated in
a mouse model of asthma, we and others have shown a direct
correlation between the rapid influx of EPC to the lungs and
the development of methacholine AHR as well as the level of
microvessel density in the lungs (19). To support a direct role
of BM-derived EPC in Ag-induced airway responses, we
showed that inhibition of the Ag-induced lung homing of EPC
attenuated lung angiogenesis, airway eosinophilia, and in-
creased methacholine airway responsiveness (27). In this study,
mice were pretreated intranasally during the Ag sensitization
period with a receptor blocking antibody (AMD3100; CXCR4
blocker) to a pan-progenitor cell chemoattractant, SDF-1. This
drug not only prevented the Ag-induced lung homing of EPC
but also attenuated the associated inflammatory and lung func-
tion changes as well as lung angiogenesis. In human studies,

Figure 1. Total sputum differential cell counts from

patients with asthma after allergen (n ¼ 13) and diluent

inhalation challenge (n ¼ 8). Compared with diluent chal-

lenge, in which no significant change in any cell popula-
tion was observed, a significant increase in total cells and

eosinophils (Eos) was detected at 7 hours and 24 hours

post–allergen challenge. Data are presented as mean 6
SEM, (yP , 0.05 for within-group comparisons to baseline
levels and *P , 0.05 for between-group comparisons).

Mac ¼ macrophages; No ¼ neutrophils.

Figure 2. Flow cytometric enu-

meration of vascular endothelial

cells in sputum. Endothelial progen-

itor cells (CD3411331VEGFR21

cells) were enumerated by sequen-

tial multigating analyses using the

Cell Quest Program on FACSCali-

bur. (A) Compared with isotype
control, a gate was drawn on

SSClowCD34-PEhi region with a 99.5%

confidence limit (B) pre–allergen
(Ag) challenge compared with

(C) 24 hours post–Ag challenge.

(D) Region R1 was then back-

gated on a dot-plot to of PerCp
versus APC to calculate CD133-

PerCp1VEGFR2-APC1 specifically

stained events (E) pre– versus

(F) post–Ag challenge. APC ¼
allophycocyanin; VEPC ¼ vascu-

lar endothelial progenitor cells.

774 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011



several cross-sectional studies have reported increased levels of
vascularization of lung tissue from subjects with asthma and
correlated this with disease severity (6, 7, 9–11). In addition,
treatment with steroid for 6 months showed that there was a re-
versal in the level of vascularization, which was associated with
an improvement in airway responsiveness (20). The kinetics of
the angiogenic response have not been studied in human
patients with asthma, particularly in response to controlled Ag
inhalation challenge. In the current study, we report for the first
time that there is a rapid and Ag-specific accumulation of EPC
in the airways of patients with asthma. In addition, associated
with these changes we show for the first time that there is an
increase in the number and size of the blood vessels in endo-
bronchial biopsies taken from dual-responder patients with
asthma pre– compared with 24 hours post–Ag inhalation chal-
lenge. A significant increase in levels of Gro-a in sputum super-
natants post-Ag and the significant migrational response of
EPC by this chemokine highlights a potential critical role that
CXCR2 agonists may play in the lung homing of EPC and
angiogenic responses in human asthma.

The striking correlation between EPC levels and level of tis-
sue vascularization in studies using animal tumor models,

corneal neovascularization assays, and matrigel plug perfusion
assay (28, 29) provide confidence that assessment of EPC levels
serves as a valid biomarker for ongoing angiogenesis in vivo.
Despite this, the identification criteria for EPC remain conten-
tious, particularly in light of unsuccessful clinical trials in which
EPC for adoptive transfer were enumerated solely on the basis
of either surface receptor expression or cell culture (30–32). The
general current consensus is that a combination of these meth-
ods provides the best estimate of EPC. In support of these
criteria, we reproduced in the current study the late outgrowth
colonies assay from mononuclear cell cultures, which at Day 21
had the capacity to form tubelike structure in angiogenesis
assays and express the markers unique to mature vascular en-
dothelium (30, 33). Although we did not enumerate changes in
ECFC post–Ag challenge, the current data support the identi-
fication of the CD3411331VEGRR21 cells as precursor cells
for vascular endothelium based on the coexpression of endothe-
lial surface markers shown by flow cytometry and angiogenic
potential in vitro.

Angiogenesis is proposed to be controlled by the relative bal-
ance between proangiogenic and antiangiogenic factors within
the local milieu of the tissue (10). In this regard, significant

Figure 3. Fluctuations in sputum (A) total progenitor cells
(CD341 cells) and (B) endothelial progenitor cells (EPC)

(CD3411331VEGFR21 cells) after diluent (open bars) and

Ag (solid bars) inhalation challenge. In sputum, CD341

cells and EPC significantly increased at 24 hours post–
allergen inhalation compared with pre–allergen inhalation.

Data are presented as mean 6 SEM, (yP , 0.05 for within-

group comparisons to baseline levels and *P , 0.05 for
between-group comparisons).

Figure 4. Immunohistochemistry (IHC) of factor VIII in bronchial mu-

cosa. (A–C) show IHC with antibody control (A) and immunostaining of

factor VIII1 blood vessels (arrows) in sections of bronchial biopsies from

a patient with asthma (B) before and (C) 24 hours after allergen in-
halation challenge. (D) Numbers and (E) sizes of factor VIII1 blood

vessels are presented.

Figure 5. Endothelial progenitor colony assay using blood of subjects

with asthma. Blood mononuclear cells from a subject with asthma were

seeded on fibronectin-coated plates. Late outgrowth colonies collected
after 21 days in culture were assessed for expression of stem cell markers

by staining of endothelial colony-forming cells (ECFC) with lectin-

fluorescein isothiocyanate (FITC) and 1,19-dioctadecyl-3,3,39,39-tetrame-

thylindocarbo-cyanine acetylated low density lipoprotein (Dil-AcLDL).
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increases in the bioactive levels of VEGF, which promotes ves-
sel formation, has been detected in the bronchoalveolar lavage
(BAL) fluid of patients with asthma compared with normal
healthy control subjects (34). In a transgenic mouse model with
lung-targeted regulatable VEGF expression, local overexpres-
sion of VEGF induced an angiogenic switch and airway remod-
eling predisposed to an asthmatic phenotype by enhancing the
Th2-mediated sensitization and inflammation (35). Most strik-
ing was the rapidity of the outgrowth of new blood vessels
occurring within 1 day of VEGF expression in the lung. Al-
though it is known that BM-derived EPC express the receptor
for VEGF (19), it is not clear as to whether the effect of this
factor is to stimulate terminal differentiation into vasculature or
to act as a chemoattractant regulating the homing of EPC to the
lungs in asthma. Other receptors expressed by EPC are CXCR2
reported in both humans and rodents (36, 37). There are eight
CXCR2 ligands, of which some, including CXCL1 (Gro-a),
CXCL2 (MIP-2), and CXCL8 (IL-8), promote angiogenesis in
vivo and in vitro (38–40) and have been shown in contrast to
VEGF to be essential for EPC recruitment after arterial injury
(36). As such, controlling the CXCR2 ligands/CXCR2 biologi-
cal axis is a prime focus of antiangiogenic therapeutics (41). In
the context of asthma, CXCR2 knockout mice were shown to
have diminished Ag-induced mast cell progenitor recruitment
to the lungs (42). More recently, it has been shown that in-
creased levels of CXCL1/2 are detected in the BAL of mice
post–Ag challenge and that these levels correlated with the in-
flux of EPC to the lungs (43). In mice pretreated with a CXCR2
antagonist there was a diminished accumulation of EPC, lung
angiogenesis, and AHR without affecting other aspects of air-
way inflammation or BAL VEGF levels after Ag challenge (43).

In the current study, we investigated the CXCR2 chemokine
levels in sputum supernatants taken from patients with asthma
pre–Ag challenge and 7 hours and 24 hours post–Ag challenge.

Figure 6. Phenotypic analyses

of endothelial progenitor cell–

derived endothelial cells. En-
dothelial colony-forming cells

(ECFC) express CD34 (90 6
4%), CD133 (85 6 3%),

VEGFR2 (87 6 6%), CD31
(90 6 4%), CD 144 (78 6
4%), CD146 (82 6 5%), and

CD105 (85 6 4%), but not
CD45 or CD14. Graphs shown

are representative of data from

six independent experiments

using blood from patients
with atopic asthma. Data in

parenthesis are mean 6 SEM

% expression. Isotype control

results are overlaid in a black
line on each histogram for

each surface antigen tested.

Figure 7. Angiogenic tube formation capacity of endothelial colony-
forming cells (ECFC). To analyze the angiogenic capacity, ECFC were

seeded on an angiogenic matrix and cocultured with endothelial

growth medium-2 (EGM-2) for up to 18 hours. The development of

a network of angiogenic tubes was visualized between 8 and 14 hours
of culture. A representative time course of pictographs from four sep-

arate experiments performed is shown.
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Significant increases in levels of IL-8 and Gro-a were detected
after Ag but not after diluent challenge. When the sputum super-
natants were directly tested in migration assays there was no
detectable chemotactic activity for progenitor cells. This may
have been due to inactivation of the biological activity of the
chemokines by agents that are used to dissociate the clumps
of cells found within the sputum, for example dithiothreitol
(23). When recombinant human cytokines were tested at physi-
ologically relevant concentrations, Gro-a but not IL-8 stimulated

a significant and preferential migrational response by EPC. In
contrast, eotaxin, a hemopoietic progenitor cell chemoattractant
(44) produced by EPC (45), and VEGF did not stimulate the
migrational response of EPC. Further investigation into factors
that stimulate the lung homing of EPC to the lungs could help to
define the role of these precursor cells in lung angiogenic
responses in human asthma and the effect on lung function.

In summary, our data show that after Ag challenge, but not
diluent inhalation challenge, in dual-responder patients with
asthma, there is a rapid and significant increase in sputum levels
of EPC. In addition, in patients with asthma, after Ag challenge
there is an increase in both the number and size of the blood ves-
sels within the bronchial mucosa. The lung homing of the
progenitor cells with the capacity to form tubulelike structures
in angiogenic assays may be orchestrated by CXCR2 agonists
such as Gro-a.
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