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IL-25 (IL-17E) is a T-helper cell type 2 (Th2) cytokine best described
as a potentiator of Th2 memory responses. Reports of expression
of its receptor, IL-25R, on airways structural cells suggest a wider
role for IL-25 in remodeling. We hypothesized that IL-25 stimulates
local angiogenesis in the asthmatic bronchial mucosa. Immunore-
active IL-25%, IL-25R*, and CD31* (endothelial) cells in sections of
bronchial biopsies from asthmatics and controls were detected by
immunohistochemistry. The effect of IL-25 on angiogenesis was
examined using an in vitro assay. Real-time PCR was used to detect
expression of IL-25R and VEGF mRNA in cultured human vascular
endothelial cells (HUVEC), and a cell proliferation kit (WST-8) was
used to measure the effect of IL-25 on HUVEC proliferation. Immu-
nostaining showed that IL-25%, IL-25R*, and CD31*/IL-25R* cells
were significantly elevated in the bronchial mucosa of asthmatics
compared with controls (P < 0.003). In asthmatics, the numbers of
IL-25" cells correlated inversely with the forced expiratory volume
in1s (r=-0.639; P = 0.01). In vitro, HUVEC constitutively ex-
pressed IL-25R, which was up-regulated further by TNF-a. IL-25
and TNF-a also increased expression of VEGF and VEGF receptors.
IL-25 increased HUVEC proliferation and the number, length, and
area of microvessel structures in a concentration-dependent man-
ner in vitro. VEGF blockade, the PI3K-specific inhibitor LY294002,
and the MAPK/ERK1/2 (MEK1/2)-specific inhibitor U0126 all mark-
edly attenuated IL-25-induced angiogenesis, and the inhibitors also
reduced IL-25-induced proliferation and VEGF expression. Our find-
ings suggest that IL-25 is elevated in asthma and contributes to an-
giogenesis, at least partly by increasing endothelial cell VEGF/VEGF
receptor expression through PI3K/Akt and Erk/MAPK pathways.

Airways remodeling in asthma refers to structural changes,
which include increased angiogenesis (1-4). Previous studies
suggest that neovascularization and microvascular leakage are
prominent in asthmatic airways (1-5). VEGF is one of the most
potent proangiogenic factors (6).

IL-25 (IL-17E) is a member of family of six proteins labeled
IL-17A-F. IL-17A and IL-17F are expressed by a novel subset of
CD4" T-helper (Th) cells and appear to play critical roles in
inflammation and autoimmunity, whereas IL-25 is exceptional in
promoting Th cell type 2 (Th2) immune responses (7). In mice,
exogenous administration of IL-25 (8, 9) or transgenic expression
(10, 11) induces asthma-like features. Conversely, anti-IL-25 an-
tibody reduces airways inflammation in animal models of asthma
(12, 13). In addition to T cells, lung epithelial cells, mast cells,
basophils, and eosinophils may produce IL-25 (14, 15).

The IL-25 receptor (IL-25R) is a 56-kDa single-transmembrane
protein. We demonstrated (14) that human Th2 central memory
cells selectively up-regulate IL-25R when stimulated with thymic
stromal lymphopoietin-activated dendritic cells or with T-cell
memory “homeostatic” cytokines such as IL-7 or when triggered
by specific antigen. This up-regulation resulted in enhanced
sensitivity of the cells to IL-25 that was associated with IL-4—
independent, sustained expression of GATA3, c-MAF, and
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JunB. This finding and the further observation (16) that IL-25
activates eosinophils to produce a range of asthma-relevant me-
diators suggest that IL-25 may play a pivotal role in maintaining
Th2 central memory and sustaining asthmatic inflammation,
whereas its production by mast cells and eosinophils suggests the
possibility of a positive feedback amplifying loop.

IL-25R also is expressed on human eosinophils, monocytes,
airways smooth muscle cells, and fibroblasts (16-19), raising the
possibility that IL-25 also may be involved in causing structural
changes in the airways that characterize asthma. However, its
possible role in angiogenesis has never been explored. Our
preliminary data (20) showed that immunoreactive IL-25R
colocalized with CD317 blood vessel endothelial cells. Thus, for
the present study, we hypothesized that IL-25 plays a role in
angiogenesis in asthma. Our aim was to measure expression of
IL-25 and its receptor in the bronchial mucosa of asthmatics and
controls (in controls, particularly on vascular endothelial cells)
and to characterize the phenomenon and mechanisms of IL-25-
induced angiogenesis.

Results

Clinical Data. In this study we compared bronchial biopsies from
15 asthmatics and 15 controls. Clinical and demographic details
of the study subjects are summarized in Table S1.

IL-25 and IL-25R Immunoreactive Cells and CD31*/IL25R* Microvessels
in Vivo. The median number of cells showing immunoreactivity
for IL-25 and IL-25R was significantly higher in the bronchial
mucosa of the asthmatics than in controls (Fig. 1 4, B, E, and F).
In the asthmatics, the number of IL-25- but not IL-25R-
immunoreactive cells correlated inversely with the forced expi-
ratory volume in 1 s (» = —0.639; P = 0.01). The total number of
IL-25-immunoreactive cells correlated positively with the num-
ber of IL-25R-immunoreactive cells (r = 0.522, P = 0.046).
IL-25-immunoreactive cells were located in both the epithelium
and the submucosa, whereas IL-25R-immunoreactive cells were
located almost exclusively in the submucosa (Fig. 1 A and B).
The number of CD31* and CD31*/IL-25R* vascular structures
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(A-D) Immunoreactivity for IL-25 (A), IL-25R (B), CD31 (D), and negative control staining for IL-25 (C) in sections of the asthmatic bronchial mucosa.

(E-H) Total cells per unit area of entire sections showing IL-25 (E) and IL-25R (F) immunoreactivity and vascular structures showing CD31 (G) and CD31*/IL-25R*
(H) immunoreactivity in bronchial biopsies from asthmatics and controls (n = 15 for each group). Bars indicate medians. Mann-Whitney U test.

also was significantly higher in asthmatics than in controls (Fig. 1

G and H).

IL-25R Expression in Human Vascular Endothelial Cells in Vitro. In
human vascular endothelial cells (HUVEC), constitutively
expressed IL-25R mRNA, protein, and immunoreactivity were
increased in the presence of TNF-a (Fig. 2 B, E, G, and H).
Interestingly, IL-25 also up-regulated mRNA and protein
encoding its own receptor in a concentration-dependent fashion
(Fig. 2 C, F, G, and I). Western blotting showed that the ex-
pression of IL-25R protein was maximal ~48 h after stimulation
(Fig. 2G).

IL-25-Induced Angiogenesis and VEGF Expression by Human
Endothelial Cells in Vitro. In an in vitro angiogenesis assay, IL-25
induced lengthening and branching of microvascular tubules by
HUVEC in a concentration-dependent fashion as compared
with VEGF, which was used as a positive control (Fig. 3 A-H).
IL-25 also induced proliferation and expression of VEGF
mRNA by HUVEC (Fig. 3 I and K) and human pulmonary
microvascular endothelial cells (HPMEC) (Fig. 3J and L). These
effects were not inhibited by blockade of the IL-17A receptor
(IL-17RA) (Fig. 3 I-L).

IL-25 Up-Regulated Expression of VEGF Receptors in HUVEC in Vitro.
IL-25 also significantly up-regulated expression of mRNA
encoding VEGF receptors 1 and 2 (VEGFR1 and VEGFR2) in
HUVEC in a time- and concentration-dependent fashion (Fig. 4
A and B). Expression of VEGFR1 and -2 proteins was corre-
spondingly increased with a peak at ~48 h (Fig. 4 C, D, and E).

Effects of Signaling Inhibitors on Angiogenesis and VEGF Protein
Production. The PI3K inhibitor LY 294002 and the MEK in-
hibitor U0126, but not the p38 MAPK inhibitor SB 203580,
completely attenuated IL-25-induced formation of new micro-
vascular structures by HUVEC in vitro (Fig. 5 A-C). A similar
picture was observed with VEGF-induced angiogenesis. Cellular
viability remained >95% throughout all cultures. Anti-VEGF
neutralizing monoclonal antibody attenuated the angiogenetic
effect of IL-25 by up to 70% and also reduced spontaneous
angiogenesis but did not completely ablate the effects of IL-25.
Preneutralization of IL-25 with anti-IL-25 antibody completely
blocked IL-25-induced angiogenesis. Furthermore, ELISA
showed that anti-IL-25 ablated IL-25-induced VEGF pro-
duction in the angiogenesis assay, and L'Y294002 and U0126
further reduced it below baseline (Fig. 5D).
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Effects of Signaling Inhibitors on Proliferation and VEGF mRNA
Expression by HUVEC. HUVEC were coincubated with IL-25 and
a range of signaling inhibitors for 24 h for quantitative PCR and
for 48 h for the proliferation assay. The proliferation assay
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Fig. 2. (A-D) Immunoreactive IL-25R on chamber-cultured HUVEC following

culture for 48 h in (A) medium alone; (B) TNF-a (10 ng/mL); (C) IL-25 (10 ng/
mL); and (D) as in B but with substitution of the anti-IL-25R antibody with an
isotype control (40x magnification). (E and F) Real-time PCR showing time
courses and concentration response relationships of (€) TNF-a— and (F) IL-25-
induced IL-25R mRNA expression. (G-) Western blots showing (G) time
course of TNF-o— (10 ng/mL) and IL-25- (1 ng/mL) induced IL-25R protein
expression, (H) concentration-dependent TNF-a—induced, and (/) IL-25-
induced IL-25R expression at 48 h. Bars represent mean + SEM (n = 4). *P <
0.05. Mann-Whitney U test.
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Fig. 3. (A-E) Representative light photomicrographs (4x original magnification) show formation of primitive vascular tubule structures by HUVEC after 11 d

in culture with medium (A), VEGF (10 ng/mL) (B), or IL-25 [0.1 ng/mL (C), 1 ng/mL (D); or 10 ng/mL (E)]. (F-H) Computer-assisted quantification of numbers (F),
branch points (G), and total tubule lengths (H). (I-L) IL-25-induced proliferation of HUVEC (/) and HPMEC (J) and VEGF mRNA expression by HUVEC (K) and
HPEMC (L) in the presence or absence of antibody against IL-17RA. Bars show mean + SEM of four (F-H) or three (I-L) separate experiments performed in

duplicate. *P < 0.05. Mann-Whitney U test.

showed that the PI3K inhibitor LY294002, the Akt inhibitor SH-
6, the MEK1/2 inhibitor U0126, the MAPK/ERK1 (MEK1) in-
hibitor PD98059, and the NF-kB inhibitor Bay11-7082 all sig-
nificantly attenuated IL-25-induced HUVEC proliferation (Fig.
S1A). In contrast, the JNK inhibitor SP600125, the p38 inhibitor
SB203580, and the signal transducer and activator of transcrip-
tion 3 (Stat3) inhibitor WP-1066 did not show such effects. A
similar profile of inhibitory effects was observed on IL-25-in-
duced VEGF mRNA expression in HUVEC by real-time PCR
analysis (Fig. S1B).

IL-25-Induced Phosphorylation of Signaling Factors in HUVEC. West-
ern blotting showed that IL-25 activation of HUVEC was ac-
companied by rapid phosphorylation of PI3K, Akt, ERK1/2, and
Stat6 (Fig. S1C). This phosphorylation was evident in some
cases as early as at 10 min after IL-25 exposure. IL-25 also
induced nuclear translocation of phosphorylated NF-kB (Fig.
S1C). In contrast, IL-25 did not affect phosphorylation of Stat3
(Fig. S10).

Discussion

We present data consistent with the hypothesis that IL-25,
expressed to excess in the asthmatic bronchial mucosa, acts on
local vascular endothelial cells, which express its receptor, to
stimulate angiogenesis at least partly by inducing elevated ex-
pression of VEGF and VEGF receptors.

Our data advance our previous preliminary data (14) showing
local elevated expression of IL-25 and IL-25R mRNA in asth-
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matics. We now show that IL-25 expression increases with disease
severity, suggesting the possibility of a functional link. Known cel-
lular sources of IL-25 include activated mast cells, eosinophils, and
basophils in humans (13-15) and alveolar macrophages in rats (21).
A variety of exogenous stimuli have been postulated to increase IL-
25 expression (13-15, 22). Importantly, we also discovered elevated
numbers of CD317 vascular endothelial cells expressing IL-25R in
the bronchial mucosa of asthmatics.

Functionally, we found that primary cultured human endo-
thelial cells express IL-25R ex vivo and that this expression is
increased further by exposure to nanomolar quantities of IL-25
itself, suggesting that IL-25 increases the sensitivity of vascular
endothelial cells to its own effects. To check the generality of
these observations, we compared the effects of IL-25 on human
endothelial cells of umbilical vein and pulmonary origin and
found essentially identical effects (Fig. 3). We used TNF-a as
a tentative positive control for these experiments because this
cytokine previously had been shown to up-regulate IL-25R ex-
pression on human lung fibroblasts and smooth muscle cells (17,
19). That TNF-a did increase IL-25R expression on endothelial
cells suggests a possible mechanism linking TNF-a, already
clearly implicated in asthma pathogenesis, with remodeling
changes. Furthermore, although the potential sources of TNF-a
in asthma are legion, endothelial cells may contribute (23). In
addition to increasing IL-25R expression, IL-25 enhanced
HUVEC proliferation and assembly into branching microvessels
reminiscent of capillary networks in vivo. As a positive control,
we compared the effects of VEGF with those of IL-25 and found
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Fig. 4. (A and B) Real-time PCR amplification of mRNA encoding (A) VEGFR1
and (B) VEGFR2 in HUVEC stimulated with IL-25. (C—-E) Western blots of (C)
the peak expression of VEGFR1 and -2 proteins and concentration-dependent
induction of (D) VEGFR1 and (E) VEGFR2 by IL-25 at 48 h in cultured HUVEC.
Bars show mean + SEM (n = 4). *P < 0.05. Mann-Whitney U test.

them to be comparable. Spontaneous and IL-25-induced an-
giogenesis was extensively but not completely inhibited by VEGF
blockade, suggesting that IL-25 acts principally by increasing

VEGEF production. This incomplete inhibition was verified by
VEGF ELISA, although a possible direct effect of IL-25 on
endothelial cells or the possibility that IL-25 induces the pro-
duction of angiogenetic mediators other than VEGF cannot be
excluded. We then verified that IL-25 increases the expression
not only of VEGF but also its two principal receptors, VEGFR1
and -2, in vascular endothelial cells, again suggesting that IL-25
increases the potential capacity of these cells to respond to
VEGEF. The bell-shaped concentration-response curves for IL-
25 in inducing expression of IL-25R, VEGF, and VEGF recep-
tors by HUVEC (Figs. 2, 3, and 4) are compatible with the hy-
pothesis that higher concentrations of IL-25 induce IL-25R
internalization, as observed with some cytokines and chemokines
and their receptors (e.g., as IL-5 and eotaxin) (24, 25).

Recent reports (26, 27) have suggested that endothelial cells
also express IL-17RA and that certain activities of IL-25 can be
exerted through this receptor. Therefore we examined the effects
of an anti-IL-17RA blocking antibody. Anti-IL-17RA did not
attenuate endothelial cell proliferation or VEGF expression
(Fig. 3).

The signaling pathways used by IL-25 when acting on its receptor
IL-25R have not been well defined and may vary by cell type and
species. Previous studies (16, 28) suggest a role for p38 MAPK,
JNK, and NF«B in T cells and eosinophils in humans and TNF
receptor-associated factor 6 and the adaptor protein connection to
IK K-complex and SAPK (CIKS)/Act in mice (29-31). To in-
vestigate the signaling pathways involved in IL-25-induced VEGF
expression, we used a panel of commercially available inhibitors.
Inhibition of PI3K or MEK1/2 with the pharmacological inhibitors
LY294002/SH-6 and U0126, respectively, completely attenuated
IL-25-induced VEGF mRNA expression and proliferation in en-
dothelial cells. Inhibition of Akt (SH-6), MEK1 alone (with
PD98059), or NF-«kB (with Bay 11-7082) showed measurable but
lesser effects, whereas the Stat3 inhibitor WP-1066, the P38 MAPK
inhibitor SB203580, and the JNK inhibitor SP600125 were in-
effective. Taking together these and previously published data, we
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have summarized in Fig. S2 the signaling pathways that, to date,
have and have not been implicated in IL-25 signaling. For reasons
of practicality and cost, we did not perform full concentration—
response curves with all the signaling inhibitors but used concen-
trations that were physiologically relevant but did not compromise
the viability of the endothelial cells. The effects of these inhibitors
on VEGF production and VEGF-induced vascular formation in
the present study closely mirrored their activities in inhibiting IL-
25-enhanced angiogenesis. These data are consistent with a role for
PI3K/Akt and MEK/Erk signaling in IL-25-induced angiogenesis,
although they do not allow discrimination between effects on IL-25
signaling inducing VEGF and VEGFR expression or VEGF sig-
naling inducing angiogenesis, or both. Our data suggest that
blocking PI3K, MEK, and NF«B reduces IL-25-induced pro-
liferation and VEGF expression by endothelial cells, two critical
factors in the regulation of angiogenesis.

Other recent studies also suggest that PI3K plays a critical role in
cytokine production and angiogenesis by vascular endothelial cells
(32-34); indeed, it has been suggested more generally that PI3K
may be a key molecular target for the therapy of asthma (35). In the
present study, we were unable to examine inhibition of Stat6 sig-
naling because of the lack of commercially available specific
inhibitors. However, we did observe that IL-25 enhanced phos-
phorylation of signal transducer and activator of transcription 6
(Stat6) but not of Stat3, suggesting that Stat6 also might mediate
IL-25-induced angiogenesis through its effects on the proliferation
of endothelial cells and expression of VEGF. Some caution must be
exercised when interpreting our data showing an apparent lack of
effect of the p38 MAPK inhibitor SB203580 and the JNK inhibitor
SP600125 on IL-25-induced VEGF mRNA expression and an-
giogenesis, because, as mentioned, one may be observing the net
effect of influences on IL-25- and VEGF-mediated signaling. Iss-
briicker and colleagues (36) previously reported that SB203580
enhanced VEGF-induced angiogenesis by endothelial cells.

Increased angiogenesis is a well-documented feature of airways
remodeling in asthma. We (37) and others (38) have shown elevated
expression of angiogenetic mediators, including VEGF, fibroblast
growth factor, platelet-derived growth factor, and angiogenin in the
airways tissue and lining fluid of asthmatics, and the expression of
these mediators can be correlated positively with disease severity
and negatively with airways obstruction. VEGF appears to be key
among these mediators, and IL-25 may make a significant contri-
bution to its expression. Because airways fibroblasts and smooth
muscle cells also express IL-25R (17, 19), we speculate that IL-25
may play an even wider role in airways remodeling through its effects
on fibrogenesis and smooth muscle hyperplasia. For the moment,
our data extend the knowledge of the manifold possible roles for IL-
25 in asthma pathogenesis and point to it and its putative signaling
molecules PI3K/Akt and MEK1/2/Erk as candidate molecular tar-
gets for novel therapeutic approaches.

Methods

Study Patients. The study was approved by the Guy's Hospital Ethics Com-
mittee and was carried out in our clinical research facility. Each subject
provided written, informed consent. Endobronchial biopsies were obtained
from 15 asthmatics and 15 normal controls. Details are given in S/ Methods
and Table S1.

Fiberoptic Bronchoscopy. Fiberoptic bronchoscopy was performed as pre-
viously described (39, 40). Details are given in S/ Methods.

Immunohistochemistry. To identify cells expressing IL-25, IL-25R, and CD31, we
used the primary antibodies mouse anti-human IL-17E, MAB 1258 (1:20; R&D
Systems), mouse anti-human IL-25R (1:50; LB-2044; Autogene Bioscience), and
mouse anti-human CD31 (1:30; M0823; Dako Ltd.) and well-established proto-
cols that we have described previously (39, 40). Positively staining cells were
detected with Fast Red (Sigma) (39, 40). Further details are given in S/ Methods.
The mean + SD of the entire cross-sectional areas of the biopsy sections ex-
amined in the asthma and control groups were 2.6 + 0.3 mm?and 2.8 + 0.4 mm?,
respectively, with within-group coefficients of variation ranging from 8.79-
10.2%. The between-observer coefficients of variation from duplicate counts
for all markers tested for two groups ranged from 3.2-5.1%.
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HUVEC Culture. All reagents and HUVEC were purchased from PromocCell
unless otherwise specified. Cells before passage four were used for experi-
ments. Briefly, cells (0.5 x 10° per well) were seeded in six-well plates (Nunc
A/S) precoated with gelatin (0.5%; Sigma-Aldrich) in complete medium
(endothelial cell media kit; PromoCell) containing basal medium, 0.4% en-
dothelial cell growth supplement, 2% FCS, 0.1 ng/mL EGF, 1 ng/mL basic FGF,
100 U/mL penicillin, and 100 pg/mL streptomycin and grown to ~80% con-
fluence in a 5% CO, incubator at 37 °C. The cells then were exposed to
stimuli including recombinant human TNF-a (R&D) and IL-25 (R&D Systems).
To identify IL-25R immunoreactivity on HUVEC, some HUVEC were seeded
and cultured to ~80% confluence in chamber slides (Nalge Nunc In-
ternational) for 48 h with or without recombinant human TNF-a. The effects
of a number of signaling inhibitors were tested in this system; a full de-
scription is given in SI Methods. Cells were harvested for further in-
vestigation at different time points, as described in Results. Cellular viability
was assessed by Trypan blue exclusion.

RNA Extraction and Real-Time PCR. Total cellular RNA was extracted from
HUVEC using the RNeasy Mini kit (QIAGEN). The RNA was reverse transcribed
and subjected to quantitative real-time PCR analysis (further details are given
in SI Methods). Real-time PCR primers were 5-AACAGGCGTCCCTTTCCC-
TCTGGA-3’ and 5'-TTCTTGATCCTTTCGTGCCTCCAC-3’ for human IL-25R (IL-
17BR); 5'- TACCTCCACCATGCCAAGTG-3’ and 5'-GATGATTCTGCCCTCCTCCTT-
3’ for human VEGF; 5-TCACTGCCACTCTAATTGTCAATGT-3' and 5-AAAC-
GATGACACGGCCTTTT-3' for human VEGF receptor 1 (VEGFR1), and 5'-
CAAGACAGGAAGACCAAGAAAAGAC-3' and 5'-GGTGCCACACGCTCTAGGA-
3’ for human VEGF receptor 2 (VEGFR2.).

Western Blotting. Western blotting was performed as previously described
(38). HUVEC were cultured with or without stimuli for 24, 48, or 72 h in
a 5% CO, incubator at 37 °C. Cells were washed with ice-cold PBS and
then lysed in 50 pL lysis buffer (25 mM Hepes, 1.5% Triton X-100, 0.1%
SDS, 0.5 M NaCl, 5 mM EDTA, 0.1 mM sodium deoxycholate; Sigma) con-
taining a protease inhibitor mixture (Roche) and 10 mM sodium ortho-
vanadate (Sigma). Further details are given in S/ Methods. The receptor
proteins were detected by incubation with antibodies against human
IL-25R (1:2,000; LifeSpan Biosciences) (17), VEGFR1 (1:4,000; Abcam plc)
and VEGFR2 (1:1,000; Cell Signaling Technology, Inc.) (41) for 16 h. After
washing, the membrane was incubated with HRP-conjugated goat anti-
mouse for IL-25R detection (1:3,000; Dako) or HRP-conjugated goat anti-
rabbit for VEGFR detection (1:10,000; Abcam) in blocking buffer for 45
min at room temperature and subsequently were developed with West-
ern blotting detection reagents (Amersham) according to the manufac-
turer’s instructions.

In separate experiments, cells were incubated with or without IL-25 (R&D
Systems) to detect IL-25-induced phosphorylation of signaling molecules
(42). Antibodies were purchased from Cell Signaling Technology, Inc. and are
listed, along with the dilutions used, in SI Methods. Total GAPDH and nu-
clear matrix protein p84 were detected by monoclonal antibodies (GAPDH:
WH0002597M1; 1:5,000; Sigma; nuclear matrix protein p84: ab487; 1:1,000;
Abcam plc) as loading controls for cytoplasmic and nuclear proteins, re-
spectively (43, 44).

HUVEC Proliferation Assay. HUVEC proliferation was measured using a com-
mercial kit (WST-8, Cayman Chemicals) (45). Briefly, 1 x 10* cells in 100 pL of
medium were plated on a 96-well microplate. After 24 h of incubation, ali-
quots of 100 uL medium with several concentrations of recombinant human IL-
25 were added. After incubation for 24 or 48 h, the medium was replaced with
new medium containing 10% WST-8. After 1 h of incubation, the formation of
formazan was determined photometrically at 450 nm with a microplate
reader. Recombinant human VEGF (10 ng/mL) was used as a positive control.
All analyses were performed on sets of four wells. The results are expressed as
percentages of medium control values. To explore the generality of these
properties of endothelial cells, similar experiments were performed on mi-
crovascular endothelial cells of pulmonary origin (PromoCell GmbH). To in-
vestigate whether IL-25 binds to the alternative receptor IL-17RA (26, 27), cells
were precultured with 4 pg/mL anti-IL-17RA monoclonal neutralizing antibody
(MAB177; R&D Systems) for 30 min before recombinant human IL-25 (10 ng/
mL) was added for a further 24-h incubation. After culturing, cells were har-
vested for proliferation assays and real-time PCR to measure VEGF mRNA
expression, as described.

In Vitro Angiogenesis Assay. The effects of IL-25 on angiogenesis were in-

vestigated using an in vitro angiogenesis assay (34, 35) based on coculture of
HUVEC for 11 d over a monolayer of irradiated fibroblasts (AngioKit; TCS
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CellWorks). Further details are given in S/ Methods. To evaluate whether
VEGF is involved in IL-25-induced angiogenesis, a monoclonal neutralizing
antibody against human VEGF (1 pg/mL) (R&D Systems) was added to some
wells on day 0 and replenished on days 4, 7, and 9. Preincubation of IL-25
with anti-IL-25 antibody (1 pg/mL) (R&D Systems) also was used to neutralize
IL-25. Additionally, IL-25 signaling pathways inducing angiogenesis were
probed by adding specific inhibitors including SB203580, U0126, and
LY294002 (10.0 pmol/L for the first 3 d, followed by 2.0 pmol/L until the end
of the 11-d culture period) (31, 34).

ELISA for VEGF. At day 9, supernatants were collected from the angiogenesis
assays. ELISA kits were used to measure human VEGF according to the man-
ufacturer’s instructions (R&D Systems). The limit of detection was 63 pg/mL.
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Statistical Analysis. Data were analyzed using the Minitab Release 7statistical
package (Minitab Inc.). The Mann-Whitney U test was used for analyzing all
data, and P < 0.05 was considered significant.
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S| Methods

Study Patients. Asthmatics had a clear history of relevant symp-
toms, documented reversible (>12%) airways obstruction, and/or
histamine PC,;, <8 mg/mL measured within 2 wk before biopsy.
None had ever smoked, and there was no history of other re-
spiratory disease. All subjects were clinically free of respiratory
infection and systemic glucocorticoid therapy for at least 1 mo
before the study. Atopy was defined by standard skin-prick
testing. Normal control subjects were healthy, life-long non-
smoking volunteers who had no history of lung disease.

Fiberoptic Bronchoscopy. All subjects were premedicated with 2.5
mg nebulized salbutamol and 0.6 mg i.v. atropine. Sedation was
achieved with i.v. midazolam (1-10 mg) or alfentanil (1-500 pg).
Biopsies were taken from right, middle, and lower lobe bronchi
using Olympus alligator forceps (model FB15C). All subjects
were given a further 2.5 mg of nebulized salbutamol immediately
after the procedure. Bronchoscopy was well tolerated by all
subjects, and safety was monitored prospectively.

Immunohistochemistry. Omission or substitution of the primary
antibody with an irrelevant antibody of the same species and
isotype was used as a negative control. The slides were observed in
blinded fashion on an Olympus BX40 microscope connected with
a Zeiss Vision KS300 imaging system (Carl Zeiss), and total
numbers of IL-25* and IL-25R™ cells and the number of CD31*
blood vessels were counted in entire biopsy sections. The data
were expressed as the total number of cells expressing immu-
noreactivity for IL-25 and IL-25R per unit area of bronchial
submucosa. CD317" endothelial cells coexpressing IL-25R were
identified by double sequential technique [alkaline phosphatase
anti-alkaline phosphatase (APAAP) for CD31, avidin-biotin-
peroxidase complex (ABC) for IL-25R].

Culture of Human Vascular Endothelial Cells. To test the effects of
signaling inhibitors, a number of reagents were used, including
SB203580 (p38 MAPK inhibitor) (Promega Ltd.), U0126
[MAPK/ERK1 and -2 (MEK1 and MEK?2) inhibitor] (Calbio-
chem Corp.), LY294002 (PI3K inhibitor) (Merck Chemicals
Ltd.), SH-6 (Akt serine/threonine kinase inhibitor) (Merck),
PD98059 (MEKI inhibitor) (Cayman Chemical Co.), SP600125
(JNK inhibitor) (Cayman Chemical Co.), WP-1066 (Stat3 in-
hibitor) (Sigma), and Bay11-7082 (NF-xB inhibitor) (Cayman
Chemical Co.).

RNA Extraction and Real-Time PCR. Two micrograms of RNA were

DNase treated and then reverse transcribed according to kit
instructions. Quantitative real-time PCR was performed on a

Corrigan et al. www.pnas.org/cgi/content/short/1014241108

7500 Real-Time PCR System (Applied Biosystems). mRNA copy
numbers were calculated for each sample by using the cycle
threshold (Ct) value. rRNA from the 78s housekeeping gene was
amplified in parallel with tested genes. The number of ampli-
fication steps required to reach an arbitrary Ct intensity was
computed. The relative gene expression was represented by
2744C where AACt = ACrarget gene—ACiss.

Western Blotting. Cell debris was removed by centrifugation at
15,000 x g for 20 min at 4 °C. The supernatants were boiled in 6x
Laemmli sample buffer (Bio-Rad Laboratories Ltd.) for 6 min.
The protein contents in the supernatants were determined using
the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific). Equal amounts of protein (20 pg protein per lane)
were subjected to electrophoresis, transferred to nitrocellulose
membranes, and then incubated in blocking buffer [0.05%
Tween-20 (pH 7.4), 5% fat-free milk] for 1 h at room temper-
ature. Antibodies used for testing IL-25-induced phosphoryla-
tion included total ERK1/2 (137F5) and phosphorylated ERK1/2
(p-ERK1/2) (197G2) (1:2,000); total PI3K p85 (19H8), and p-
PI3K p85/p55 (Tyr458/Tyr199) (1:1,000); total Akt (C67E7) and
p-Akt (Serd73) (1:1,000); total Stat3 (9132) and p-Stat3 (Tyr705)
(9131) (1:1,000); total Stat6 (9362) and p-Stat6 (Try641) (9361)
(1:1,000); total IxBa (4812); and p65 NFkB (Ser536) (3036)
(1:1,000).

In Vitro Angiogenesis Assay. Cultures were incubated at 37 °C in
a humidified atmosphere with 5% CO,. Culture medium with
recombinant human IL-25 (1, 10 ng/mL) (R&D Systems) was
replenished on days 4, 7, and 9. Culture medium alone and re-
combinant human VEGFA (10 ng/mL) (R&D Systems) served
as negative and positive assay controls, respectively. On day 11
cultured cells were fixed, and vascular structures were visualized
by labeling with mouse anti-CD31 according to the manu-
facturer’s instructions. Multiple photomicrographs (4x objec-
tive) (four separate fields per well) were taken at clock points 12,
3, 6, and 9, and angiogenesis in each field of view was quantified
using image analysis software (AngioSys; TCS CellWorks). The
analysis software segmented the images using a gray-level
threshold tool to select CD31-labeled cells. The resultant binary
images were skeletonized, and branch points were removed to
determine the total lengths of individual tubules. Branch points
were counted, and the total area of CD31 labeling was de-
termined from the original binary images, permitting overall
numbers of vascular junctions, tubules, and tubule length to be
determined.
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Fig. S1. Effects of IL-25 on proliferation of human vascular endothelial cells. VEGF mRNA expression and signaling molecule phosphorylation. Inhibitors of
PI3K (LY294002), Akt (SH-6), MEK1/2 (U0126), MEK1 (PD98059), and NF-xB (Bay11-7082), but not of Stat3 (WP-1066), JNK (SP600125), or p38 (SB203580),
significantly attenuated IL-25-induced proliferation (A) and VEGF mRNA expression (B). *P < 0.05. Mann-Whitney U test. (C) Western blot shows IL-25-induced
phosphorylation of PI3K, Akt, Erk1/2, and Stat6 (but not Stat3) and nuclear translocation of phosphorylated NF-kB. Expression of unphosphorylated molecules
is shown for comparison. Total GAPDH and nuclear matrix protein (ab487) also were used as loading controls.
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Fig. S2. Proposed signaling pathways for IL-25 in endothelial cells. IL-25 binding with its receptor causes proliferation, angiogenesis, cytokine (including VEGF)
expression, and phosphorylation of PI3K, Akt, Erk1/2, NF-kB, and Stat6 in endothelial cells. Inhibitors of PI3K/Akt, MEK1/2, NF-kB, and Stat6 (shown in bold), but
not of JNK, p38, or Stat3, diminish the effects of IL-25.

Table S1. Clinical and demographic data for study subjects

Forced expiratory volume Therapy (beclometasone dosage
Subjects Age iny in 1s (% predicted)* equivalent in pg/d)
Asthma (n = 15) 44 (27-57) 77.3 (43.2-109.6) 4 LABA, 6 1G 300 (200-1,000)
Control (n = 15) 28 (23-60) 122.0 (89-134)

All patients were taking short-acting p2-agonist as required. Six of 15 asthmatics and 9/15 controls were female. All asthmatics and 6/15 controls were atopic.
IG, inhaled glucocorticoid; LABA, long-acting f2-agonist.
*Data are expressed as the median (range). P < 0.001 vs. control (Mann-Whitney U test).
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