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GRAPHICAL ABSTRACT
Leptin augments IL-13-induced airway eotaxins and submucosal 
eosinophilia in obesity-associated asthma
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Capsule summary: Leptin, an adipokine found in high circulating levels in obesity, enhances IL-13–induced eotaxin

production in airway fibroblasts in asthma. Inhibition of IL-13 receptor alpha 2 reduces the ability of leptin to promote

eotaxin secretion in airway fibroblasts.
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Abbreviations used

BALF: Bronchoalveolar lavage fluid

BMI: Body mass index

CCL11: Eotaxin-1

CCL26: Eotaxin-3

FENO: Fractional exhaled nitric oxide

FVC: Forced vital capacity

GAPDH/Gapdh: Glyceraldehyde-3-phosphate

dehydrogenase

HDM: House dust mite

ICS: Inhaled corticosteroid

IL-4Ra (IL4RA): IL-4 receptor alpha

IL-13Ra1 (IL13RA1): IL-13 receptor alpha 1

IL-13Ra2 (IL13RA2, Il13ra2): IL-13 receptor alpha 2

MBP: Major basic protein

PC20: Provocative concentration of metha-

choline resulting in a 20% fall in the

FEV1

PGE2: Prostaglandin E2

T2: Type 2

WT: Wild-type
Background: Airway tissue eosinophilia can be an observed
feature of obesity-associated type 2 (T2) asthma, but the
processes mediating this inflammation are unknown.
Objective: To investigate a process whereby leptin, an adipokine
elevated in obesity, potentiates pulmonary eosinophilia and
eotaxin production by airway fibroblasts in T2 asthma.
Methods: We assessed associations between body mass index
and airway eosinophilia as well as leptin and eotaxin production
in 78 participants with asthma, 36 of whom exhibited obesity.
Cultured human airway fibroblasts and mouse models of
chronic allergic airway disease were used to evaluate leptin’s
effect on eotaxin production and lung eosinophilia. The role of
IL-13 receptor alpha 2 (IL-13Ra2) in mediating these processes
was examined using specific neutralizing antibodies in vitro.
Results: In participants with T2 asthma and obesity, we
observed that airway tissue eosinophilia did not associate with
traditional T2 inflammation metrics such as peripheral and/or
bronchoalveolar lavage fluid eosinophil counts or with
fractional exhaled nitric oxide. Alternatively, we observed
elevated bronchoalveolar lavage fluid leptin and eotaxin-1
levels. In airway fibroblasts from participants with asthma,
leptin augmented IL-13–induced eotaxin-1 and eotaxin-3
production and IL13RA2 expression. In mice, elevated leptin
promoted airway IL-13Ra2 and eotaxin production by lung
fibroblasts and lung tissue eosinophilia following chronic house
dust mite allergen exposure. Inhibition of IL-13Ra2 reduced
combined leptin and IL-13–stimulated eotaxin secretion by
human airway fibroblasts.
Conclusions: We identified a potential association explaining
airway tissue eosinophil retention in obesity-associated T2
asthma through leptin-mediated enhancement of IL-13–induced
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eosinophil chemokine production by airway fibroblasts, a
process requiring IL-13Ra2. (J Allergy Clin Immunol
2024;nnn:nnn-nnn.)

Key words: T2 asthma, obesity, eosinophils, eotaxin, IL-13Ra2,
leptin, airway fibroblast

Projections suggest that by 2030, 50% of the US population
will be livingwith obesity.1 Currently, nearly 40% of patients with
asthma in the United States experience comorbid obesity.2

Obesity is a disease modifier that complicates the diagnosis,
pathobiology, and treatment of asthma.3-7 Large multicenter ana-
lyses of participants with asthma have identified specific asthma
phenotypes comprising late-onset type 2 (T2) and non-T2 asthma
participants with obesity.8-10 These asthma phenotypes featuring
obesity may exhibit eosinophilic, noneosinophilic, or mixed
populations of eosinophils and neutrophils in sputum,8-10 which
suggests that biologic processes driving asthma pathology are
heterogeneous among patients with obesity.

T2 asthma persists in adulthood and comprises approximately
50% of adult asthma.11 Indeed, individuals with asthma and
comorbid obesity exhibit elevated airway levels of the important
T2 cytokines and eosinophil regulators IL-5 and IL-13.12-14
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Recent reports suggest that submucosal eosinophils are
elevated in airways of both atopic and nonatopic individuals
with asthma and comorbid obesity (despite low levels of
sputum eosinophils)12,15,16 and that eosinophil recruitment to
the lung tissue of participants with asthma and obesity is
increased compared with lean participants with asthma.17 Similar
reports show that tissue eosinophilia is increased in obese
mice.18-20

Eotaxins (eotaxin-1 [CCL11], eotaxin-2 [CCL24], and
eotaxin-3 [CCL26]) are eosinophil-specific C-C chemokines
that serve as key chemotactic agents for eosinophil-mediated
airway inflammation in T2 asthma.21,22 Eotaxin-1 and eotaxin-3
are secreted by various airway structural cells, including airway
fibroblasts, and are factors attracting eosinophils to sites of
allergen-induced airway injury.22 The importance of eotaxin-1
in asthma pathobiology is supported by evidence from animal
modeling (eotaxin-3 is a pseudogene in mice23,24), wherein
allergen-induced eosinophil recruitment to the airway was
inhibited in eotaxin-1–deficient mice.25

The T2 cytokine IL-13 is a critical mediator of airway
inflammation in asthma.26,27 IL-13 stimulates eotaxin-1
production in mouse and human lung fibroblasts, and this
paracrine signaling may be sufficient to initiate eosinophilic
airway infiltration.28,29 IL-13 elicits responses via a receptor
complex comprising a dimer of the IL-13 receptor alpha 1
(IL-13Ra1) and the IL-4 receptor alpha (IL-4Ra), present on
the cell surface of various airway cell types.30-32 Distinct from
these IL-13R subunits, IL-13 receptor alpha 2 (IL-13Ra2) was
first considered a possible IL-13 decoy receptor, because it has
no known signaling motif, and IL-13 binds IL-13Ra2 with high
affinity.33 Thus, IL-13Ra2 was thought to serve as a negative
regulator of IL-13 signaling; however, subsequent reports
demonstrated that IL-13Ra2 participates in cellular signaling in
immune, lung, and intestinal cells.34-36

Another important signaling mediator involved in both obesity
and asthma is leptin. Leptin is a proinflammatory adipokine.37

Although leptin is elevated in obesity, it also appears to be
independently elevated in asthma because individuals with
asthma have higher bronchoalveolar lavage fluid (BALF) leptin
levels regardless of obesity.38,39 Furthermore, leptin-producing
cells are found in higher numbers in the airway submucosa of
participants with asthma compared with participants without
asthma.40 Leptin has direct effects on eosinophils; it amplifies
the chemotactic response of eosinophils to eotaxin and delays
eosinophil apoptosis.41,42

On the basis of these data, we hypothesized that localized
leptin signaling potentiates airway tissue eosinophilia in T2
asthma and comorbid obesity by augmenting IL-13–induced
eotaxin production by airway fibroblasts. We also hypothesized
that IL-13Ra2, rather than acting as a decoy, participates in this
cell signaling pathway. We report here that primary airway fi-
broblasts from participants with T2 asthma and obesity have
elevated responses to combined IL-13 and leptin compared
with cells from lean participants with T2 asthma and that inhi-
bition of IL-13Ra2 downregulates the effects of leptin on these
cells.
METHODS
Detailed methods are provided in this article’s Methods section

in the Online Repository at www.jacionline.org.
Human study population
A total of 161 participants (82 with asthma and 79 without

asthma; Table I) were recruited from the Durham, NC, commu-
nity. The study was approved by the Duke University Institutional
Review Board (no. Pro00115889), and all participants provided
consent before initiation of study procedures. Participants with
asthma fulfilled the criteria as defined by the Global INitiative
for Asthma guidelines.43 They exhibited a provocative concentra-
tion of methacholine resulting in a 20% fall in FEV1 (PC20 FEV1)
of less than 8 mg/mL and reversibility, or as demonstrated by at
least a 12% and a 200-mL increase in FEV1 or forced vital capac-
ity (FVC) with inhaled albuterol. All participants with asthma
were atopic, evidenced by at least 1 positive skin test result to
common North Carolina allergens associated with a correlative
clinical history. No participants with asthma were on biologic
therapies. All nonasthma participants had no clinical history of
atopy and showed negative skin test results. Participants with
obesity exhibited a body mass index (BMI) of 30.0 kg/m2 or
higher; overweight participants exhibited BMIs greater than or
equal to 25.0 kg/m2 and less than or equal to 29.9 kg/m2; lean par-
ticipants exhibited BMIs less than or equal to 24.9 kg/m2.

At the baseline visit, pre- and postalbuterol spirometry, blood
sampling, Asthma Control Questionnaire,44 and fractional
concentration of exhaled nitric oxide (FENO) testing (Niox Vero,
Morrisville, NC)were performed and participants’medical history,
anthropometric data, includingheight,weight, andwaist circumfer-
ence measurements, were collected. Complete blood cell counts
with manual differentials were performed. Participants underwent
bronchoscopy with endobronchial biopsy and bronchoalveolar
lavage. BALF was centrifuged to pellet cells that were transferred
to slides, and manual cell differentials were performed.
Mouse models
Animal care and experimental protocols were approved by the

Duke University Institutional Animal Care and Use Committee
and carried out in accordance with the Association for the
Accreditation of Laboratory Animal Care international
guidelines. All mice were housed in microisolator cages
(5 mice/cage) on corn cob bedding in pathogen-free facilities at
Duke University and fed a standard chow diet, ad libitum.
Five-week-old male wild-type (WT) C57BL/6J, db/db, and
ob/ob mice (Jackson Laboratory, Bar Harbor, Me) were intrana-
sally administered house dust mite (HDM; Dermatophagoides
pteronyssinus) allergen (1.25 mg/mL in 40 mL sali-
ne;XPB82D3A2.5, lot no. 198713, Greer Laboratories, Lenior,
NC) or saline as control 5 days per week for 6 weeks under light
isoflurane anesthesia. In a separate cohort, 5-week-old male and
female C57BL/6J mice (Jackson Laboratory) were intranasally
administered HDM allergen or saline along with subcutaneous in-
jections of leptin or saline 5 days per week for 6 weeks as
described.45 Mice were weighed at weeks 0 and 6 of the protocol.
At 6 weeks and 24 hours after the final dose of allergen/saline, the
mice were sacrificed by lethal injection of urethane and tissues
(blood, BALF, and left and right lungs) were harvested
immediately.
Pulmonary fibroblast culture
Samples from subsets of the participant cohort were analyzed

ex vivo. These subsets were determined by the availability of
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TABLE I. Demographic characteristics and clinical data of the study cohort

Characteristics All

Participants with asthma (n 5 82)

Lean Overweight Obesity P value

N 82 27 18 37 .04

Age (y), median (range) 28 (18-59) 22 (19-48) 27 (18-39) 38 (19-59) <.01

Sex, female/male (% female) 60/22 (73) 18/9 (67) 8/10 (44) 34/3 (92) <.01

Race, White/Black/Asian/Other (% Black) 48/28/4/2 (34) 18/4/3/2 (15) 11/6/1/0 (33) 19/18/0/0 (49) .03

Ethnicity, Hispanic/Non-Hispanic/unknown (% Hispanic) 3/77/2 (4) 1/24/0 (4) 0/18/0 (0) 2/35/0 (5) .27

Age (y) of asthma onset,* median (range) 11 (0-45) 11 (0-30) 6 (0-28) 11 (0-45) .10

BMI (kg/m2), median (range) 27.0 (18.0-59.0) 22.0 (18.0-24.0) 26.0 (25.0-29.0) 39.0 (30.0-59.0) <.01

Mean ACQ score 6 SEM 1.45 6 0.10 1.42 6 0.22 1.26 6 0.14 1.54 6 0.15 .57

Prebronchodilator FEV1 (L), mean 6 SEM 2.95 6 0.08 3.24 6 0.11 3.35 6 0.17 2.55 6 0.10 <.01

Prebronchodilator FVC (L), mean 6 SEM 3.94 6 0.11 4.32 6 0.13 4.80 6 0.23 3.26 6 0.12 <.01

Prebronchodilator FEV1/FVC, mean 6 SEM 0.76 6 0.01 0.75 6 0.02 0.70 6 0.02 0.78 6 0.02 .02

Prebronchodilator FEV1% predicted, mean 6 SEM 86.7 6 1.6 90.1 6 3.0 88.2 6 3.2 83.5 6 2.2 .17

Methacholine PC20 (mg/mL), median (range) 0.54 (0.0014-13.45) 0.78 (0.0014-10.56) 0.30 (0.09-2.10) 0.70 (0.04-13.45) .23

FENO (ppm), median (range) 23.5 (0.7-193.4) 29.8 (6.2-87.0) 40.6 (9.0-193.4) 17.7 (0.7-106.0) .18

IgE (IU/mL), median (range) 94.0 (29.0-1100.0) 195.0 (42.0-1100.0) ND 90.5 (29.0-210.0) .38

Absolute blood eosinophil counts (cells/mL), mean 6 SEM 242.4 6 28.1 239.3 6 59.5 285.8 6 62.1 221.7 6 36.0 .82

Absolute blood neutrophil counts (cells/mL), mean 6 SEM 3831.7 6 340.4 3300.0 6 198.3 3277.8 6 312.6 4300.0 6 604.9 .54

Asthma medication use, yes/no (% yes)

ICS 7/75 (8.5) 0/27 (0) 1/17 (5.6) 6/31 (16.2) .06

LABA 5/77 (6.1) 0/27 (0) 1/17 (5.6) 4/33 (10.8) .20

ICS/LABA 19/63 (23.2) 5/22 (18.5) 1/17 (5.6) 13/24 (35.1) .04

LTRA 6/76 (7.3) 0/27 (0) 2/16 (11) 4/33 (10.8) .20

Comorbidities, yes/no (% yes)

Hypertension 5/77 (6.1) 0/27 (0.0) 0/18 (0.0) 5/32 (15.6) .04

Diabetes mellitus 3/79 (3.7) 0/27 (0.0) 0/18 (0.0) 3/34 (8.1) .15

GERD 19/63 (23.2) 4/23 (14.8) 0/18 (0.0) 15/22 (40.5) <.01

Obstructive sleep apnea 4/78 (4.9) 0/27 (0.0) 0/18 (0.0) 4/33 (10.8) .08

Allergic rhinitis 9/73 (11.0) 2/25 (7.4) 1/17 (5.6) 6/31 (16.2) .38

Not reported 0 0 0 0

ACQ, Asthma Control Questionnaire; GERD, gastroesophageal reflux disease; LABA, long-acting b-agonist; LTRA, leukotriene receptor antagonist; ND, not determined.

*Physician diagnosis or self-reported onset of symptoms.
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viable cultured airway fibroblasts for experiments. Human airway
fibroblasts and mouse lung fibroblasts were cultured in 12-well
plates as described.31,45 At 80% to 90% confluency, cultures
were placed in serum-free media for 24 hours. Each sample was
then incubated for 24 hours with the following in triplicate: 10,
20, and 100 ng/mL leptin, 50 ng/mL IL-13, combined IL-13
and leptin, and untreated control (serum-free media). Some
cultures were pretreated with 25 ng/mL IL-13Ra2 neutralizing
antibody or control goat IgG antibody (R&D Systems, Minneap-
olis, Minn) for 2 hours before treatments. Cell culture superna-
tants (1 mL/well) and RNA were collected from each well.
RNA was isolated using TRIzol reagent (Gibco, Waltham,
Mass) according to the manufacturer’s protocol.
Pulmonary tissue eosinophil quantification
Images of major basic protein (MBP)-stained human airway

tissue sections (1-2 sections per participant) were captured at 103
magnification and imported into ImageJ software. Nonoverlap-
ping images of each section (4-5 per section) were obtained.
Before analysis, all images were edited using ImageJ software
to have uniform white backgrounds and to exclude cartilage
and glands. Relative quantities of MBP staining were determined
by manual counting of immunopositive cells within the submuco-
sal tissue area of airway biopsy section.46 For mouse lung, eosin-
ophils were enumerated by assessing MBP-immunopositive cells
in 10 selected fields at 4003magnification. Random areas of lung
were selected and fields to be assessed were chosen by centering
terminal bronchioles and associated blood vessels in the
randomly chosen field. All slides were evaluated by trained pul-
monary pathologists in a blinded fashion.
Statistical analysis
Data were analyzed using the JMP (SAS, Cary, NC) and Prism

(GraphPad, Boston, Mass) software. Data are expressed as
means6 SEM, unless otherwise noted. Outliers were tested using
the Robust Regression and Outlier Removal method47 and were
removed where appropriate. Parametric or nonparametric tests
were used accordingly (1- or 2-way ANOVA, Wilcoxon rank-
sum test, or t test), with appropriate posttest, to evaluate signifi-
cance. A P value less than .05 determined significance and is
shown in italics in Table I.
RESULTS

Study cohort characteristics
In our study cohort (Table I), participants with asthma

exhibited reduced prebronchodilator FEV1, FEV1/FVC, and
FEV1% predicted and had positive methacholine PC20 testing
result compared with nonasthma participants, as expected.
Elevated FENO levels, serum IgE levels, and blood eosinophil
counts were observed in participants with asthma and were higher
relative to nonasthma participants. Obesity was more prevalent in
participants with asthma, with those with comorbid obesity
exhibiting a greater percentage of the self-identified female sex
and inhaled corticosteroid (ICS) use, with reduced prebronchodi-
lator FEV1, FVC, and FEV1/FVC, than lean and overweight
participants with asthma. Participants who self-identified as
Black were more frequently categorized with obesity, and
participants with obesity were older than overweight or lean par-
ticipants regardless of asthma status. Comorbidities were similar
between asthma and nonasthma participants. Participants with
obesity exhibited greater frequencies of hypertension and



All

Nonasthma participants (n 5 79)
P value, asthma

vs nonasthmaLean Overweight Obesity P value

79 33 17 29 .07 .81

29 (19-61) 26 (19-48) 27 (21-61) 34 (19-57) <.01 .61

56/23 (71) 22/11 (67) 11/6 (65) 23/6 (79) .45 .75

47/27/3/1 (34) 25/5/3/0 (15) 10/7/0/0 (41) 12/15/0/2 (52) .03 .84

5/74/0 (6) 2/31/0 (6) 1/16/0 (6) 2/27/0 (7) .99 .29

25.8 (18.0-46.5) 23.0 (18.0-24.5) 26.0 (25.0-29.0) 38.0 (30.0-46.5) <.01 .26

3.40 6 0.08 3.56 6 0.14 3.56 6 0.18 3.12 6 0.12 .07 <.01

4.22 6 0.11 4.33 6 0.17 4.58 6 0.26 3.88 6 0.15 .06 .08

0.81 6 0.01 0.83 6 0.01 0.78 6 0.01 0.81 6 0.01 .08 <.01

98.0 6 1.2 99.2 6 2.0 97.1 6 2.1 97.1 6 1.9 .70 <.01

>16.00 >16.00 >16.00 >16.00 1.00 <.01

13.0 (6.0-60.5) 13.0 (6.0-60.5) 19.5 (6.0-33.0) 14.7 (6.0-48.0) .40 <.01

44.5 (9.0-810.0) 63.5 (11.0-810.0) 69.5 (48.0-114.0) 15.5 (9.0-104.0) .16 .02

128.5 6 15.5 100.0 6 15.2 172.2 6 52.5 130.6 6 20.1 .59 <.01

3715.8 6 258.9 3557.1 6 453.6 2611.1 6 293.2 4526.7 6 374.2 <.01 .79

5/48 (9.4) 0/21 (0.0) 0/10 (0.0) 5/17 (22.7) .02 .47

2/51 (3.8) 1/20 (4.8) 0/10 (0.0) 1/21 (4.5) .78 .97

8/45 (15.1) 1/20 (4.8) 0/10 (0.0) 7/15 (31.8) .02 .25

5/48 (9.4) 0/21 (0.0) 0/10 (0.0) 5/17 (22.7) .02 .30

2/51 (3.8) 0/21 (0.0) 1/9 (10.0) 1/21 (4.5) .38 .14

26 12 7 7

TABLE I. (Continued)
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gastroesophageal reflux disease, regardless of asthma status.
Interestingly, nonasthma participants with obesity exhibited
elevated blood neutrophil counts and greater frequency of
obstructive sleep apnea compared with overweight and lean
participants, but this relationship was not observed in participants
with asthma.
Airway eosinophilia in participants with asthma

and comorbid obesity
To confirm that participants with asthma and comorbid

obesity exhibit increased airway tissue eosinophilia, as re-
ported,12,15,16 we immunostained airway biopsy tissue sections
derived from individuals across the body mass spectrum with
an antibody specific for MBP, an eosinophil marker. We
observed that, in asthma, participants with obesity have
increased MBP-positive cells in airway tissue compared with
lean participants with asthma (P 5 .007) (Fig 1, A), with the
number of airway tissue MBP-positive cells positively associ-
ated with BMI in asthma (Fig 1, B). Participants with asthma
and obesity had significantly elevated numbers of MBP-
positive cells in airway tissue compared with those with lean
body mass regardless of ICS use (P 5 .01 for no ICS use in
obesity compared with lean; P 5 .006 for reported ICS use in
obesity compared with lean); however, no difference was found
in participants with asthma and obesity between those with or
without ICS use (P 5 .10) (see Fig E1 in this article’s Online
Repository at www.jacionline.org). In contrast, associations
between the number of airway tissue MBP-positive cells and
percent BALF eosinophils, blood eosinophil counts, or FENO
levels in participants with asthma were not observed (Fig 1,
C-E). Percent BALF eosinophils or blood eosinophil counts
were not different between body mass groups in asthma (P 5
.57 in asthma and P 5 .59 in nonasthma for BALF; P 5 .82
in asthma and P 5 .67 in nonasthma for blood) (Fig 1, F; see
also Fig E2, A, in this article’s Online Repository at www.
jacionline.org), and no associations were observed between
percent BALF eosinophils or blood eosinophil counts and
BMI in either asthma or nonasthma participants (Fig 1, G;
see also Fig E2, B). Blood eosinophil counts were elevated in
participants with asthma compared with nonasthma partici-
pants in the respective body mass groups (P 5 .03 for lean;
P 5 .05 for overweight; and P 5 .03 for obesity) (Fig E2, A).
Waist circumference measurements were recorded in a subset
of participants, and these measurements were strongly and
negatively correlated with percent BALF eosinophils in partic-
ipants with asthma but not in nonasthma participants (Fig 1,H).
Blood eosinophil counts were not associated with waist
circumference in either asthma or nonasthma participants
(Fig E2, C). In the same subset of participants in which waist
circumference was measured, no relationship was observed be-
tween percent BALF eosinophils or blood eosinophil counts
and BMI in either asthma or nonasthma participants (Fig 1,
H; see also Fig E2, C). Similar to previous reports,12-14 we
observed that BALF IL-5 concentrations were associated
with BMI in participants with asthma, but no relationship be-
tween airway IL-5 and body mass was observed in nonasthma
participants (Fig E2, D).
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FIG 1. Airway tissue and lumen eosinophilia in participants with asthma and comorbid obesity. A, Mean

number of MBP-positive (MBP1) cells/mm2 6 SEM in airway biopsy tissue of participants with asthma by

body mass group (n 5 4-16 per group). *P < .05. Representative images of MBP staining in airway biopsy

tissue obtained from participants with asthma: lean (left), overweight (middle), and obese (right). Arrows

indicate MBP1 cells. B, Mean number of MBP1 cells/mm2 in association with BMI in participants with

asthma. C, Mean number of MBP1 cells/mm2 in association with percent BALF eosinophils in participants

with asthma and comorbid obesity. D, Mean number of MBP1 cells/mm2 in association with blood

eosinophil counts in participants with asthma and comorbid obesity. E, Mean number of MBP1 cells/mm2

in association with FENO in participants with asthma and comorbid obesity. F, Mean percent eosinophils 6
SEM in BALF by body mass group in asthma (n 5 12-25 per group) and nonasthma (n 5 15-26 per group)

participants. G, Relationship of percent BALF eosinophils with BMI in asthma and nonasthma participants.

H, Relationship of percent BALF eosinophils with measures of waist circumference (top) or BMI (bottom) in

a subset of asthma (left) and nonasthma (right) participants.
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Leptin levels in overweight or obese participants

with asthma
Next, we investigated the association of leptin with eosinophil

levels in BALF in participants with asthma. As expected, serum
leptin levels were elevated in both asthma and nonasthma
participants with overweight and obesity compared with lean
participants (P < .002 for each comparison), with no difference
between asthma and nonasthma in overweight and obese partici-
pants (P5 .34) (Fig 2, A). Also, in a subset of participants, BALF
leptin levels were greater in overweight and obese participants
compared with lean participants, and both serum and BALF leptin
levels were associated with waist circumference in this subset of
participants with asthma for which both measures were available
(Fig 2, B; see also Fig E3, A and C, in this article’s Online
Repository at www.jacionline.org). In agreement with previous
reports,38,39 we found that participants with asthma and comorbid
overweight and obesity exhibited elevated leptin levels in BALF
compared with nonasthma participants with obesity (P 5 .04)
(Fig 2, B). Furthermore, BALF leptin levels were associated
with BMI only in participants with asthma and not in nonasthma
participants (Fig E3, D). Because eotaxin-1 is a potent eosinophil
chemoattractant, we measured BALF eotaxin-1 levels in a subset
of our study cohort, and we found that BALF eotaxin-1 was
elevated in participants with asthma (P 5 .02), particularly in
those with comorbid obesity (P 5 .02) (see Fig E4, A, in this
article’s Online Repository at www.jacionline.org). These
measures were not associated with serum or BALF leptin levels
(Fig E4, B and C).

http://www.jacionline.org
http://www.jacionline.org
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Leptin augments IL-13–induced eotaxin production

by human airway fibroblasts
Our studies have shown that airway fibroblasts derived from

participants with asthma exhibit altered cellular functions in
response to proinflammatory stimuli compared with cells
derived from nonasthma participants.31 We hypothesized that
airway fibroblasts from participants with asthma respond
differently to leptin than cells from nonasthma participants,
and these responses may influence airway tissue eosinophilia.
To test this hypothesis, primary airway fibroblasts were cultured
from airway biopsy tissue of asthma and nonasthma participants
and incubated with 50 ng/mL IL-13 as a positive control,
increasing doses of leptin, combined IL-13 with increasing
doses of leptin, or serum-free media as control for 24 hours.
These concentrations of leptin are within the physiologic
range of leptin levels observed in serum from study participants
(Fig 2, A). We then measured relative mRNA and protein levels
of eotaxin-1 (CCL11) and eotaxin-3 (CCL26). Incubation of
airway fibroblasts of participants with asthma with 100 ng/mL
leptin or combined 20 ng/mL leptin with IL-13 stimulated
increased eotaxin-1 (CCL11) mRNA expression compared
with similarly treated cells from nonasthma participants
(P 5 .02 for leptin alone; P 5 .02 for combined leptin and
IL-13). The combination of 100 ng/mL leptin and IL-13 induced
increased eotaxin-1 (CCL11) mRNA expression in airway
fibroblasts of participants with asthma compared with the effect
of IL-13 alone (P 5 .03) (Fig 3, A). No differences were
observed in eotaxin-1 secretion in combined leptin and IL-13
treatments relative to IL-13 alone in airway fibroblasts of either
asthma or nonasthma participants (P > .05 for all comparisons)
(Fig 3, B). For eotaxin-3 (CCL26) mRNA expression, we
observed that in airway fibroblasts of both asthma and
nonasthma participants, combined IL-13 and leptin (20 or
100 ng/mL) induced elevated expression levels relative to leptin
alone at those doses (20 ng/mL leptin: P 5 .02 for asthma and
P 5 .01 for nonasthma; 100 ng/mL leptin: P 5 .01 for
asthma and P 5 .004 for nonasthma) (Fig 3, C). Furthermore,
eotaxin-3 secretion by airway fibroblasts in asthma, but not in
nonasthma, was increased by combined IL-13 and leptin (10
or 100 ng/mL) treatments relative to IL-13 alone (P 5 .04 for
IL-131 10 ng/mL leptin; P5 .04 for IL-131 100 ng/mL leptin)
(Fig 3, D).
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FIG 3. A-D, Leptin augments IL-13–induced eotaxin-1 and eotaxin-3 production by human airway

fibroblasts. Cultured airway fibroblasts from asthma and nonasthma participants were incubated with

serum-free media (untreated control), leptin (10, 20, or 100 ng/mL), IL-13 (50 ng/mL), or combined leptin

and IL-13 treatments for 24 hours. Total RNA and cell supernatants were collected. Quantitative RT-PCR
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to the IL-13 treatment group. *P < .05.

J ALLERGY CLIN IMMUNOL

nnn 2024

8 INGRAM ET AL
IL-13Ra2 expression in human airway fibroblasts is

associated with body mass and enhanced with

leptin and IL-13 in asthma
We hypothesized that leptin may be modulating IL-13R subunit

expression on airway fibroblasts, leading to changes in IL-13
signaling and stimulation of eotaxin production. To test this hypoth-
esis, we first evaluated mRNA levels of each of the IL-13 receptor
subunits in airway fibroblasts from asthma and nonasthma partici-
pants. Airway fibroblast IL13RA2 mRNA expression was not
different between untreated control cells from asthma compared
with nonasthma participants (P 5 .70) (Fig 4, A). However, when
stratifying these data by body mass groups, IL13RA2mRNA expres-
sion was markedly elevated in untreated control cells from partici-
pants with overweight and obesity compared with cells from lean
participants regardless of asthma status (P 5 .005 for asthma; P 5
.03 for nonasthma) (Fig 4, B). Indeed, an association was noted be-
tween airway fibroblast IL13RA2 mRNA expression and BMI in
both asthma and nonasthma participants (Fig 4,C).We previously re-
ported that immunostaining of IL-13Ra2 in airway tissue of partici-
pants with asthmawas increased relative to nonasthma participants.31

We now report a positive association between submucosal airway tis-
sue immunostaining of IL-13Ra2 and BMI in participants with
asthma (Fig 4, D). This association was not apparent in nonasthma
participants (Fig 4, D). To investigate specific effects of leptin on
airway fibroblast expression of IL13RA2, cells from asthma and non-
asthma participants were incubated with leptin, IL-13, and combined
IL-13 and leptin treatments for 24 hours. Combined IL-13 and leptin
stimulated increased IL13RA2mRNA expression compared with IL-
13 alone (P5 .03) or leptin alone (P5 .04) in the airway fibroblasts
of participants with asthma, but no effect was observed in cells from
nonasthma participants (P > .05 for all comparisons) (Fig 4, E).
Although airway fibroblast IL13RA1mRNAexpressionwas elevated
in asthma compared with nonasthma (P5 .002), no differences were
observed for airway fibroblast IL4RA mRNA expression in asthma
versus nonasthma or for IL13RA1 and IL4RA mRNA expression in
either asthma or nonasthma participants with overweight and obesity
versus lean participants (P > .05 for all comparisons), and no associ-
ation was found between BMI measurements and airway fibroblast
IL13RA1 and IL4RA mRNA expression or IL-13Ra1 and IL-4Ra
airway tissue immunostaining (see Fig E5 in this article’s Online Re-
pository at www.jacionline.org).
Exogenous leptin augments lung eosinophilia in

allergen-challenged mice
To further investigate the mechanism whereby leptin mediates

tissue eosinophilia and eotaxin production in the lung, we used a
mouse model of chronic allergen exposure to induce allergic
airways disease in lean mice concurrently with exogenous leptin
administration.45 At the end of the 6-week protocol, lung tissue,
BALF, and blood were collected (Fig 5, A). We previously re-
ported that IL-5 and eotaxin-1 levels in BALF were increased
in HDM-challenged mice compared with saline-challenged
mice, but that leptin did not enhance the airway eotaxin-1 levels
of either saline- or HDM-challengedmice and reduced IL-5 levels
in HDM-challenged mice.45 Immunohistochemical staining of
mouse lung tissue sections revealed that HDM-challenged mice
that received leptin injections exhibited a greater number

http://www.jacionline.org
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pants and to the mean IL13RA2 of the nonasthma participants. C, Relationship of fold change in IL13RA2
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asthma (left) and nonasthma (right) participants. E, Mean fold change 6 SEM in IL13RA2 expression per

treatment group in airway fibroblasts from asthma (n 5 5) and nonasthma (n 5 4) participants. *P < .05;

**P < .01. Data are normalized to GAPDH and to IL13RA2 of the untreated control.
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of MBP-positive cells compared with HDM-challenged,
saline-injected mice (P 5 .04) or mice that were administered
leptin alone (P < .0001) (Fig 5, B and C). In addition, IL-13Ra2
(which occurs in both soluble and cell-surface tethered forms in
mice48) levels in BALF were increased in mice administered
both HDM and leptin compared with those administered leptin
alone (P 5 .02) (Fig 5, D).
Lack of leptin signaling reduces IL-13–induced

eotaxin-1 secretion and Il13ra2 expression by

mouse lung fibroblasts
To determine the effect of leptin or leptin receptor–mediated

pathways on IL-13Ra2 signaling, we performed an experiment in
which we administered chronic intranasal HDM allergen or saline
to lean WT C57BL6 mice or to obese mice deficient in leptin
(ob/ob) or in signaling through the long isoform of the leptin
receptor (db/db) (Fig 6, A). Body weight was markedly elevated
in both HDM- and saline-challenged db/db and ob/ob mice
relative to WT mice at the end of the 6-week protocol
(P < .0001 for all comparisons) (Fig 6, B). As expected, serum
leptin levels were highly elevated in obese db/db mice compared
with lean WT mice (P5 .02 for HDM-challenged mice; P5 .03
for saline-challenged mice), and allergen challenge did not
influence circulating leptin levels (P 5 .82 in db/db mice;
P 5 .54 in WT mice). Serum leptin was undetectable in ob/ob
mice (db/db vs ob/ob: P 5 .03 for HDM-challenged mice;
P5 .02 for saline-challenged mice) (Fig 6, C). Also, as expected,
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levels 6 SEM in BALF of mice (n 5 10-12) per treatment group as measured by ELISA. *P < .05.
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overall BALF cell counts and peribronchial inflammation scores
were elevated in all 3 genotypes of HDM-challenged mice
compared with saline-challenged mice, indicating that the
chronic allergen challenge model successfully induced allergic
airways disease (hematoxylin and eosin scores: P <_ .0005 for
HDM-challenged mice vs saline-challenged mice in all
genotypes) (see Fig E6, A and B, in this article’s Online
Repository at www.jacionline.org). Mice deficient in leptin
(ob/ob) exhibited increased percentages of eosinophils in BALF
compared with mice with intact leptin expression (WT and
db/db) (P 5 .04 for ob/ob vs WT; P 5 .03 for ob/ob vs db/db)
(Fig 6, D). No differences were observed among the 3 genotypes
of mice with regard to BALF levels of IL-13, IL-5, or eotaxin-1 or
serum levels of IL-13 in either HDM- or saline-challenged mice
(P > .05 for all comparisons) (Fig E6, C-E). Levels of
IL-13Ra2 in BALF were not different between the mouse
genotypes, regardless of allergen challenge (P > .05 for all
comparisons), but serum IL-13Ra2 levels were elevated in
HDM-challenged db/db mice compared with HDM-challenged
WT (P 5 .01) and ob/ob (P 5 .01) mice as well as saline-
challenged db/db mice (P < .001) (Fig 6, E). In lung fibroblasts
cultured from saline-challenged mice, we observed a marked
induction of eotaxin-1 secretion following treatment of the cells
with IL-13 relative to control-treated cells only in cells from
WT mice (P 5 .005), and this effect of IL-13 was reduced in
lung fibroblasts from db/db (P 5 .0006) and ob/ob (P 5 .001)
mice (Fig 6, F). Also, we found that Il13ra2 mRNA expression
in IL-13–treated lung fibroblasts from saline-challenged db/db
mice was increased compared with Il13ra2 expression levels in
lung fibroblasts of ob/ob mice (P 5 .04) (Fig 6, G). Taken
together, these data from bothmousemodels suggest that elevated
leptin levels (as seen in db/db mice or mice administered with
exogenous leptin) promoted airway IL-13Ra2 expression,
eotaxin secretion by lung fibroblasts, and retention of eosinophils
in lung tissue in the setting of chronic allergic airways disease.
Inhibition of IL-13Ra2 abrogates IL-13 and leptin-

induced eotaxin-1 and eotaxin-3 secretion by

human airway fibroblasts
We hypothesized that signaling through IL-13Ra2 in airway fi-

broblasts links leptin with stimulation of eotaxin production by
airway fibroblasts. Thus, we preincubated airway fibroblasts
with specific neutralizing antibodies for IL-13Ra2 for 2 hours
before treating the cells with leptin, IL-13, and combined leptin
and IL-13 for 24 hours. We found that the IL-13Ra2 neutralizing
antibody treatment reduced leptin-induced eotaxin-1 secretion in
airway fibroblasts relative to the effect of the IgG control antibody

http://www.jacionline.org
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Il13ra2 expression by mouse lung fibroblasts. A, Diagram of chronic allergen challenge model in WT
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saline-challenged WT (n 5 8-11), db/db (n 5 8-10), and ob/ob (n 5 9-11) mice at the end of the protocol.

****P < .0001. C, Mean serum leptin (ng/mL) 6 SEM in HDM- or saline-challenged WT (n 5 4-5), db/db
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(P < .001) (Fig 7, A). Also, in the presence of IL-13Ra2 neutral-
izing antibody pretreatment, combined leptin and IL-13, when
normalized to the effect of IL-13 alone, reduced eotaxin-1 secre-
tion from airway fibroblasts compared with IgG control antibody
pretreatment (P5 .04) (Fig 7, B). Furthermore, IL-13–stimulated
eotaxin-3 production was enhanced following IL-13Ra2 anti-
body treatment compared with IgG control antibody (P 5 .03)
(Fig 7, C). When normalized to the effect of IL-13 alone, the abil-
ity of leptin to augment IL-13–driven eotaxin-3 secretion was
specifically inhibited by the IL-13Ra2 antibody compared with
IgG control antibody (P 5 .03) (Fig 7, D). Therefore, IL-13Ra2
activity was required to positively regulate both eotaxin-1 and
eotaxin-3 production in the presence of leptin (even when com-
bined with IL-13) while also acting to negatively regulate IL-
13–induced eotaxin secretion by airway fibroblasts (see Table
E2 in this article’s Online Repository at www.jacionline.org).
DISCUSSION
Although asthma has long been associated with obesity, our

study presents the first evidence linking leptin, T2 cytokine
signaling, and airway mesenchymal cell production of eosinophil
chemotactic factors in association with airway tissue eosinophilia
in T2 asthma and obesity. We confirmed reports12,15,16 that
eosinophils localize to the airway submucosa in greater numbers
in participants with asthma and obesity compared with nonobese
participants with asthma. We also demonstrated that standard
biomarkers of eosinophilic inflammation were not associated
with measures of airway tissue eosinophilia in participants with
asthma and comorbid obesity, as was previously reported.49

Furthermore, we showed that leptin, IL-5, eotaxin-1, and
IL-13Ra2 production in the airways of participants with asthma
and obesity was elevated compared with that in nonasthma
participants with obesity. Our in vitro experiments provide
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FIG 7. Inhibition of IL-13Ra2 signaling reduces combined IL-13 and leptin-induced eotaxin-1 and eotaxin-3

secretion by human airway fibroblasts. Cultured airway fibroblasts from lean nonasthma participants

(n 5 2) (experiments repeated 3 times for each participant) were pretreated for 2 hours with either control

IgG antibody or IL-13Ra2 neutralizing antibody (25 ng/mL) and then incubated with serum-free media (un-

treated control), leptin (20 ng/mL), IL-13 (50 ng/mL), or combined leptin and IL-13 treatments for 24 hours.

Cell supernatants were collected. A, Mean eotaxin-1 levels 6 SEM as measured by ELISA in human airway

fibroblast cell supernatants. ***P < .001. B, Mean fold change in eotaxin-1 secretion 6 SEM relative to the

effect of IL-13 alone. *P < .05. C,Mean eotaxin-3 levels6 SEM asmeasured by ELISA in human airway fibro-

blast cell supernatants. *P < .05.D,Mean fold change in eotaxin-3 secretion6SEM relative to the effect of IL-

13 alone. *P < .05.
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evidence that leptin works with T2 cytokine signaling in human
airway fibroblasts to promote enhanced levels of eotaxin-1 and
eotaxin-3 expression or protein secretion as well as IL13RA2
expression and that specific inhibition of IL-13Ra2 activity can
downregulate eotaxin-1 and eotaxin-3 secretion, particularly
eotaxin-3, by these cells in response to combined leptin and
IL-13 exposure. To our knowledge, our study is the first to report
a requirement of IL-13Ra2 signaling for mediating the effects of
leptin and to show that IL-13Ra2 localization in the airway
submucosa is elevated in individuals with obesity and asthma.
Finally, in mice with chronic allergic airway disease combined
with exogenous leptin administration or leptin and leptin receptor
deficiency in vivo, we confirmed that leptin drives increased
allergen-inducedmouse lung tissue eosinophilia and concomitant
airway IL-13Ra2 secretion and production of eotaxin-1 by lung
fibroblasts.

We present data that agree with work by others who reported
elevated BALF leptin in participants with asthma and obesity,
despite serum leptin levels not differing between groups.38,39

Sideleva et al39 also reported elevated BALF leptin levels in
asthma that correlated with those found in visceral adipose tissue
from participants with asthma and suggested that elevated BALF
leptin levels in asthmamay be related to the high levels of leptin in
adipose tissue draining into the portal circulation and
subsequently passing through the vasculature of the lung.
Moreover, Watanabe et al40 showed that leptin-producing
immune cells were more abundant in the airway submucosa of
lean participants with asthma, even greater than in obese
nonasthma individuals; however, these authors did not report
BALF leptin levels in these participants. Further research needs
to be done to correlate local airway cell expression/secretion of
leptin and BALF leptin levels in asthma.

Airway fibroblasts are an important source of eotaxin,
expression and secretion of which can be stimulated by
leptin.50-53 Eotaxin-1 colocalized with airway tissue fibroblasts
in participants with severe asthma,50 and in HDM-challenged
mice, IL-13–induced eotaxins secreted by lung fibroblasts
promoted eosinophil trafficking to pulmonary tissue.51 In normal
human lung fibroblasts, leptin dose-dependently stimulated
eotaxin-1 mRNA expression and secretion, an effect that was
also dependent on leptin receptor signaling.52 Similarly, Imoto
et al53 demonstrated that leptin stimulated eotaxin-3 mRNA
expression and secretion and enhanced the effects of IL-4 or
IL-13 to stimulate eotaxin-3 in primary nasal polyp fibroblasts
from participants with chronic rhinosinusitis. Our study extends
these reports by demonstrating that leptin, at concentrations that
are physiologic on the basis of our study’s blood measurements,
stimulates eotaxin-1 secretion and augments the effect of IL-13
to induce both eotaxin-1 and eotaxin-3 expression specifically
in primary airway fibroblasts from T2 asthma and nonasthma
participants. In contrast to the findings by Imoto et al (and our
observations in airway fibroblasts with regard to eotaxin-1), we
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found no effect of leptin on eotaxin-3 gene expression or secretion
by human airway fibroblasts. These observations suggest that
leptin stimulates eotaxin-1 and eotaxin-3 through different
signaling pathways in the 2 tissues. Further research is warranted
to discern the distinct downstream signaling mediators that
facilitate leptin-induced eotaxin-1 or eotaxin-3 production.

Obesity influences eosinophil movement in the lung. In
participants with asthma and obesity, eosinophils uniquely exhibit
increased eotaxin-induced chemotaxis and adhesion activity, an
effect associated with serum leptin levels.54 Furthermore, in
allergic participants without obesity, leptin augments eotaxin-
induced eosinophil chemotaxis, calcium mobilization, and
cytoskeletal rearrangement.55 Murine obesity models show
accumulation of eosinophils in lung tissue facilitated by delaying
eosinophil transit to the airway lumen.18,56 In the absence of
obesity, exogenous leptin stimulates elevated eosinophil influx in
pleural fluid of ovalbumin-sensitized mice.41 Yet, we showed
that BALF IL-5 levels were reduced in lean allergen-challenged
mice in response to exogenous leptin.45 Thus, leptin alone is
sufficient to influence eosinophil trafficking in the lung. Our data
herein support this concept as we show that exogenous leptin aug-
ments HDM allergen–induced lung tissue eosinophilia, and BALF
eosinophils are elevated in obese mice lacking leptin. We also
demonstrate that lung fibroblasts from leptin-deficient mice have
impaired IL-13–induced eotaxin-1 secretion, suggesting that lack
of leptin signaling may also alter other key factors, such as recep-
tors, required to mediate IL-13 signaling.

IL-13Ra2 was once thought to have no signaling activity,57

but several studies now point to the requirement of IL-13Ra2
signaling in mediating IL-13–induced cellular functions.58-60

The specific role of IL-13Ra2 signaling in mediating obesity
and leptin-influenced inflammation is currently unknown. Duf-
fen et al61 demonstrated upregulated expression of IL-13Ra2
in adipose tissue of obese mice and humans compared with
lean counterparts. Our data show that db/db mice, which
have a mutated, nonfunctional long isoform of the leptin recep-
tor (Ob-Rb) and are obese with high circulating levels of leptin,
have increased serum levels of IL-13Ra2 following allergen
challenge and express increased Il13ra2 in lung fibroblasts
compared with WT mice. These findings suggest that the
lack of signaling through the Ob-Rb unmasks a process
whereby leptin stimulates IL-13Ra2 production. The db/db
mice express short isoforms of the leptin receptor (Ob-Ra, c,
d, e, or f).62 Ob-Ra is highly expressed in lung tissue,63 and
the short leptin receptor isoforms were attributed to mediating
pulmonary responses to ozone in db/db mice.64 Thus, it is
possible that the short isoforms of leptin receptor may mediate
leptin-induced IL-13Ra2 production by lung fibroblasts.
Furthermore, IL-13Ra2 expression in lung fibroblasts can be
stimulated in vitro with prostaglandin E2 (PGE2).65 Leptin
also enhances the synthesis of PGE2 by lung immune cells,66

and indomethacin, a PGE2 inhibitor, blocked the combined ef-
fects of leptin and IL-13 on eotaxin production in airway
smooth muscle cells.67 Thus, it is plausible to consider a factor
such as PGE2 mediating the effect of leptin to augment IL-13–
induced IL-13Ra2 expression and initiate downstream
signaling to stimulate eotaxin secretion in airway fibroblasts
or in other airway mesenchymal cells. Future studies will inter-
rogate the cell signaling pathways involved with airway leptin/
IL-13/IL-13Ra2 signaling in the setting of asthma with comor-
bid obesity.
The strengths of our study include the ex vivo investigation of
cellular responses using primary human airway fibroblasts from
clinically well-characterized asthma and nonasthma participants
with and without obesity. Also, we complement these human
cell experiments with in vivo studies of experimental chronic
allergic airway disease in gain-of-function and loss-of-function
mouse models with regard to leptin signaling. However, our study
has some important limitations. First, the participants included in
our study exhibited mild asthma according to the Global INitia-
tive for Asthma guidelines.43 Analyses of responses in cells
from participants with severe asthma and obesity are warranted.
Second, in our study, all participants with asthma were atopic,
whereas all nonasthma participants showed no evidence of atopy.
We found no association between serum IgE and leptin levels in
our study cohort (data not shown). However, other reports suggest
that in asthma, atopy and serum leptin concentrations are
linked.68,69 Studies that focus on comparisons of atopic and non-
atopic participants with asthma in the setting of obesity are
needed. Third, participants with asthma and obesity evaluated
in our study were overwhelmingly female, which is typical for
adult asthma because asthma is more common in women. Yet,
we included onlymale ob/ob and db/dbmice in our in vivo studies
of chronic allergic airways disease. These obese mutant mice
exhibit sexual dimorphism with regard to metabolism, with
female mice exhibiting greater variation than male mice70,71;
therefore, we decided to use male mice in our present study to
reduce variability between individuals in our experiments. Future
studies should include more male participants with asthma and
comorbid obesity and both sexes of mice for in vivo studies to
discern sex differences, particularly with regard to leptin
signaling in directing sex-specific differences in allergen-
induced airway hyperresponsiveness45 and risk for asthma.72,73

Fourth, we classified participants as lean, overweight, or having
obesity on the basis of BMI. Waist circumference provides a
more accurate measure of abdominal adiposity and is associated
with visceral fat levels.74-77 Future studies must combine multiple
anthropometric indicators to account for heterogeneity in obesity
phenotypes. Finally, although the levels of potentially anti-
inflammatory adiponectin and other adipokines (eg, resistin) are
modulated in association with leptin, obesity, and asthma,78,79

we did not measure the levels of these adipokines in our study
cohort. Future studies will address whether adiponectin or the adi-
ponectin/leptin ratio has an impact on airway tissue eosinophilia
in asthma with comorbid obesity.

Our study demonstrates a novel association whereby leptin, an
adipokine that circulates in high levels in individuals with obesity,
augments the effects of IL-13 in T2 asthma to promote secretion
of eotaxins by mesenchymal cells in the airway submucosa.
Signaling through IL-13Ra2 on airway fibroblasts mediates the
effects of combined leptin and IL-13 to release eotaxins. Thus,
our study suggests a new mechanism to explain how obesity
can modulate and increase severity of T2 asthma phenotypes by
promoting increased airway eosinophilia. IL-13Ra2 may be a po-
tential therapeutic target for improvement of airway tissue eosin-
ophilia in obesity-associated asthma.
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Key messages

d In obesity-associated human asthma and in a mouse
model of chronic allergic airways disease, leptin augments
IL-13–induced pulmonary fibroblast eotaxin-1, eotaxin-3,
and IL-13Ra2 expression and secretion.

d Inhibition of IL-13Ra2 activity reduces leptin-enhanced
IL-13–induced eotaxin-1 and eotaxin-3 production by pri-
mary airway fibroblasts.

d Observed airway tissue eosinophilia in T2 asthma with
comorbid obesity may be mediated by the excessive local
eotaxin production by submucosal airway fibroblasts
exposed to leptin and IL-13, through a mechanism
requiring IL-13Ra2.
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METHODS
Human study exclusion criteria

Exclusion criteria for this study included postbronchodilator FEV1

less than 50% predicted, inpatient status, pregnancy, use of anticoag-
ulants, upper or lower respiratory tract infectionwithin 1month of the
study, use of antibiotics within 2 months of the study, use of systemic
corticosteroids within 4weeks of the study, use of glucagon-like pep-
tide-1 receptor agonists or dipeptidyl peptidase-4 inhibitors within 2
weeks of the study, a smoking history of more than 5 pack years or
any cigarette use within the previous 6 months, significant uncon-
trolled nonasthma pulmonary disease, or other medical problems.

Bronchoscopy
Participants underwent bronchoscopy with endobronchial

biopsy and bronchoalveolar lavage as previously described.E1

Before the bronchoscopy, spirometry was performed and
participants with asthma received 0.18 mg of inhaled albuterol.
Biopsy sites were randomized to the right or left lower lobe and
4 to 5 endobronchial tissue samples were collected. Supplemental
oxygen was administered throughout the procedure along with
monitoring of heart rate, blood pressure, and oxygen saturation.
On completion of the procedure, participants were carefully
monitored and then discharged once their FEV1 reached 90% of
their prebronchoscopy, postbronchodilator value.

Human BALF processing
Fresh BALF was centrifuged at 1200 revolutions per minute for

10 minutes at 48C. The supernatant was removed and stored at
2808C, whereas the pellet was resuspended in 1 mL PBS. Total
cells in the BALF pellet were counted with the Scepter cell counter
(PHCC00000, MilliporeSigma, Burlington, Mass), and then
25,000 cells were centrifuged in a cytospin at 800 revolutions per
minute for 3 minutes to transfer the cells to slides. The cytospin
slides were then dried overnight in room air and stained with Easy
III (Azer Scientific, Morgantown, Pa) by submerging the slides in
fixative for 15 seconds, in stain 1 for 30 seconds, and then in stain 2
for 15 seconds before rinsing with water. Images of the stained
BALF cells were acquired at 203 magnification and manual
differential cell counts were obtained for 250 cells per slide.

Pulmonary fibroblast culture
Human airway biopsy tissue was minced into several cartilage-

free pieces. The right lung of each mouse was digested and
homogenized.E2 The human airway ormouse lung tissue digest cells
were seeded in 60-mm collagen-coated dishes. At 70% confluency,
cultures were passaged into 75-cm2 flasks to promote growth and
eventually split into 12-well plates. All samples were cultured at
5%CO2 and 378C in low-glucoseDulbeccomodified Eaglemedium
(Gibco) supplemented with 10% FBS, 5% antibiotic-antimycotic
(Gibco), and 5% gentamicin. To passage cells, trypsin (Millipore-
Sigma) was used in a 1:2 ratiowithmedia as per manufacturer’s pro-
tocol. Cultures were passaged up to 4 times before experiments, and
asthma or nonasthma cultures were cultured identically. The serum-
free media consisted of Ham F12 media supplemented with 0.25%
BSA, 5% antibiotic-antimycotic, and 5% gentamicin.

Mouse lung lavage and inflammation scoring
At the termination of the protocol, mice were sacrificed and

lungs were lavaged with saline. Differential cell counts were

determined as previously described.E3 The percent of airway cell
types in lavage fluid was calculated by differentiating (according
to standard morphological criteria) 200 cells on slides stained
using the Hema-3 staining kit (Thermo Fisher Scientific, Wal-
tham, Mass). Peribronchial inflammation was semiquantitatively
determined in a blinded examination of hematoxylin and eosin–
stained sections using a 4-tiered scoring system of inflammation
severity as previously described.E4

Quantitative RT-PCR
Total RNA from human airway and mouse lung fibroblasts was

extracted using TRIzol reagent (Gibco) after exposure to mediators
for 24 hours. After precipitation with isopropanol, the RNA was
washed several times with 75% ethanol and then resuspended in 30
mL RNase-free deionized water. Total RNA was quantified by
determining absorbance at 260 nm using a Nanodrop
spectrophotometer (ThermoFisher Scientific). First-strand cDNA
preparation was performed using 1 mg of total RNA and random
hexamers in a 50-mL reaction according to the manufacturer’s
protocol (Applied Biosystems, Waltham, Mass). The 50-mL PCR
reaction contains 50 ng cDNA, 100 nM fluorogenic probe, 200 nM
primers, and other components contributed from Applied
Biosystems 23 RT-PCR Master Mix. Human eotaxin-1 (CCL11),
eotaxin-3 (CCL26), IL-13Ra2 (IL13RA2), b-actin, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as well as mouse IL-
13Ra2 (Il13ra2) and GAPDH (Gapdh) Taqman primers (Applied
Biosystems) were used to evaluate relative gene expression (see
Table E1 in this article’s Online Repository at www.jacionline.org).

The specificity of PCR was verified by lack of a signal in
no-template controls or reverse transcriptase negative RNA samples.
The threshold cycle (CT) was recorded for each sample, in each con-
dition. Fold changes inCCL11, CCL26, IL13RA2, or Il13ra2mRNA
expression were calculated by normalization of expression levels to
GAPDH, Gapdh, or b-actin mRNA levels and then compared with
those of untreated or IL-13–treated cells by the DDCT method.

ELISA
Soluble protein detection in serum, BALF, or pulmonary

fibroblast cell culture supernatants of human and mouse
eotaxin-1 and IL-5, human leptin and eotaxin-3, and mouse
IL-13 and IL-13Ra2 was performed using sandwich ELISA
assays (R&D Systems) according to the manufacturer’s protocol.
The absorbance at 450 nm from all ELISA tests was measured
using a FLUOstar Omega plate reader (BMGLabtech, Cary, NC).

Immunohistochemistry
Detection and quantification of IL-13Ra2 in human airway

biopsy tissue were described previously.E5 For detection of
MBP-positive eosinophils, human airway biopsy tissue was fixed
in 4% paraformaldehyde and embedded in paraffin. Tissue
sections were baked and dehydrated with xylene, ethanol (100%,
95%, and 70%), and PBS, respectively. A proteinase treatment
with 0.1% trypsin was performed for 15 minutes, and the sections
were blocked in 10% normal goat serum (Vector Labs, Newark,
Calif) for 1 hour at room temperature. After blocking, sections
were stained with MBP antibody (AbD Serotec, Hercules, Calif)
at 1:30 dilution (33.3 mg/mL) and incubated overnight at 48C. Sec-
tions were incubated with biotinylated goat anti-mouse antibody
(Vector Labs) at 1:200 dilution for 1 hour at room temperature,
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and then incubated with 0.3% hydrogen peroxide before treatment
with Avidin-Biotin Complex (Vector Labs) for 1 hour at room tem-
perature. Diaminobenzidine tetrahydrochloride (MilliporeSigma)
was applied to visualize peroxidase activity, and 2% methyl green
counterstain was applied before rehydration with water, ethanol,
and xylene. Cover slips were applied.

For detection of MBP-positive eosinophils in mouse lung, the
left lung of each mouse was preserved in 4% paraformaldehyde.
After 24 hours, the paraformaldehyde was removed and replaced
with 70% ethanol and stored at 48C. Lung tissue was embedded in
paraffin, sectioned at 5-mm thickness, and mounted on slides.
Immunohistochemical staining was performed using an antibody
specific for murine MBP (Rat anti-mouse MBP clone MT-14.7,
Mayo Clinic, Scottsdale, Ariz) at 1:500 in normal antibody
diluent (ScyTek Labs, Logan, Utah) as described previouslyE6 us-
ing the Biocare intelliPath Flex (BiocareMedical, Pacheco, Calif)
automated immunostaining platform with ProMARK detection
reagents and AutoWash buffer rinses between each step.
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FIG E1. Airway tissue eosinophilia is elevated in participants with asthma

and obesity regardless of ICS use. Mean number of MBP-positive (MBP1)

cells/mm2 6 SEM in airway biopsy tissue of participants with asthma by

body mass group, with participants with obesity stratified by ICS use

(yes/no) (n 5 4-9 per group). NS, Not significant. *P < .05; **P < .01.
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FIG E2. Peripheral eosinophil counts are elevated in participants with asthma and not associated with

parameters of obesity. A, Mean blood eosinophil counts (cells/mL) 6 SEM by body mass group in asthma

(n 5 10-23 per group) and nonasthma (n 5 9-15 per group) participants. *P < .05. B, Relationship of blood

eosinophil counts with BMI in asthma (left) and nonasthma (right) participants. C, Relationship of blood

eosinophil counts with measures of waist circumference (top) or BMI (bottom) in a subset of asthma

(left) and nonasthma (right) participants for which both measures were available. D, Relationship of

BALF IL-5 levels with BMI in asthma (left) and nonasthma (right) participants.
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FIG E3. Serum and BALF leptin levels are associated with waist circumference and BMI in participants with

asthma for which both measures were available. A, Relationship of serum leptin levels with waist

circumference in asthma (left) and nonasthma (right) participants. B, Relationship of serum leptin levels

with BMI in asthma (left) and nonasthma (right) participants for which waist circumference was also

measured. C, Relationship of BALF leptin levels with waist circumference in asthma (left) and nonasthma

(right) participants. D, Relationship of BALF leptin levels with BMI in asthma (left) and nonasthma (right)
participants for which waist circumference was also measured.
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FIG E4. Eotaxin-1 levels in BALF are elevated in asthma compared with nonasthma and not associated with

serum or BALF leptin levels. A, Mean eotaxin-1 levels 6 SEM as measured using ELISA in BALF from all

participants (left) or specifically in participants with obesity (right). *P < .05 (n 5 5-7 for asthma; n 5 9-10

for nonasthma). B, Relationship of BALF eotaxin-1 levels with serum leptin levels in all participants.

C, Relationship of BALF eotaxin-1 levels with BALF leptin levels in all participants.
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FIG E5. IL-4Ra and IL-13Ra1 expression in human airway fibroblasts is not associated with body mass.

Cultured airway fibroblasts derived from asthma and nonasthma participants were incubated with

serum-free media alone (untreated control) for 24 hours. Total RNA was collected. Mean fold

change 6 SEM in IL4RA and IL13RA1 mRNA expression was determined by quantitative RT-PCR in asthma

(n5 12 for IL4RA; n5 13 for IL13RA1) and nonasthma (n5 8 for IL4RA; n5 11 for IL13RA1) groups (**P < .01)

(Fig E5, A and E) and in participants with and without obesity (IL4RA: asthma, n 5 3 for lean and n 5 9 for

overweight and obesity; nonasthma, n5 3 for lean and n5 5 for overweight and obesity; IL13RA1: asthma,

n5 4 for lean and n5 9 for overweight and obesity; nonasthma, n5 5 for lean and n5 7 for overweight and

obesity) (Fig E5, B and F). Data are normalized to b-actin mRNA expression in individual participants and to

the mean IL4RA or IL13RA1 expression level of the nonasthma participants. C and G, Relationship of fold

change in IL4RA or IL13RA1 mRNA expression in untreated airway fibroblasts with BMI in asthma (left)
and nonasthma (right) participants. Immunohistochemical staining of airway biopsy tissue for IL-4Ra and

IL-13Ra1 was as described previously.E5 D and H, Relationship of mean volume percent positive IL-4Ra

or IL-13Ra1 immunostaining in airway biopsy tissue with BMI in asthma (left) and nonasthma (right)
participants.
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FIG E6. BALF cytokines, serum IL-13, and peribronchial inflammation do not differ between chronically

HDM-challenged C57BL6 (WT), db/db, and ob/ob mice. A, Mean differential BALF cell counts 6 SEM in

HDM-challenged (top) and saline-challenged (bottom) WT, db/db, and ob/ob mice (n 5 8-10 for HDM;

n 5 5-6 for saline per genotype). B, Peribronchial inflammation scores in HDM- and saline-challenged

WT, db/db, and ob/ob mice (n 5 8-9 for HDM; n 5 6 for saline per genotype). Data are expressed as

mean H&E score 6 SEM per mouse. ***P < .001; ****P < .0001. C, Mean IL-13 levels 6 SEM in

serum (top) and BALF (bottom) as measured by ELISA in HDM- and saline-challenged WT, db/db, and
ob/ob mice (n 5 5-8 mice per genotype for BALF; n 5 6-9 mice per genotype for serum). D, Mean IL-5

levels 6 SEM in BALF as measured by ELISA in HDM- and saline-challenged WT, db/db, and ob/ob mice

(n 5 8-10 mice for HDM; n 5 4-6 mice for saline per genotype). E, Mean eotaxin-1 levels 6 SEM in BALF

as measured by ELISA in HDM- and saline-challenged WT, db/db, and ob/ob mice (n 5 7-9 mice for

HDM; n 5 3-5 mice for saline per genotype). H&E, Hematoxylin and eosin.
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TABLE E1. Human- and mouse-specific Taqman (Applied

Biosystems) assays used in the study

Gene name Species Applied Biosystems no.

CCL11 Human Hs00237013_m1

CCL26 Human Hs00171146_m1

IL13RA2 Human Hs00152924_m1

GAPDH Human Hs99999005_m1

ACTB Human Hs01060665_g1

Il13ra2 Mouse Mm00515166_m1

Gapdh Mouse Mm99999915_g1

ACTB, b-Actin.
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TABLE E2. Summary of IL-13Ra2 neutralizing antibody ex-

periments shown in Fig 7

IL-13Ra2 neutralizing antibody vs IgG control Eotaxin-1 Eotaxin-3

IL-13 alone / [
Leptin alone YY /
IL-13 1 leptin/IL-13 alone Y Y

Eotaxin-1 and eotaxin-3 secretion levels in airway fibroblasts were derived from lean,

nonasthma participants following incubation with IL-13 alone, leptin alone, or

combined IL-13 and leptin (normalized to IL-13 alone) in the presence of IL-13Ra2

neutralizing antibody. Up arrows ([) indicate increased eotaxin production; down

arrows (Y) indicate reduced eotaxin production; and horizontal arrows (/) indicate

no change in eotaxin production relative to the effect of IgG control antibody.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

INGRAM ET AL 15.e10


	Leptin augments IL-13–induced airway eotaxins and submucosal eosinophilia in obesity-associated asthma
	Methods
	Human study population
	Mouse models
	Pulmonary fibroblast culture
	Pulmonary tissue eosinophil quantification
	Statistical analysis

	Results
	Study cohort characteristics
	Airway eosinophilia in participants with asthma and comorbid obesity
	Leptin levels in overweight or obese participants with asthma
	Leptin augments IL-13–induced eotaxin production by human airway fibroblasts
	IL-13Rα2 expression in human airway fibroblasts is associated with body mass and enhanced with leptin and IL-13 in asthma
	Exogenous leptin augments lung eosinophilia in allergen-challenged mice
	Lack of leptin signaling reduces IL-13–induced eotaxin-1 secretion and Il13ra2 expression by mouse lung fibroblasts
	Inhibition of IL-13Rα2 abrogates IL-13 and leptin-induced eotaxin-1 and eotaxin-3 secretion by human airway fibroblasts

	Discussion
	Disclosure statement
	References
	References
	Methods
	Human study exclusion criteria
	Bronchoscopy
	Human BALF processing
	Pulmonary fibroblast culture
	Mouse lung lavage and inflammation scoring
	Quantitative RT-PCR
	ELISA
	Immunohistochemistry

	References


