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Allergen-induced expression of IL-25 and IL-25 receptor in
atopic asthmatic airways and late-phase cutaneous
responses
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Cincinnati, Ohio, and Houston, Tex
Background: IL-25 is thought to participate in allergic
inflammation by propagating TH2-type responses.
Objective: To address the hypothesis that allergen provocation
increases expression of IL-25 and its receptor IL-25R in the
asthmatic bronchial mucosa and skin dermis of atopic subjects.
Methods: Sequential single and double immunostaining was used
to evaluate the numbers and phenotypes of IL-25 and IL-25R
immunoreactive cells in bronchial biopsies from mild atopic
subjects with asthma (n5 10) before and 24 hours after allergen
inhalation challenge and skin biopsies from atopic subjects (n5
10) up to 72 hours after allergen subepidermal injection.
Results: IL-25 immunoreactivity was expressed by a majority of
epidermal cells in both organs at baseline and was not further
augmented by challenge. IL-25R immunoreactive cells were
rare in the epidermis before or after challenge. Allergen
challenge was associated with significantly (P < .01) increased
expression of IL-25 and IL-25R immunoreactivity in the
submucosa of both organs. IL-25 immunoreactivity colocalized
with eosinophils, mast cells, and endothelial cells, whereas
IL-25R immunoreactivity colocalized with eosinophils, mast
cells, endothelial cells, and T lymphocytes. In both organs,
correlations were observed between increases in IL-25
expression and the magnitudes of the late-phase allergen-
induced clinical responses.
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Conclusion: Allergen provocation induces functionally relevant,
increased expression of IL-25 and its receptor in the asthmatic
bronchial mucosa and dermis of sensitized atopic subjects. In
addition to T cells, eosinophils, mast cells, and endothelial
cells are potential sources and targets of IL-25 in the course
of allergic inflammation. (J Allergy Clin Immunol
2011;nnn:nnn-nnn.)
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There is increasing interest in the pivotal role likely played by
the cytokine IL-25 in themaintenance of the TH2-type immune re-
sponse postulated to contribute to the pathogenesis of asthma and
allergy. IL-25 (also known as IL-17E) is amember of a family of 6
structurally related but functionally distinct proteins labeled
IL-17A to F. IL-17A and IL-17F are expressed, typically syngeni-
cally, by a novel subset of CD41 TH cells and appear to play im-
portant roles in inflammation and autoimmunity. IL-25, on the
other hand, is exceptional in promoting a TH2-type immune re-
sponse.1 This has been well demonstrated in animal experiments
in mice: exogenous administration of IL-252,3 or transgenic ex-
pression4,5 induces TH2-type inflammation. IL-25 is increased
in animal bronchial challenge models,6 and its inhibition reduces
the associated TH2-type inflammation.7,8

IL-25 acts principally on its own receptor called IL-25R, a 56-kd
single transmembrane protein. We previously demonstrated9 that
human TH2 central memory cells selectively upregulate IL-25R
when stimulated with thymic stromal lymphopoietin–activated
dendritic cells or T-cell memory ‘‘homeostatic’’ cytokines such
as IL-7 or when triggered by specific antigen. This in turn resulted
in IL-25–induced, IL-4–independent, sustained expression of
GATA3, c-MAF, and JunB. Thus, IL-25 not only augments TH2-
type memory T-cell responses but also is likely a key link in the
mechanism of awakening recall responses to antigens encountered
at the environmental interface. Furthermore, IL-25 acts on effector
granulocytes such as eosinophils to increase the release of proin-
flammatory mediators10 and is itself produced by a range of these
granulocytes including mast cells, basophils, and eosinophils as
well as T cells.9,11 This raises the possibility that IL-25, produced
by both memory TH2 cells and granulocytes, creates a positive
feedback amplifying loop for allergic inflammation and asthma.12

Notwithstanding these observations, and aside from our prelim-
inary documentation of IL-25 and IL-25RmRNA expression in the
bronchial mucosa of patients with asthma and the skin of patients
1
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with eczema,9 the kinetics and cellular origins of IL-25 and IL-
25R expression in allergic inflammation and asthma have been
poorly documented in vivo in human beings to date. Our aim
was to study this by using allergen-induced late-phase reactions
in the bronchial mucosa and skin of atopic subjects as a recog-
nized surrogate of asthmatic and allergic inflammation and in par-
ticular IL-25 and IL-25R expression response to acute allergen
challenge.13 We hypothesized that acute allergen challenge in
these models is associated with increased, functionally relevant
expression of IL-25 and its receptor at the relevant mucosal sur-
faces. We aimed to document the location and phenotypes of cells
expressing these molecules and to correlate expression with the
clinical response to allergen.
METHODS

Subjects and study design
The studywas approved by the Research Ethics Committees of King’s Col-

lege, Lewisham, and the Royal Brompton Hospitals, London, United King-

dom (UK), and subjects provided written, informed consent. Atopic

subjects with asthma (n 5 10; mean 6 SEM total serum IgE, 319.8 6 41.6

IU/mL) were recruited from King’s College Hospital. The inclusion criteria

were a history of mild asthma requiring inhaled b2-agonist only, FEV1

>_70% predicted, a positive skin prick test to 1 or more of the challenge aller-

gens, no usage of corticosteroids in the previous month, no tobacco smoking

within the past 5 years, and a provocative concentration of histamine causing a

20% fall in baseline FEV1 (PC20) <_8 mg/mL. Exclusion criteria were symp-

toms of an upper respiratory tract infection in the previous 2 weeks, allergy

to pollens in subjects recruited during the pollen season, and a history of

chronic illness other than asthma. Subjects underwent fiber optic bronchos-

copy before allergen bronchial challenge and repeat bronchoscopy with bi-

opsy 24 hours later as previously described.14 Briefly, the allergen used for

challenge was selected on the basis of the clinical history and a positive

skin prick test. Patients were selected to continue the study if they had demon-

strated an early asthmatic response of at least 20% (0-2 hours after challenge)

and a late asthmatic response of at least 15% (2-8 hours after challenge). The

dose of allergen required to produce a late asthmatic response of 15% was

computed from a dose-response curve and generated on a screening day. On

a second challenge day, the computed cumulative allergen dose was adminis-

tered as a bolus, using the same nebulizer, dosimeter, and dosimeter settings.

Each subject received nebulized salbutamol (2.5 mg) and intravenous atropine

(600 mg) 15 minutes before fiber optic bronchoscopy. Sedation was achieved

with intravenously administered diazepam, and supplemental oxygen was

given throughout the procedure. Patient oxygenation was monitored by pulse

oximetry. Fiber optic bronchoscopy was performed by the same operator for

all subjects. After 1% lignocaine spray was applied to the nose and throat of

the subject, the bronchoscope (Olympus Model OSE with a 2.2-mm-width

biopsy channel; Olympus Corp, Lake Success, NY) was introduced. Local

anesthesia of the larynx was produced with topical 4% lignocaine, and 2%

lignocaine was used below the vocal cords. Endobronchial biopsies were

then taken from either the right middle or lower lobe on segmental carinae. Af-

ter the procedure, the patient was given an additional 2.5 mg salbutamol and

was observed on the ward for at least 4 hours.

To study the allergen-induced late-phase cutaneous response, atopic subjects

(n5 10) were recruited from the Allergy Departments of Guy’s and the Royal

Brompton Hospitals, London, UK. Inclusion criteria were age 18 to 55 years,
history of seasonal and/or perennial allergic rhinitis and/or mild asthma

(mean 6 SEM total serum IgE, 3303.2 6 40.2 IU/mL), absence of any other

illness, and positive skin prick test (wheal diameter >5 mm at 15 minutes in

the presence of negative diluent control) to 1 or more of the challenge allergens

(grass pollen, house dust mite, or cat dander; ALK, Hørsholm, Denmark). Pa-

tients had not taken antihistamines or leukotriene receptor blockers for at least 2

weeks before the study. Biopsy of multiple allergen injection sites at various

time points allowed construction of a time course. Comparison was with a dil-

uent control injection biopsied after 24 hours.
Single immunohistochemistry
Single immunohistochemistry was performed by using the alkaline phos-

phatase antialkaline phosphatase (APAAP) technique.15 To identify cells ex-

pressing IL-25, IL-25R, and cellular phenotypic markers, we used

monoclonal primary antibodies purchased from R&D Systems, Abingdon,

UK (mouse antihuman IL-17E, MAB 1258, 1/20),5 Autogene Bioscience,

Wiltshire, UK (mouse antihuman IL-25R, LB-2044, 1/50),9 Dako Ltd,

Cambridgeshire, UK (mouse antihuman endothelial cells, CD31, 1/30;macro-

phages, CD68, 1/50; mast cell tryptase, 1/50; neutrophil elastase, 1/50) and

Becton Dickinson, Oxford, UK (mouse antihuman T cells, CD3, 1/10). Mouse

antieosinophil major basic protein (MBP) was a kind gift from Prof A. B.

Kay.15 The primary antibodies were detected with second (donkey antimouse,

1/50, Jackson ImmunoResearch Laboratories, Inc, West Grove, Pa) and third

layer (APAAP, 1/50, Dako) antibodies (30 minutes for each incubation) by us-

ing well established protocols that we have previously described.15-17 Posi-

tively staining cells were detected with Fast Red (Sigma, Poole, UK).

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 blind fashion on an Olympus BX40 micro-

scope (Olympus Imaging & Audio Ltd, Essex, UK) connected with a Zeiss

Vision KS300 imaging system (Carl Zeiss, G€ottingen, Germany) and total

cells expressing immunoreactivity for IL-25, IL-25R cells, and cellular

phenotypic markers enumerated in entire biopsy sections. In the bronchial

submucosa and dermis, data were expressed as the total numbers of cells per

unit area. In the epithelium, IL-25 immunoreactivity was expressed as

percentages of the total area immunostained by using automated analysis

with a preset pixel threshold. Where individual cells within the epithelium

were counted, numbers were expressed per unit length of epithelial basement

membrane. The mean6 SD entire cross-sectional areas (including epithelium

and submucosa) of the bronchial biopsy sections before and after allergen

challengewere 2.76 0.4 and 2.66 0.3 mm2, respectively, with coefficients of

variation from 7.67% (allergen challenge) to 9.45% (baseline). The mean 6
SD entire cross-sectional area of the cutaneous biopsy sections was 3.6 6
0.4 mm2. The between-observer coefficients of variation for duplicate counts

of all markers examined for bronchial and cutaneous biopsies were 4.6% to

6.3% and 4.9% to 7.2%, respectively.

To investigate further endothelial cellular expression of IL-25, human

vascular endothelial cells (HUVECs; PromoCell GmbH, Heidelberg,

Germany) were cultured in chamber slides containing complete medium

(endothelial cell media kit; PromoCell) for 24 hours, then fixed in 4%

paraformaldehyde/PBS for 10 minutes. After rinsing in PBS for 10 minutes,

the chamber slides were incubated with monoclonal anti–IL-25 (MAB 1258

1/50; R&D Systems) at room temperature overnight. After washing with PBS,

the slides were incubated with donkey antimouse antibody (1/50; Jackson

ImmunoResearch) for 30 minutes, washed in PBS, incubated with APAAP,

and then developed with Fast Red as described. Purified blood eosinophils

were used as a positive control. Substitution of the primary antibody with an

irrelevant isotype-matched immunoglobulin (mouse IgG1; Sigma)was used as

a negative control.
Double, sequential immunohistochemistry
To identify cellular sources of IL-25 and IL-25R immunoreactivity,

double immunohistochemistry was used as previously described.14-17 Mu-

rine mAbs against cellular phenotypic markers were first used, then stained

with second (donkey antimouse) and third layer (APAAP) antibodies as



TABLE I. Clinical and demographic features of subjects and their responses to allergen challenge

Lung

FEV1, mean (range)

Baseline % predicted Maximum % fall during LPR

92.8 (81.2 to 106.0) 234.1 (214.5 to 263.0)

Asthma (n 5 10)

Sex (F:M): 4:6

Age (y), mean (range): 28 (20-38)

Allergen used: n/N

HDM: 5/10

Cat dander: 3/10

Grass pollen: 2/10

Skin

LPR (mean 6 SEM diameter [mm])

1 h 3 h 6 h 24 h 48 h 72 h

27.5 6 2.6 40.3 6 2.0 58.0 6 3.2 38.9 6 4.6 18.1 6 4.3 4.7 6 1.3

Atopic (n 5 10)

Sex (F:M): 3:7

Age (y), mean (range): 25 (19-33)

Allergen used: n/N

HDM: 5/10

Grass pollen: 5/10

F, Female; HDM, house dust mite; LPR, late-phase response; M, male.
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described. After developing with Fast Red, goat polyclonal antibodies

against human IL-25 (sc-20594, 1/50; Santa Cruz Biotechnology, Inc,

Santa Cruz, Calif) and IL-25R (AF1207, 1/50; R&D Systems) were used

to detect IL-25 and IL-25R immunoreactivity. This was detected by incu-

bation with horseradish peroxidase–conjugated rabbit antigoat antibody

(1/100; Jackson ImmunoResearch) followed by Fast DAB (3,39-diamino-

benzidine; Sigma-Aldrich, Gillingham, UK). Double-positive cells were

stained red/brown.

Statistical analysis
Data were analyzed by using a statistical package (Minitab Release 7;

Minitab Inc, State College, Pa). ANOVA was performed by using the

Friedman test followed by paired comparisons between time points using

the Wilcoxon signed-rank test. The data are presented as the mean6 SEM for

clarity although they were analyzed nonparametrically. For all tests, P values

less than .05 were considered significant.

RESULTS

Allergen-induced late-phase airways responses and

cutaneous reactions
Allergen inhalation challenge induced both early (up to 2 hours

after challenge) and late (4-24 hours after challenge) phase
bronchoconstriction in all 10 atopic subjects with asthma. Cuta-
neous allergen injection induced late-phase reactions in all atopic
subjects. Further details are provided in Table I.

Allergen-induced inflammatory cellular infiltration
Comparison of bronchial biopsies taken before and 24 hours

after bronchial allergen challenge showed significantly increased
numbers of CD31 T cells, MBP1 eosinophils, and tryptase1mast
cells in the epithelium and submucosa (Fig 1). In addition, there
were significant increases in the numbers of elastase1 neutrophils
and CD311 endothelial cells in the submucosa. In the dermis of
the skin, the numbers of CD31 T cells, CD681 macrophages,
MBP1 eosinophils, elastase1 neutrophils, and CD311 endothe-
lial cells were significantly increased 24 hours after allergen
compared with diluent challenge, whereas tryptase1 mast cell
numbers did not change significantly (Fig 2).

Allergen-induced IL-25 and IL-25R expression in the

bronchial mucosa
Typical examples of bronchial mucosal immunostaining for

IL-25 and IL-25R are shown in Fig 3. IL-25 immunoreactivity
was observed in the epithelium and submucosa (Fig 3, B and
E), whereas IL-25R immunoreactive cells were predominantly lo-
cated in the submucosa (Fig 3, C and F). A majority of bronchial
epithelial cells expressed IL-25 protein even at baseline with no
significant further increase after allergen change (23.75% 6
4.2% vs 26.3% 6 4.5% of the total area, respectively). Allergen
inhalation challenge was associated with significant increases in
the numbers of IL-251 cells (P 5 .006) and IL-25R1 cells
(P 5 .008) in the bronchial mucosa (Fig 4). Increased numbers
of submucosal IL-25 but not IL-25R immunoreactive cells corre-
lated inversely with the maximum percentage change in FEV1

during the late-phase response (r 5 –0.734; P 5 .007).
Allergen-induced IL-25 and IL-25R expression in the

skin
Typical examples of IL-25 and IL-25R immunostaining in the

skin sections are shown in Fig 3. Amajority of epidermal keratino-
cytes expressed IL-25 protein even at diluent-challenged sites, and
there was no significant further increase (78.5%6 2.4% vs 83.6%
6 4.1% of the total area, respectively) after allergen challenge. In
the dermis, few cells expressed IL-25 and IL-25R immunoreactiv-
ity after diluent challenge, but there was a significant, time-
dependent increase in IL-25 and IL-25R protein expression after
allergen challenge, maximal after 24 hours, and persisting up to
48 hours (IL-25) and 72 hours (IL-25R; Fig 5). Again, increased
numbers of IL-25, but not IL-25R, immunoreactive cells signifi-
cantly correlatedwith the sizes of late-phase reactions 3 hours after



FIG 1. Numbers of inflammatory and endothelial cells in epithelium (left, mm length) and submucosa

(right, mm2) of bronchial biopsies from atopic patients with asthma before and 24 hours after allergen in-

halation challenge (n 5 10). *P < .05 compared with paired baseline (Wilcoxon signed-rank test). CD3,

CD31 T cells; CD31, CD311 endothelial cells; CD68, CD681 macrophages; Elas, elastase1 neutrophils;

MBP, MBP1 eosinophils; Tryp, tryptase1 mast cells.

FIG 2. Numbers of inflammatory cells in the dermis of atopic subjects 24

hours after allergen or diluent challenge (n 5 10). *P < .05, **P < .01 com-

pared with paired baseline (Wilcoxon signed-rank test). Ag, Antigen; CD3,

CD31 T cells; CD31, CD311 endothelial cells; CD68, CD681 macrophages;

Elas, elastase1 neutrophils; MBP, MBP1 eosinophils; Tryp, tryptase1

mast cells.
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allergen challenge (r5 0.727;P5.017). Themean numbers of IL-
25 (mean6 SEM, 9.66 2.5/mm2) and IL-25R (mean6 SEM, 3.9
6 0.9/mm2) immunoreactive cells in the dermis of skin biopsies
(n5 3) obtained from normal controls in the absence of any chal-
lenge were very similar to those observed after diluents challenge.

Cellular sources of IL-25 and IL-25R in the bronchial

mucosa
The cellular provenance of IL-25 and IL-25R expression in the

bronchial subepithelial mucosa was investigated by using double
sequential immunohistochemistry (Fig 6). MBP1 eosinophils,
tryptase1mast cells, and CD311 endothelial cells were the princi-
pal sources of IL-25 immunoreactivity, accounting for (baseline
vs allergen challenge) 39.2% 6 3.5% vs 39.4% 6 2.1%, 26.3%
6 2.0% vs 30.5% 6 1.3%, and 20.4% 6 1.2% vs 18.5% 6
1.9% (mean 6 SEM) of all the IL-251 cells, respectively. Rela-
tively few CD681 macrophages, elastase1 neutrophils, and
CD31 T cells expressed IL-25 immunoreactivity (2.9% 6 0.6%
vs 1.9% 6 0.5%, 2.8% 6 0.7% vs 1.4% 6 0.4%, and 2.0% 6
0.6% vs 2.5% 6 0.4% of the total, respectively). Together these
cells accounted for nearly all (mean, 93.6% at baseline and
94.2% after allergen challenge) of the IL-251 cells. Although eo-
sinophils, mast cells, and endothelial cells expressed most of the
IL-25 in the sections, this was observed in subsets of only 40%
to 70%of the total cells (Fig 6). This overall picturewas not signif-
icantly altered by allergen challenge despite the increased overall
number of infiltrating leukocytes (Fig 6).

Major basic protein1 eosinophils, CD311 endothelial cells,
tryptase1 mast cells, and CD31 T cells were the principal cell
types expressing IL-25R immunoreactivity, accounting for (base-
line vs allergen challenge) 29.8%6 4.3% versus 30.7%6 2.1%,
24.7% 6 2.6% versus 25.9% 6 2.3%, 18.2% 6 0.8% versus
13.9% 6 1.4%, and 16.7% 6 1.7% versus 18.1% 6 1.5%
(mean 6 SEM) of all the IL-25R1 cells, respectively. Very few
CD681 macrophages and elastase1 neutrophils expressed IL-
25R (1.2% 6 0.5% vs 1.2% 6 0.5% and 1.1% 6 0.4% vs and
1.2% 6 0.5% of the total, respectively; Fig 6). Again these cells
accounted for the majority (mean, 92.6% at baseline and 93.2%
after allergen challenge) of all the submucosal IL-25R1 cells. Al-
though there was no significant variation in the percentages of
cells making up the total IL-25R1 population between baseline
and 24 hours after allergen challenge (Fig 6), the percentages of
MBP1 eosinophils and CD31T cells expressing IL-25Rwere sig-
nificantly increased.
Cellular sources of IL-25 and IL-25R in skin biopsies
Asmentioned, a majority of epidermal keratinocytes expressed

IL-25 immunoreactivity even before allergen challenge. In the
dermis, MBP1 eosinophils, tryptase1 mast cells, and CD311 en-
dothelial cells were the principal cells expressing IL-25 immuno-
reactivity, accounting for 40.8% 6 2.6%, 25.1% 6 2.9%, and
24.0% 6 3.0% (mean 6 SEM) of the total, respectively. As in
the bronchial submucosa, very few CD31 T cells, CD681macro-
phages, and elastase1 neutrophils contributed to IL-25 immuno-
reactivity (2.1%6 0.6%, 1.9%6 0.5%, and 1.9%6 0.7% of the
total immunoreactive cells; Fig 7).

Cells expressing IL-25R immunoreactivity were located prin-
cipally in the dermis. As in the bronchial submucosa, MBP1 eo-
sinophils, CD311 endothelial cells, CD31 T cells, and tryptase1

mast cells were the principal cell types expressing IL-25R (29.2%



FIG 3. Immunohistochemistry of bronchial biopsies stained with isotype-control (A), anti–IL-25 (B), and

anti–IL-25R (C) before and 24 hours after allergen challenge (D-F; arrows). IL-251/CD311 endothelial cell

(red arrow; G). IL-251 endothelial cells (H) and eosinophils (I). IL-251 cells in the skin 24 hours after diluent

(J) and allergen challenge (K). IL-25R1 cells after allergen challenge (L). Magnification (320; insert, 340).

FIG 4. Numbers of IL-25 and IL-25R immunoreactive cells per unit area of

the atopic asthmatic bronchial submucosa before and 24 hours after

allergen inhalation challenge (n 5 10). Wilcoxon signed-rank test.
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6 2.0%, 26.6%6 2.0%, 19.4%6 1.7%, and 15.4%6 2.0%, re-
spectively; Fig 7). The contribution of CD681 macrophages and
elastase1 neutrophils to IL-25R1 cells was minimal (1.1% 6
0.4% and 1.0%6 0.4% of total cells). Taken together, these cells
accounted for the majority of the total IL-25R1 cells (mean,
92.7% of the total), although IL-25R was expressed only by a mi-
nority (8% to 35%) of these cell types (Fig 7).

To confirm further expression of IL-25 protein by HUVECs,
single immunocytochemistry was performed on HUVECs
cultured in chamber slides. IL-25 immunoreactivity was de-
tectable in 80.5% 6 3.4% of resting HUVECs (n 5 3; Fig 3,
H), comparable to purified human blood eosinophils used as
a positive control (Fig 3, I; 85.8% 6 3.9% of cells positive;
n 5 3).



FIG 5. Time course of expression of IL-25 (left) and IL-25R (right) immunoreactivity in skin biopsies from

atopic subjects (n 5 10) at 1, 3, 6, 24, 48, and 72 hours after challenge with allergen or diluent (Dil; 24 hours

only). Data are expressed as mean 6 SEM numbers of positive cells per square millimeter of dermis. *P <

.01, **P < .001 versus diluent. Wilcoxon signed-rank test.

FIG 6. Left panel, Mean (6SEM)% total IL-251 and IL-25R1 cells accounted for the stated phenotypes. Right

panel, Percentages of total cells of each phenotype expressing IL-25 and IL-25R immunoreactivity in bron-

chial biopsies 24 hours after allergen-challenge (n 5 10). CD3, CD31 T cells; CD31, CD311 endothelial cells;

CD68, CD681 macrophages; Elas, elastase1 neutrophils; MBP, MBP1 eosinophils; Tryp, tryptase1 mast

cells. *P < .05, **P < .01 versus paired baseline (Wilcoxon signed-rank test).
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DISCUSSION
By using a well established, dynamic model of human allergic

inflammation in vivo, we have clearly demonstrated an acute in-
crease in the local reservoir of cells with the potential to secrete
and respond to IL-25 in the asthmatic bronchial mucosa and der-
mis of atopic subjects after allergen exposure. Fascinatingly, both
epithelial and endothelial cells were a rich potential source of IL-
25 protein in both organs even before exposure. In the bronchial
submucosa, the increase in IL-251 cells after allergen exposure
most likely reflected recruitment or local proliferation/differenti-
ation of eosinophils, mast cells, and endothelial cells. It is difficult
to conclude with certainty that IL-25 was increased in individual
cells because the proportions of positive cells of each type did not
markedly change after challenge. This study was neither designed
nor powered to study relationships between IL-25/IL-25R expres-
sion and asthma severity (ethically one is obliged to challenge



FIG 7. Left panel, Mean (6SEM) percentages of the total IL-251 and IL-25R1 cells accounted for by cells of

the stated phenotypes. Right panel, Percentages of total cells of each phenotype expressing IL-25 and IL-25R

immunoreactivity in skin biopsies from 24-hour allergen-challenged sites (n5 10). CD3, CD31 T cells; CD31,

CD311 endothelial cells; CD68, CD681 macrophages; Elas, elastase1 neutrophils; MBP, MBP1 eosinophils;

Tryp, tryptase1 mast cells.
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only patients with very mild atopic asthma with allergen). In a
separate recent study,18 however, we have shown that expression
of IL-25 but not IL-25R inversely correlated with FEV1 at base-
line in a group of patients with more severe asthma. This and
our current observation that submucosal IL-25 but not IL-25R im-
munoreactive cells correlated inversely with the maximum per-
centage change in FEV1 during the late-phase response together
suggest a significant functional role for IL-25 in regulating
asthma severity through its actions on inflammatory and
structural cells. Increased bronchial mucosal IL-25R1 immuno-
reactivity most likely reflected increased expression on local T
cells and eosinophils after allergen exposure because the propor-
tions of these cells expressing IL-25R increased, although again,
other mechanisms may have contributed. A similar situation per-
tained in the skin except that dermal mast cells were not increased
in this model. We were unable reliably to measure percentages of
cells showing IL-251 and IL-25R1 immunoreactivity in the skin
before allergen exposure because of the very small numbers of
some of these cells. Although it was not possible to measure in-
creases in IL-25 expression synchronously with the peak magni-
tudes of the late-phase allergic reactions in the bronchi and skin,
the fact that a correlation was observed between the 2 supports the
hypothesis that IL-25 plays some role of itself in the genesis of
late-phase allergic inflammation. This is congruent with animal
studies7 in which it was reported that exogenous IL-25 induced
airways inflammation and hypersensitivity even in gene-deleted
mice bereft of the classic TH2 cytokines (il4–/–il5–/–il9–/–il13–/–

mice). Allergen-induced overall production of IL-25 rather than
its production by specific cells may bemore important in the path-
ogenesis of allergic inflammation.

Although these experiments show cells with the potential to
secrete IL-25 and/or respond to it, they do not gauge its
production by individual cells: immunohistochemical analysis
is well known preferentially to detect cells that store cytokines in
granules, rather than cells that may be synthesizing and actively
secreting them but not storing them. Nevertheless, our data
clearly earmark eosinophils, mast cells, and endothelial cells as
well as T cells, but not neutrophils or macrophages, as potential
sources as well as targets of IL-25 in acute exacerbation of
allergic inflammation. Although these cells accounted for most
of the IL-251 and IL-25R1 immunoreactivity observed in the
subepidermal regions of both organs, contribution from other
cell types cannot be ruled out (basophils, for example, are known
to express IL-25,19 but we did not have suitable antibodies with
which to identify these in double, sequential immunohistochem-
istry experiments).
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In addition to leukocytes and endothelial cells, we have
identified epidermal cells as a reservoir of IL-25 immunoreac-
tivity. Similarly, increased IL-25 expression in epidermal
keratinocytes was reported in a study of atopic dermatitis20 in
which the authors also showed that IL-25 inhibited filaggrin
synthesis by these cells (although we were unable to detect
short-term decreases in filaggrin expression after allergen chal-
lenge of ‘‘virgin’’ skin in atopic subjects21). These studies fur-
ther suggest a role for IL-25 in environmental interactions
with allergens not only in initiating and reawakening TH2 in-
flammatory responses but also in regulating factors such as mu-
cosal permeability. In further support of this, recent studies in
animals suggest that allergens, and particularly those with pro-
tease activity, induce IL-25 (as well as thymic stromal lympho-
poietin) production in primary lung epithelial cells.22 In
addition, it was shown that matrix metalloproteinases may reg-
ulate the biological function of IL-25.23 These data together
suggest that different types of allergen, differing routes for aller-
gen exposure, and many other undefined factors may affect the
expression of molecules involved in the pathogenesis of asthma.
In the current study, we did not observe marked variation in the
expression of IL-25/IL-25R induced by different challenge al-
lergens, although the study was neither designed nor powered
to detect such differences.

Our data re-emphasize the importance of IL-25 as central
mediator of allergic and asthmatic inflammation and open new
vistas of investigation into its range of activities. Here we extend
our preliminary data9 in confirming eosinophils as a potential
source of IL-25. A recent study of Churg-Strauss vasculitis24

also confirms this and implicates eosinophil-derived IL-25 as a
prime activator of effector TH2 T cells in this disease. In addition,
IL-25 has been shown to increase the survival and adhesion of hu-
man eosinophils25 and increase their antitumor activity secondary
to increased tumor infiltration.26 These findings strongly echo the
positive T-cell/eosinophil/T-cell feedback loop that we postulate
drives allergic inflammation, and once again suggest that IL-25
may be more important than established cytokines such as IL-5
in this regard. In contrast, there is little direct evidence for a direct
effect of IL-25 on neutrophils; these cells have not been shown to
express IL-25R or respond to IL-25, and our own data concur with
this. Although administration of IL-25 was reported to induce in-
filtration of neutrophils in a mouse model,27 the potential mecha-
nisms remain to be clearly identified.

Our observation that both IL-25 and its receptor are expressed
by significant numbers of capillary vascular endothelial cells
within the bronchial submucosa and dermis is to our knowledge
the first such demonstration in human beings. Interestingly, IL-25
was reported to be expressed by brain capillary endothelial cells
in mice, where it was postulated to play a role in maintaining the
integrity of the blood-brain barrier.28 In view of further re-
ports29,30 of IL-25R expression on human airways smooth muscle
cells and lung fibroblasts, we speculate that IL-25 also has a sig-
nificant role to play in the regulation of capillary permeability in
allergic inflammation and in airways remodeling changes ef-
fected by smooth muscle cells and fibroblasts in patients with
asthma.

We are grateful to Kheem Jones, Cherylin Reinholtz, Karen Williams, and

Helen Bull, and Dr Leonard Siew in the Department of Asthma, Allergy and

Respiratory Science, King’s College London, UK, for their help recruiting pa-

tients, collecting biopsies, and documenting clinical information.
Clinical implications: IL-25 produced in response to allergen
challenge of atopic subjects may be a key molecular target to
reduce local inflammation and anamnestic immunologic re-
sponses to allergen.
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