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Regulatory T cells (Treg) have been shown to prevent the development of allergic asthma; however, the role of Treg in asthma
with established airway remodeling is unknown. To address this, we exploited an OVA-induced chronic asthma mouse model
wherein Treg were adoptively transferred to the mice at chronic stage of the model. We found that among the structural alter-
ations of airway remodeling, Treg selectively reduced the vessel numbers in both peritracheal and peribronchial regions and the
lung parenchyma. Extracellular matrix deposition, mucus metaplasia, muscular hyperplasia, and vasodilation, as were also in-
duced by chronic allergen challenge, were not affected by Treg. TUNEL staining of the lung sections revealed an increased
endothelial cell (EC) apoptosis in mice receiving Treg transfers compared with their asthmatic counterparts. By using Matrigel
angiogenesis assays, we showed that Treg inhibited EC angiogenesis both in vitro and in vivo. Treg preferentially expressed Notch
ligand DLL4, and an anti-DLL4 blocking Ab abrogated the inhibitory effect of Treg on EC tube formation. In vivo, decreased
airway and lung vessel numbers as well as ameliorated airway hyperresponsiveness after Treg transfers were reverted when
Treg-derived DLL4 signal was blocked by the anti-DLL4 Ab. Our findings demonstrate a novel function of Treg whereby Treg
down-regulate remodeling angiogenesis via proapoptotic DLL4-Notch signaling, and suggest a therapeutic potential of Treg in
alleviating airway hyperresponsiveness of chronic asthma. The Journal of Immunology, 2009, 183: 4745–4754.

T he mammalian Notch family molecules include four
Notch receptors, Notch1–4, and five Notch ligands,
Jagged1, Jagged2, DLL1, DLL3, and DLL4. Notch acti-

vation has been identified as an important signaling pathway in the
development of many cell populations (1, 2). Differentiation and
function of peripheral T lymphocytes are also regulated by Notch
signaling (3, 4). In the context of regulatory T cells (Treg),3 they
were found to differentially express Notch3 and Notch4, and from
varied data of different groups, Jagged1, DLL1, and DLL4 (5, 6).
In addition, the differentiation and expansion of Treg were report-
edly induced by Jagged engagement and Notch3 activation (7–10).
The contact-dependent immune suppressive function of Treg can
also be mediated by Notch signaling pathway. To this end, it was
found that Treg triggered Notch1 activation of the target cells by
membrane-bound TGF-�, and blockage of Notch1 signaling re-

versed the immune suppression function of Treg (6). In accordance
with these findings, the induction of tolerance by high-dose intra-
nasal peptide delivery in a murine model was accompanied by the
emergence of DLL1-expressing T cells that inhibited neighboring
T cell activation through DLL1-Notch1 interaction (11).

Notch signaling pathway also regulates multiple aspects of vas-
culogenesis and angiogenesis, including endothelial cell (EC) pro-
liferation and migration, smooth muscle differentiation, and vas-
cular patterning (12, 13). It has been shown that Notch1 and DLL4
expression of the EC was enhanced by vascular endothelial growth
factor (VEGF) and basic fibroblast factor (14, 15), and VEGF
function was, in a negative feedback manner, inhibited by the up-
regulated DLL4 through down-regulation of EC VEGF-R2 expres-
sion (16). In the context of allergic asthma, VEGF has been shown
to induce airway remodeling and enhance Th2-mediated lung in-
flammation (17). The negative regulatory role of DLL4 in VEGF
function therefore suggests that DLL4 signaling pathway may play
a protective role in asthma by limiting the vicious cycle of inflam-
mation remodeling maintained at least in part by VEGF.

Airway remodeling in asthma is elicited by repeated acute or
chronic allergen exposures that persist beyond resolution of aller-
gen-induced inflammation, occurs early in childhood asthma, and
may even predate the onset of symptoms (18–20). A causal asso-
ciation is believed to exist between airway remodeling and sus-
tained functional impairment in asthma (21–23). The structural
alterations of airway remodeling include epithelial hyperplasia,
goblet cell metaplasia, airway smooth muscle (ASM) hyperplasia,
and deposition of extracellular matrix (ECM). In addition, airway
remodeling also includes increased subepithelial vascularity and
microvascular leakage. In human asthma, both dilated vessels and
increased vessel numbers of the airways were reported by studies
of resected lungs and endobronchial biopsies (24–29). The vascu-
lar changes were positively associated with submucosal deposition
of angiogenic factors and were found to correlate with severity of
asthma, suggesting an active angiogenic process and a pathogenic
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role of remodeling angiogenesis in chronic asthma. Nonetheless,
the pathogenesis and therapeutic implications of the vascular al-
terations in asthmatic airway remodeling are just beginning to be
appreciated, and it was only recently that active angiogenesis with
mobilization of endothelial progenitor cells into asthmatic lungs
was demonstrated in animals (30–32).

Imbalanced Th1/Th2 immune microenvironment in asthma has
been attributed to inadequate function of Treg (33–35), and rein-
troduction of Treg to asthmatic subjects suppresses Th2 response
and reverts the asthma phenotype (36–38). However, despite the
knowledge of Treg in alleviation and prevention of acute allergic
asthma, their role in chronic asthma with established airway re-
modeling has not been thoroughly investigated. In the present
study, we exploited a murine model of airway remodeling with
adoptive Treg transfer. We found that Treg selectively reduced
airway and pulmonary neovasculature via mechanisms involving
EC apoptosis. We demonstrated that Treg preferentially expressed
Notch ligand DLL4 and blockage of DLL4-Notch signaling abro-
gated the apoptotic antiangiogenic effects of Treg. Collectively, we
identify a new role for Treg in chronic airway inflammation
whereby Treg inhibited angiogenesis of airway remodeling via
DLL4-Notch signaling pathway.

Materials and Methods
Mice

Female BALB/c and OVA323–339-specific DO11.10 mice were purchased
from The Jackson Laboratory and bred in the National Taiwan University
animal facility. Animal procedures were reviewed and approved by the
National Taiwan University Animal Ethics Committee.

OVA-induced chronic airway inflammation

Chronic airway inflammation was induced according to the schematic pro-
tocol shown in Fig. 1A. Briefly, BALB/c mice were sensitized by two i.p.
injections of 50 and 20 �g of OVA (grade V; Sigma-Aldrich) emulsified in
1% alum (Pierce) on days 0 and 12, followed by aerosol OVA (5%) chal-
lenge for 30 min everyday for 5 days and alternate day for 4 wk. Control
mice were given PBS as the same schedule. One week after the last OVA
challenge, mice were given three weekly i.v. transfers of 1�1.5 � 106 Treg
or effector T cells (Teff) from OVA-fed DO11.10 mice. When indicated,
Treg were preincubated with the anti-DLL4 blocking Ab, YW152F (30
�g/ml; a gift provided by M. Yang, Genentech, South San Francisco, CA),
or a human IgG1 isotype control Ab (Alexis) for 30 min before transfer.

Measurement of airway hyperresponsiveness (AHR)

AHR manifested as increased lung resistance was measured by the Buxco
Pulmonary Mechanics System, according to manufacturer’s instructions
(Buxco Electronics). Briefly, mice were anesthetized and a tracheal can-
nula was inserted via tracheotomy. Mechanical ventilation with 150
breaths/min, tidal volume of 0.3 ml, and positive end-expiratory pressure of
4 cm H2O was provided via the tracheal cannula, and increasing concen-
trations of methacholine (0�50 mg/ml) were administered via the aerosol
delivery system after 5-min equilibration. Pulmonary parameters were re-
corded for 3 min after 3-min exposure of aerosol methacholine. The mea-
surements were analyzed by using the BioSystem XA software, and lung
resistance was expressed as cmH2O�s/ml.

Isolation of CD4�CD25� Treg

DO11.10 mice were fed with OVA-containing drinking water (20 mg/ml)
for 5 days, and splenic CD4�CD25� Treg were isolated by using the
MACS Treg isolation kit (Miltenyi Biotec). Treg purity was examined by
flow cytometry, and a purity of at least �90% was required for each adop-
tive transfer. For isolation of CD4�CD25� T cells from the lung tissues,
leukocytes were first released from the tissues by digestion with collage-
nase-IV (1 mg/ml) and DNase-I (0.5 mg/ml) at 37°C for 40 min, followed
by purification of CD4�CD25� T, as described above. Isolated
CD4�CD25� T cells were stained with CD4 and FoxP3 (eBioscience) and
examined with flow cytometry to investigate the percentage of FoxP3-
expressing Treg in the CD4�CD25� T cell pool.

Cell proliferation

T cells (5 � 104) and irradiated APC (1 � 105) were coincubated with 200
�g/ml OVA, pulsed with 1 �Ci of 3H at 72 h, and quantified for [3H]
thymidine incorporation 16 h later. Data compared against unstimulated
cells were calculated as cpm (stimulated cells � unstimulated cells)/cpm
(unstimulated cells � medium only), and were expressed as stimulation
index.

Flow cytometry

Surface and intracellular staining were performed as instructed (eBioscience
and BD Biosciences). Fluorescence intensity of Ab was compared with that of
isotype control and expressed as relative fluorescence intensity.

Histology

Paraffin-embedded lung and trachea sections were stained by H&E for
general histology study. Goblet cells were examined by periodic acid-
Schiff and were stained in red. Connective tissues were assessed by Mas-
son’s trichrome, which labeled muscle and mature fibrins in red, collagen
and old fibrins in blue, and RBC in yellow.

Immunohistochemistry

Lung tissues were fixed with zinc fixatives and carefully cut into appro-
priate blocks for each lobe at the same way and embedded in paraffin. Lung
sections were blocked with 10% normal serum, followed by sequential
incubation with primary Abs (CD31, MEC13.3, BD Pharmingen;
�-smooth muscle actin (�-SMA) and �-calponin, Sigma-Aldrich; procol-
lagen (ProCol)-I, M60, Santa Cruz Biotechnology), biotinylated secondary
Abs, HRP, or AP-conjugated avidin-biotin complex (Vector Laboratories),
and visualized by AEC or fast red (Sigma-Aldrich). Vessels were identified
by CD31 immunoreactivity, and vessel size was measured by the shortest
internal diameter of the vessels. Peritracheal vessels were defined as those
internal to tracheal cartilages, peribronchial vessels as those in immediate
vicinity of bronchioles, and the lung vessels as those associated with re-
spiratory bronchioles, respiratory ducts, and the alveoli. For �-SMA stain-
ing, the area of positive labeling was compared with the length of associ-
ated airway epithelium and expressed as �-SMA index. ProCol-I
expression was quantified by measuring the staining intensity against a
selected intensity threshold by using the Image ProPlus software.

TUNEL staining

EC apoptosis was detected by TUNEL staining, as per manufacturer’s in-
structions (Calbiochem), followed by CD31 labeling of the vessels. The
apoptotic EC were identified by dark-brown staining of the nuclei located
within the vessel walls labeled in red. The numbers of TUNEL� EC of the
whole lung section were normalized by perimeter of individual vessel.
Calculation of TUNEL� EC and quantification of other immunohistochem-
istry staining were performed by two persons, with one blinded. The data
were consistent between the two observers.

Isolation of murine pulmonary EC (MPEC)

Lung tissues were digested with collagenase A plus trypsin, incubated with
anti-CD105 Ab (MY7/18, 10 �g/ml; eBioscience), and positively selected
by MACS magnetic secondary Ab (Miltenyi Biotec). MPEC were cultured
with 10% DMEM containing EC growth supplement in tissue culture
wares precoated with gelatin (Sigma-Aldrich). MPEC was identified by the
characteristic cobble-stone morphology and by positive CD105 expression
when examined by flow cytometry. A purity of �95% was constantly
obtained by this protocol.

Matrigel tube formation assay

MPEC were seeded onto Matrigel (BD Bioscience) at 0.3 � 105 cells/well,
and branches from each EC were quantified at 4 h. In indicated experi-
ments, MPEC were preincubated 16 h before assay with recombinant
Jagged1-Fc or DLL4-Fc (10 �g/ml; R&D Systems), Treg, Teff, or Ab-
treated Treg (anti-DLL4 Ab, Genentech; polyclonal anti-Jagged1 Ab, Ab-
cam; 30 �g/ml).

Matrigel plug assay

Matrigel was gently mixed with 1.5 � 106 Treg or Teff and s.c. injected at
flank of the mice. Matrigel plugs were harvested and stained with H&E 7
days later. Vascular lumen in five representative �100 fields from each of
three consecutive sections was measured by using the Image ProPlus soft-
ware and presented as percentage of vessel-occupying area/�100 field.
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Ab, cytokine, and protein analysis

OVA-specific Abs in sera were measured by ELISA, as previously de-
scribed (39). Cytokine expression in bronchoalveolar lavage fluid (BALF),
lung homogenates, or culture supernatants was measured by ELISA kits,
per manufacturer’s instruction (R&D Systems). Expression of CD105
(MY7/18; eBioscience), �-SMA, and ProCol-I in lung homogenates was
detected by Western blotting, and integrated density was measured with
Chemilmager 5500 (Alpha Innotech). Alternatively, cDNA was amplified
with ProCol gene-specific primers and SYBR supermix (Applied Biosys-
tems) in an ABI Prism 7900 system. Data were normalized with GAPDH
expression.

Statistical analysis

Data were expressed as mean � SD. Statistical comparisons between
groups were made by ANOVA or unpaired Student’s t test. A p value of
less than 0.05 was considered significant.

Results
Repeated allergen exposure induces chronic airway
inflammation and airway remodeling

Chronic airway inflammation was induced according to protocol
depicted in Fig. 1A. Production of OVA-specific Abs, recruitment
of leukocytes, including eosinophils, neutrophils, and mononu-
clear cells, and characteristic histologic changes, including bron-
chial epithelial hyperplasia, goblet cell metaplasia, ASM hyper-
plasia, and subepithelial ECM deposition, were elicited by this
protocol (Fig. 1, B–D).

In the context of vascular alterations, we found that vascular
sizes in peritracheal and peribronchial regions and in lung paren-
chyma were significantly increased after repeated allergen chal-
lenges (Fig. 1E, left bars). In addition, vessel numbers were also

significantly increased in these airway compartments (Fig. 1E,
right bars). These findings confirm that vascular changes in airway
remodeling involve both vasodilation and new vessel formation,
i.e., angiogenesis. It is also clear from our study that vascular al-
terations in airway remodeling are not confined to bronchial-asso-
ciated vessels, as have been widely perceived, but also occur in
microcirculation of the lung parenchyma. AHR was assessed by
methacholine challenge, and enhanced lung resistance was found
in OVA-treated mice compared with controls (Fig. 1F).

Collectively, we demonstrate the elicitation of characteristic Ag-
specific immune responses and the associated structural and func-
tional changes in airway remodeling by using an allergen-induced
chronic airway inflammation model, which enables further explo-
ration on the effect of Treg in airway remodeling of chronic
asthma.

Treg exert immune suppression via direct cell-cell contact

Oral feeding of OVA has been shown to activate and expand Treg
in DO11.10 mice (40). Using this feeding protocol, over 60% of
the isolated CD4�CD25� T cells expressed the Treg-specific tran-
scription factor, FoxP3 (Fig. 2A). Consistent with previous reports,
we found that Treg secreted IL-10 and TGF-� in response to OVA
stimulation in vitro (Fig. 2B). We also examined the CD4�

CD25�FoxP3� population and found that �50% of these cells
expressed CD69, �30% expressed CD103, �10% expressed sur-
face CTLA4, and less than 20% of them expressed L-selectin.
Combined with intracellular cytokine staining, the CD25�FoxP3�

T cells could very probably represent a mixed population

FIGURE 1. Establishment of chronic allergic airway inflammation. Mice were sensitized and challenged, as described in Materials and Methods. Unless
indicated, immunologic and histopathologic profiles were examined at the end of the fourth week, alternate-day OVA exposure (days 53–55). A, Study
protocol of chronic airway inflammation. B, OVA-specific Abs in sera measured by ELISA during chronic phase of OVA exposure, d37. C, BALF
leukocytes were determined by cytospins. A total of 500 cells was counted for each slide. D, Photomicrographs showing lung sections stained with H&E,
periodic acid-Schiff, and Masson’s trichrome, respectively. Scale bar � 100 �m. E, Photomicrographs showing peritracheal (left) and pulmonary blood
vessels (right) labeled in red by anti-CD31 immunostaining. Bars showed vessel sizes (left) and total vessel numbers (right). Scale bar � 20 �m. F, AHR
was recorded through an intratracheal cannula while the animals were exposed to increasing concentrations of methacholine (0�25 mg/ml). Graphs are
representative of four separate experiments; five to six mice/group.
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containing activated effector T cells as well as induced IL-10/TGF-
�-secreting Treg. Furthermore, whereas Teff showed vigorous pro-
liferation to OVA stimulation, Treg hardly proliferated. Prolifer-
ation of Teff was significantly inhibited by Treg coculture, and the
suppressive effect was abrogated when the coculture was per-
formed in a Transwell system (Fig. 2C). The immune suppressive
function of the Treg was further validated in an acute asthma
model wherein OVA-sensitized mice adoptively transferred with
Treg showed significantly reduced BALF leukocyte infiltration af-
ter OVA challenge compared with control mice (Fig. 2D).

Treg reduce neovasculature of airway remodeling and
ameliorate AHR

Having characterized the chronic airway inflammation model and
the immunologic profile of Treg, we examined the effects of Treg
in airway remodeling after three weekly cell transfers. In the con-
text of vascular changes (Fig. 3A), despite the fact that no allergen
challenge was given since before commencing cell transfer, vessel
numbers in airways of OVA-treated mice receiving i.v. HBSS (the
WO group) were persistently increased. Noticeably, Treg transfers
reduced vessel numbers in all three airway compartments to the
levels comparable with PBS controls. Unlike Treg, however, Teff
transfers had no effect on the vessel numbers (Fig. 3A, upper
panel). Increased vascular size also persisted after cessation of
allergen challenge, and irrespective of the cell type transferred, the
vessel sizes were comparable between the OVA groups (Fig. 3A,
lower panel).

ASM quantified by �-SMA immunoreactivity (Fig. 3B) and
ECM deposition examined by ProCol-I immunostaining (Fig. 3C,
photomicrograph) showed no statistical difference among the OVA

groups. Because �-SMA also stains myofibroblasts and fibroblasts,
we verified the data by using �-calponin immunostaining and we
found a similar staining pattern as �-SMA with no statistical dif-
ference among the OVA groups by �-calponin staining (Fig. 3B,
bottom photomicrograph). ECM deposition was also analyzed by
ProCol-I, -III, and -V gene expression, which showed that only
ProCol-V was increased in OVA-treated mice. However, expres-
sion of the three ProCol was also comparable between OVA
groups (Fig. 3C, bars). Quantification of blood vessels, ASM, and
ECM was also performed by using total lung homogenates and
Western blotting (Fig. 3D). Using CD105 as an EC marker, we
found a significantly decreased CD105 expression in lung homog-
enates of Treg-transferred mice compared with that of WO or Teff
mice. In addition, increased �-SMA and marginally enhanced Pro-
Col-I expression were found in the OVA groups compared with
PBS controls; however, expression of the two molecules was of no
statistical difference among the OVA groups (densitometry not
shown). These data suggest a selective inhibitory effect of Treg on
the maintenance of neovasculature in airway remodeling.

In the current experimental settings, leukocyte infiltration in
BALF decreased with time after cessation of allergen exposure
(data not shown). Nonetheless, total BALF leukocytes of OVA-
treated mice were persistently increased. Interestingly, we found a
selective reduction of BALF eosinophils, but not other leukocyte
subtypes, in Treg-transferred mice (Fig. 3E). Although it is pos-
sible that Treg may have downplayed remodeling angiogenesis
through messenger cells such as eosinophils, mechanisms involv-
ing direct interaction between the EC and Treg could not be
excluded.

The extent of AHR also decreased with time in the absence of
allergen challenge. However, AHR of OVA-treated mice (WO and
Teff) were persistently enhanced compared with PBS controls, al-
though at a lesser amplitude; the enhanced lung resistance was
significantly normalized after Treg transfers (Fig. 3F). Because we
observed no difference in ASM mass and ECM deposition between
OVA groups, it is conceivable that improved AHR in Treg-trans-
ferred mice is attributed to decreased airway/pulmonary vessels.

Although nearly 50% of the Teff transferred in this model were
IFN-� positive, adoptive transfer of Teff had no effect on airway
inflammation and AHR. The reason for the lack of modulatory
effects on experimental allergic airway disease by Teff in our
model may be explained by the fact that Teff secreted IFN-� only
upon stimulation with Ag in vitro. Teff cultured without Ag stim-
ulation did not secrete or secreted only trace of IFN-�. In our
model, adoptive T cell transfers were performed without further
allergen challenge of the mice. In the absence of adequate allergen
stimulation, it might not be a permissive condition for Teff to exert
substantial additive effect on leukocyte recruitment or develop-
ment of AHR.

Treg induce apoptosis of vascular EC and decrease VEGF
expression of the lungs

Having found that the airway and lung vessels of Treg-transferred
mice were reduced to the levels of PBS controls, we speculated
that Treg exerted an antiangiogenic effect by interfering with main-
tenance of the neovasculature. To test this, we investigated apo-
ptosis of the EC by TUNEL staining of the lung sections (Fig. 4A).
We found that TUNEL-positive EC in the lungs of Treg-trans-
ferred mice were significantly higher than that of the WO or Teff
mice, suggesting that the antiangiogenic effect of Treg was medi-
ated by mechanisms involving the induction of EC apoptosis. We
also examined the apoptotic effect of Treg on the EC by in vitro
culture system wherein serum-deprived subconfluent MPEC were

FIGURE 2. Functional characterization of Treg. CD4�CD25� Treg and
CD4�CD25� Teff were isolated from OVA-fed DO11.10 mice by using
MACS Treg isolation kit, as described in Materials and Methods. Treg
and/or Teff were incubated with irradiated APC at 1:2 ratio plus OVA (200
�g/ml) for 72 h. Alternatively, Treg and Teff were incubated in a Transwell
system in which Treg were stimulated in the upper chamber and Teff in the
lower chamber. A, Dot plots showing FoxP3 expression of CD4�CD25�

Treg cells. B, Cytokine production by Treg in response to OVA stimulation
as measured by intracellular cytokine staining and flow cytometry. n � 4.
C, Proliferation response to 72-h OVA stimulation detected by 3H incor-
poration. Data were representative of three independent experiments per-
formed in triplicates. D, BALF leukocyte collected 1 day after OVA chal-
lenge. OVA-sensitized mice were given i.v. Treg or Teff 1 day before
aerosol OVA challenge. Data shown are representative of two experiments.
n � 3 mice/group.

4748 Treg INHIBIT ANGIOGENESIS OF AIRWAY REMODELING VIA DLL4



incubated with Teff or Treg for 18–24 h and apoptosis was de-
tected by annexin-V/propidium iodide staining and flow cytom-
etry. The results showed a higher apoptosis (annexin-V positive/
propidium iodide negative) in MPEC cocultured with Treg
compared with that with Teff (8.5 vs 1.5%; data not shown), sup-
porting a proapoptotic effect of Treg on EC.

Cytokines in BALF and lung homogenates were evaluated by
ELISA (Fig. 4, B and C), and it showed that although Treg secreted
IL-10 and TGF-� upon Ag activation in vitro, there was no pref-
erential expression of these two cytokines in Treg-transferred
mice. Noticeably, VEGF in both BALF and lung homogenates of
Treg-transferred mice was significantly decreased. These data sug-
gest a role for VEGF, and less likely IL-10 or TGF-�, in Treg-
mediated regulation of remodeling angiogenesis, and also support
a cell contact-dependent mechanism in Treg-mediated modulation.

Airway epithelium has been shown to participate in the patho-
genesis of asthma by producing a wide range of inflammatory and
angiogenic mediators. It is possible that Treg exerted regulation on
VEGF secretion of the airway epithelium in our model. We there-
fore assessed the role of Treg in VEGF production of an airway
epithelial cell line, LA4 cells (ATCC; CCL-196; Fig. 4D). Under
steady state, LA4 constitutively produced VEGF, and the secretion
was enhanced by incubation with BALF taken from the WO mice.
In contrast, Treg BALF had no effect on the constitutive VEGF
production of LA4 cells, and Treg coincubation did not affect WO
BALF-stimulated VEGF secretion (WO/Treg). These data hence
exclude a direct regulatory role of Treg on epithelial VEGF pro-

duction in asthmatic milieus. Suppressed, but not completely ab-
rogated, VEGF production in Treg-transferred mice may very
likely be consequent to and be a part of a negative feed-forward
loop constituted of increased EC apoptosis and decreased angio-
genesis after Treg transfers.

We next examined whether direct interaction between trans-
ferred Treg and the EC occurred in our model. OVA-treated mice
were given the first adoptive Treg transfer as the study protocol,
and lung tissues were collected at 30 min and 1, 2, and 3 h after
transfer. By immunostaining with FoxP3 and CD31, we found that
direct contact of Treg with the EC indeed took place in vivo, and
it peaked before 1 h after transfer in the current experimental set-
tings (Fig. 4E). These findings support the hypothesis that Treg
deliver proapoptotic signaling to the EC via direct cell-cell inter-
action, and this process, involving at least in part VEGF secretion,
modulates angiogenesis during airway remodeling.

Treg inhibit angiogenesis by direct interaction with the EC

Showing that Treg directly interacted with the EC after transfer,
we next verified whether Treg regulate angiogenesis via direct
contact with the EC by using primary murine EC isolated from the
lung tissues and an in vitro Matrigel tube formation assay (Fig.
5A). We found that preincubating Treg with EC significantly re-
duced EC tube formation on Matrigel, and the inhibitory effect was
abrogated when EC were cocultured with Treg in the Transwell
system (Fig. 5B). These findings verify that inhibition of angio-
genesis by Treg, like their immune suppressive function, requires

FIGURE 3. Adoptive Treg transfers reduce remodeling angiogenesis and AHR. Mice were sensitized and repeatedly challenged with aerosol OVA, as
depicted in the protocol. Six days after the last OVA challenge, mice were given three weekly transfers of Treg or Teff. OVA- and PBS-sensitized mice
given PBS without containing cells were used as positive (WO) and negative (PBS) controls, respectively. Unless indicated, mice were killed 1 wk after
the third cell transfer (d78). A, Modulation of vascular changes by Treg. Upper panel, Vessel numbers; lower panel, vascular sizes. Blood vessels were
identified by CD31 immunoreactivity. B, Quantification of ASM by �-SMA immunostaining. Photomicrographs show staining of ASM by �-SMA (upper)
and �-calponin (bottom) labeled in brown. The area of positive �-SMA labeling in the subepithelial region was compared against the length of associated
airway segment and expressed as �-SMA index. Scale bar � 20 �m. C, Photomicrograph shows the scattered subepithelial and interstitial staining pattern
of ProCol-I labeled in red. Bars show gene expression of ProCol-I, -III, and -V quantified by real-time PCR. n � 3; six to eight mice/group. Scale bar �
20 �m. D, Western blots for CD105, ProCol-I, and �-SMA. Bars show densitometry of CD105 using �-tubulin as a loading control. n � 5 mice/group.
E, BALF leukocytes enumerated a total of 500 cells per cytoslide. n � 4. F, AHR was measured 5–6 days after the last cell transfer. Data are from four
experiments, each containing six to eight mice/group. �, Comparison of Treg with WO, and #, Treg with Teff. � and #, p � 0.05; �� and ##, p � 0.01;
��� and ###, p � 0.001.
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direct cell contact between Treg and the EC. The antiangiogenic
effect of Treg was further validated by using an in vivo Matrigel
plug assay that showed significantly reduced neovasculature for-
mation in plugs containing Treg compared with HBSS- or Teff-
containing control plugs (Fig. 5C).

Treg-derived DLL4-Notch signaling suppresses angiogenesis

Notch signaling pathway has been shown to direct differentiation
and function of T cells, including delivering instructive signals in
the pathogenesis of allergic diseases (41, 42). In supporting this,
we found that Treg preferentially expressed Notch2, Notch3,
Notch4, and DLL4 compared with Teff (�10-fold increase; Fig.
6A). In addition, we found that expression of Notch receptors was
more prominent than the ligands in subconfluent EC, whereas
sparse and confluent EC expressed similar amount of Notch mol-
ecules (Fig. 6B). The confluence-dependent expression pattern
supports a role for Notch signaling during angiogenesis.

We next examined the role of the two differentially Treg-ex-
pressed Notch ligands, Jagged1 and DLL4, in angiogenesis in
vitro. We found that preincubation with DLL4-Fc, but not
Jagged1-Fc, significantly inhibited EC tube formation on Matrigel
(Fig. 6C), suggesting DLL4 as a candidate molecule in Treg-me-
diated antiangiogenic function.

The humanized anti-DLL4 Ab, YW-152F, has been shown to
neutralize both human and murine DLL4, and blockage of DLL4-
Notch signaling resulted in aberrant EC proliferation in vivo (43).
In our study, no detrimental effect on Treg survival was found by
treatment with this anti-DLL4 Ab compared with treatment with
isotype control Ab (Fig. 6D). Furthermore, by in vitro OVA stim-

ulation, we found that the presence of anti-DLL4 blocking Ab did
not alter either the anergic state or suppressive property of Treg
(Fig. 6E).

We therefore took advantage of this Ab to investigate the role of
DLL4-Notch signaling in Treg antiangiogenic effect. We found
that blocking Treg-derived DLL4 signaling, but not Jagged1 sig-
naling, rescued EC tube formation on Matrigel (Fig. 6F). The ab-
rogation of Treg antiangiogenic effect by DLL4 signaling blockage
validates a specific role of DLL4 in Treg-mediated antiangiogenic
function.

Treg inhibit angiogenesis of airway remodeling via DLL4-Notch
signaling in vivo

The role of DLL4 signaling in Treg-mediated antiangiogenesis
was further verified in the chronic asthma model wherein Treg
were pretreated with the anti-DLL4 Ab (Treg/�-DLL4) or human
IgG1 isotype control Ab (Treg), thoroughly washed to remove
unbound Ab, and adoptively transferred to OVA-treated mice.
Consistently, reduced airway and pulmonary vessel numbers were
found in Treg-transferred mice. However, when Treg were pre-
treated with the anti-DLL4 blocking Ab, the decreased vasculature
in Treg-transferred mice was reversed (Fig. 7A). To examine the
possible effects of retained anti-DLL4 Ab, OVA-treated mice were
given three weekly i.v. injections of 4.5 �g of anti-DLL4 Ab,
the same amount of Ab incubated with one aliquot of Treg
(1�1.5 � 106) transferred to each mice, and lung vessel numbers
examined 1 wk after the last Ab injection showed no difference in
mice receiving this amount of Ab compared with mice receiving

FIGURE 4. Treg transfers induce EC apoptosis and decrease VEGF
production of the lungs. A, Apoptosis of EC detected by TUNEL staining
of the lung sections. Photomicrographs show the TUNEL-negative (left)
and TUNEL-positive (dark brown labeling; right) vessels. Data are repre-
sentative of two separate experiments; five mice/group. Scale bar � 20
�m. B, BALF and C, lung homogenate cytokines detected by ELISA. n �
5 mice/group, performed in triplicates. D, VEGF secretion of airway epi-
thelial cells. LA4 cells were incubated with BALF collected after the last
cell transfer. When indicated, Treg were added to LA4 cells 16 h after
incubation with BALF of the WO mice (WO/Treg). Supernatants were
collected after 72 h and analyzed with ELISA. Data represent three sepa-
rate experiments performed in triplicates. E, Photomicrograph shows direct
interaction of FoxP3-positive Treg with the vessel after adoptive transfer.
Lung tissue was prepared at 30 min to 3 h after Treg transfer. Black arrow,
Treg inside the vessel; blue arrow, Treg interacting with the EC; black
arrowhead, Treg in the lung parenchyma. Scale bar � 20 �m.

FIGURE 5. Treg inhibit EC angiogenesis via direct cell-cell contacts. A,
MPEC were isolated from lung tissues by using CD105 MACS-positive
selection. Purity of MPEC was examined by flow cytometry. B, Regulation
of EC tube formation on Matrigel by Treg. MPEC were preincubated with
Treg or Teff for 16 h, followed by tube formation assay performed at 0.3 �
105 EC/cm2 in Matrigel-coated 24-well plates. When indicated, Treg and
MPEC were cocultured in a Transwell to avoid direct cell contacts. Pho-
tomicrographs show EC tube formation on Matrigel taken at 4 h of the
assay. Total branches of each EC from at least three representative �100
fields/well were counted. Data represent three separate experiments per-
formed in triplicates. Scale bar � 100 �m. C, Regulation of angiogenesis
by Treg in Matrigel plug assays. A total of 1.5 � 106 Treg or Teff was
mixed with 0.3 ml of Matrigel and s.c. injected at the ventral side of the
mice. Matrigel without containing cells were used as controls. Photomi-
crographs show neovessels in H&E-stained Matrigel plug sections har-
vested 7 days later. Percentage of vessel-containing area was calculated
from representative �100 fields in three consecutive sections. Data are
representative of three independent experiments with five to six mice/
group. Scale bar � 100 �m.
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PBS or control Ab (data not shown). Likewise, EC apoptosis and
VEGF expression in lung homogenates were both rescued by in-
hibiting Treg-derived DLL4 signaling (Fig. 7, B and C). IL-10 and
IFN-� expression in lung homogenates were comparable between
each group (Fig. 7C).

AHR, which was reduced after Treg transfers, was converted to
the levels of WO and Teff in mice receiving Treg/�-DLL4 (Fig.
7D). However, reduced BALF eosinophils after Treg transfers
were not affected by blockage of DLL4 signaling, indicating that
regulation of eosinophil infiltration by Treg was independent of
Treg-derived DLL4 signaling (Fig. 7E). Treatment of Treg with
isotype control Ab (Treg/ctrl Ab) did not affect the regulation ex-
erted by Treg. Collectively, these in vivo data verified the role of
DLL4 signaling in the proapoptotic antiangiogenic effect of Treg
during airway remodeling.

Previous studies using chronic allergen challenge models
showed an expansion of Treg (44, 45). The expansion includes
actual proliferation of Treg in response to chronic Ag stimulation

and also peripheral conversion of Teff to Treg under appropriate
environmental cues, such as the presence of TGF-� and dendritic
cell-derived retinoic acid, inhibited costimulation or IL-2 produc-
tion, and the presence of subimmunogenic Ag conditions (46–50).
To address this issue, we isolated endogenous Treg from lung tis-
sues of OVA-treated BALB/c mice after repeated OVA challenges
(Fig. S1).4 In accordance with previous reports, we found an ex-
pansion of CD4�CD25� T cells in the OVA group compared with
the PBS controls. However, an average of only 30�40% of the
CD4�CD25� T cells were FoxP3 positive, a percentage lower
than that isolated from PBS controls (�60%) or the spleen
(�70%) of DO11.10 mice, suggesting expansion of activated Teff
cells, in addition to Treg, in the CD4�CD25� T cell pool after
repeated allergen challenges. The number of the Treg population
remained similar during the course of chronic allergen challenges,

4 The online version of this article contains supplemental material.

FIGURE 6. Treg preferentially express Notch ligand DLL4, and blockage of DLL4-Notch signaling abrogates Treg-mediated antiangiogenic effect in
vitro. A, Expression of Notch on Treg and Teff analyzed by flow cytometry. Histograms show the representative staining profile of individual Notch
molecule. Gray-shaded area indicates isotype control Ab (goat IgG) staining. Expression was calculated by comparing relative fluorescence intensity of
individual molecule on Treg with that of Teff. Data are pooled from three experiments. B, Expression of Notch by MPEC at different stage of angiogenesis.
MPEC were seeded at density 0.05, 0.1, 0.25, and 0.5 � 105/cm2. At 72 h after seeding, when cells seeded at 0.5 � 105/cm2 reached confluent, those at
0.1 and 0.25 � 105/cm2 subconfluent, and those at 0.05 � 105/cm2 remained sparse, cells were examined for Notch expression by flow cytometry. Data
shown are pooled from three experiments. C, Modulation of EC tube formation on Matrigel by DLL4- and Jagged1-Fc proteins. MPEC were preincubated
with recombinant DLL4-Fc or Jagged1-Fc (10 �g/ml) for 16 h before performing Matrigel tube formation assay. n � 3, performed in triplicates. D,
Apoptosis of Treg after anti-DLL4 Ab treatment was measured by acridine orange staining of Treg cytospins (photomicrographs) and annexin-V/7-
aminoactinomycin D plus flow cytometry (dot plots). Treg were isolated from OVA-fed DO11.10 mice, as described, and incubated with the anti-DLL4
Ab (30 �g/ml) for 40 min before being analyzed for apoptosis. n � 2, performed in duplicates. Scale bar � 50 �m. E, Proliferation response to 72-h OVA
stimulation at the presence of anti-DLL4 Ab (5 �g/ml) detected by 3H incorporation. CD4�CD25� Treg and CD4�CD25� Teff from OVA-fed Do11.10
mice were isolated and cultured, as described in Materials and Methods. n � 3, performed in triplicates. F, Modulation of EC tube formation by anti-DLL4
Ab-treated Treg. Treg were treated with anti-DLL4 Ab or anti-Jagged1 Ab for 40 min before incubation with MPEC. Matrigel tube formation assay was
performed 16 h later. n � 3 and performed in triplicates.
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and there were approximately 1�2 � 105 CD4�CD25� T cells
per lung. Therefore, each lung contains no more than 1 � 105

FoxP3� Treg. The inability of the in situ Treg to exert regulation on
airway remodeling may be due to the low cell number and the spatial
location of these induced Treg in the lung. Adoptive transfer using in
situ CD4�CD25� T cells was not performed due to the low cell
number and the relatively lower frequency of FoxP3-positive Treg in
the CD4�CD25� T cell pool. We also examined the expression pro-
file of Notch receptors and ligands on these in situ Treg, and it showed
a comparable profile with what was observed in splenic Treg gener-
ated from the Ag-feeding model (data not shown).

In addition, previous studies demonstrated the emergence of an
anergic population with stable CD25 expression and suppressive
function between 3 and 7 days after Teff transfer or later (47, 49).
In this study, we found a selective antiangiogenic effect of Treg via
a cell contact-dependent mechanism involving Treg-derived DLL4
ligation. Hence, physical contact between Treg and the EC is cru-
cial for the regulation to proceed. Our findings that no beneficial
effect in vascular load or AHR accompanying improved vascular-
ity was observed after Teff transfer could be explained by the rea-
sons that, although in vivo conversion of CD4CD25� cells to
CD4�CD25�Foxp3� Treg may indeed occur, the conversion
would not occur until several days after transfer. Therefore, the
differentiated Treg may not gain optimal access to the EC as the
freshly transferred Treg do, and the extent of regulation is also
limited by the lesser number of cells differentiated into Treg com-
pared with the number of Treg transferred.

Discussion
In this study, we demonstrate a unique role of Treg in selectively
inhibiting neovasculature formation of airway remodeling by using
a chronic asthma model and adoptive Treg transfers. Although we
and others (51) have found a protracted course in reverting the
ECM and ASM alterations after prolonged allergen challenge,
adoptive Treg transfer was nonetheless shown to alleviate estab-
lished airway inflammation and ECM/mucus remodeling (52). The
factors causing variable effects of Treg transfer in airway remod-
eling may be attributed to ongoing allergen exposures, numbers,
and frequency of Treg transferred, as well as differences in the
study readouts.

Cross-talk between T cells and EC has been studied in the field
of transplant immunology in which Ag presentation by EC resulted
in generation of anergic T cells and graft survival. In contrast, it
has been shown that suppressor T and Treg induced a tolerogenic
EC that subsequently inhibited helper and cytotoxic T cell activa-
tion (53). Regulation of EC angiogenesis by Treg has not been
reported before, nor has the role of Treg in established airway
remodeling. In our study, we found that Treg transfers induced EC
apoptosis and reduced VEGF expression of the lungs. Further-
more, we found that endothelial progenitor cells in Treg-trans-
ferred mice were significantly decreased compared with asthmatic
mice receiving Teff or PBS controls (M.-T. Huang and B.-L.
Chiang, unpublished data). VEGF has been reportedly secreted
during asthma by many inflammatory cells, such as mast cells,
eosinophils, neutrophils, macrophages, and lymphocytes, and also

FIGURE 7. DLL4 signaling block-
age reverts the proapoptotic antian-
giogenic effects of Treg in vivo. Mice
sensitized and repeatedly challenged
with OVA were given Treg, as de-
scribed. In an indicated group, Treg
were preincubated with the anti-
DLL4 Ab before adoptive transfers.
Mice were killed 1 wk after the last
cell transfer. A, Vessel numbers were
enumerated by using CD31-stained
lung sections. B, Apoptosis of EC was
detected by TUNEL staining of the
lung sections. C, Cytokine expression
in lung homogenates. n � 6 mice,
performed in triplicates. D, BALF
leukocytes were determined by cyto-
spins. A total of 500 cells was
counted in each slide. E, AHR per-
formed within 1 wk after the last cell
transfer. Data are representative of
two separate experiments. n � 6–8
mice/group.
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by structural cells, including fibroblasts, smooth muscle cells, and
epithelial and EC (54). All of these are possible sources of VEGF
in our model. In our current study, we found a selective reduction
of eosinophils in mice receiving Treg transfers. It is possible that
reduced VEGF expression in these mice is due to decreased eo-
sinophils. However, whereas blockage of Treg-derived DLL4 sig-
naling reverted VEGF expression, eosinophil infiltration in the
lung was not affected, suggesting that eosinophils are less likely
the regulated source of VEGF in this model. Furthermore, we dem-
onstrated that the addition of Treg to LA4 cells had no effect on
stimulated VEGF secretion, which eliminated a direct regulatory
role of Treg on VEGF secretion by the airway epithelium. Com-
bined with the immunohistochemistry data in this study, we hy-
pothesize that direct interaction of Treg with the EC via DLL4
delivers an apoptotic antiangiogenic signal, which, at least in part,
involves regulation of endothelial VEGF secretion. In supporting
our hypothesis, previous study showed that DLL4 selectively in-
hibited VEGF functions by acting as a negative regulator of
VEGF-R2 expression on the EC. In the case of our model, inhib-
ited VEGF function by DLL4 signaling may, in a feed-forward
manner, decrease VEGF secretion by the EC, leading to apoptosis
of the EC. The vessel numbers after Treg transfers were reduced to
the levels comparable to PBS controls, suggesting that Treg most
likely interfered with maintenance of the vasculature. From our
study, deprivation of VEGF and the proapoptotic signals derived
from Treg offered the most plausible causes for regression of the
vasculature. Our findings hence suggest that in addition to a pre-
ventive role in allergic airway diseases, Treg could also be a ther-
apeutic strategy in chronic airway remodeling.

By genetic approaches, recombinant proteins, or blocking Abs,
DLL4-Notch signaling has been shown to restrict endothelial tip
cell formation, and hence, plays a negative regulatory role in vas-
cular sprouting and vessel branching that are required for normal
vascular network formation during angiogenesis (16, 55, 56).
Therefore, DLL4-Notch signaling promotes the timely formation
of a well-differentiated vascular network and maintains the vascu-
lar network in a mature and functional state by rendering EC un-
responsive to angiogenic cues such as VEGF. In several tumor
models, blockage of DLL4 signaling was found to cause aberrant
EC proliferation and defective vessel maturation and perfusion.
Nonproductive angiogenesis after DLL4 signaling blockage led to
the paradoxical findings of increased tumor vessels while inhibit-
ing tumor growth at the same time (43, 57, 58). These findings are
intriguing because neovasculature generated in this manner, i.e.,
increased, but poorly perfused vasculature, would have detrimental
effects in asthma. In this regard, our findings that DLL4 signaling
delivered by Treg inhibited angiogenesis of airway remodeling are
in line with previous studies on the role of DLL4 in angiogenesis.
Treg-derived DLL4 signaling is therefore a beneficial target in
preventing nonfunctional angiogenesis in chronic lung diseases.

Our study is unique in that we thoroughly evaluated the vascular
component of airway remodeling in asthma. We found that vaso-
dilation and angiogenesis occurred not only in peritracheal and
peribronchial vessels, but also in microcirculation of the lung pa-
renchyma, and both of which persisted after cessation of allergen
challenges. Previous studies on the vascular changes of airway
remodeling have mainly focused on bronchial-associated vessels,
i.e., vessels of the bronchial circulation, which is probably a con-
sequence of the perception that asthma is an airway disease and the
accessibility of appropriate lung tissues. Nonetheless, a peripheral
or parenchymal component of asthma has been recognized by
studies showing that chronic allergic airway inflammation involves
both central and peripheral airways and induces not only bronchial,
but also parenchymal remodeling (59–61). In supporting this fur-

ther, recent studies on allergen- or infection-induced chronic air-
way inflammation have also demonstrated vascular remodeling
and angiogenesis in nonbronchial-associated pulmonary vessels,
such as those associated with the gas exchange region of the lungs
(31, 62). Therefore, our findings add to the list supporting a pul-
monary microvascular component in the airway remodeling
complex.

AHR is characteristic of asthmatic airways, and the phenome-
non of AHR is at best partially restored by corticosteroids in both
clinical and experimental settings. Both airway inflammation and
airway remodeling contribute to the development of AHR. Histo-
logical studies and computer-assisted modeling revealed that in-
creased ASM and excessive contractility are the major causes for
the development of AHR. Nonetheless, increased airway vascular
indices have also been related to airflow limitation and lung func-
tion impairments. Increased vascularity and the leaky property of
the vessels cumulatively lead to mucosal and adventitial swelling,
and contribute to disproportionate reduction of airway calibre for
a given degree of ASM contraction. One major finding in our study
is that Treg transfers at the stage of established airway remodeling
selectively reduced pulmonary vasculature and alleviated AHR of
the recipient mice, despite no observable changes of ASM hyper-
plasia and ECM deposition. Our findings hence support a long-
overlooked importance of remodeling angiogenesis during airway
remodeling.

Although a prominent role of Treg in preventing the develop-
ment of allergic diseases has been defined, the role of Treg in
established airway remodeling has not been investigated thor-
oughly, nor has regulation of EC angiogenesis by Treg. From im-
munological perspective, our findings pose important implication
in that Treg not only control aberrant inflammation, which causes
the disease, but also downplay detrimental pathological angiogen-
esis accompanying chronic inflammation. Future studies on Treg-
mediated antiangiogenic effect in other disease models will con-
tribute further to bench-to-bedside application of Treg.
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Figure S1. Chronic allergen challenges induce in situ expansion of Treg. Leukocytes were 

released from lung tissues by digestion with collagenase-IV and DNase-I. CD4+CD25+ T cells 

were purified by using the MACS Magnetic-bead system as described in the Methods and the 

percentage of FoxP3-expressing Treg in the CD4+CD25+ T cell population was examined by 

flow cytometry. A, Total lung leukocytes; B, CD4+CD25+ T cells and C, percentage of 

FoxP3+ T cells among the isolated CD4+CD25+ T cells at indicated time points of the 

OVA-induced chronic asthma model. Data shown represent 6-9 mice at each time point pooled 

from 3 independent experiments.  


