
ORIGINAL RESEARCH
published: 04 August 2020

doi: 10.3389/fimmu.2020.01724

Frontiers in Immunology | www.frontiersin.org 1 August 2020 | Volume 11 | Article 1724

Edited by:

Kong Chen,

University of Pittsburgh, United States

Reviewed by:

Michelle L. Manni,

University of Pittsburgh, United States

Abdelilah Soussi Gounni,

University of Manitoba, Canada

*Correspondence:

Qutayba Hamid

qalheialy@sharjah.ac.ae

Specialty section:

This article was submitted to

Cytokines and Soluble Mediators in

Immunity,

a section of the journal

Frontiers in Immunology

Received: 31 January 2020

Accepted: 29 June 2020

Published: 04 August 2020

Citation:

Al Heialy S, Gaudet M,

Ramakrishnan RK, Mogas A,

Salameh L, Mahboub B and Hamid Q

(2020) Contribution of IL-17 in Steroid

Hyporesponsiveness in Obese

Asthmatics Through Dysregulation of

Glucocorticoid Receptors α and β.

Front. Immunol. 11:1724.

doi: 10.3389/fimmu.2020.01724

Contribution of IL-17 in Steroid
Hyporesponsiveness in Obese
Asthmatics Through Dysregulation of
Glucocorticoid Receptors α and β

Saba Al Heialy 1,2, Mellissa Gaudet 2, Rakhee K. Ramakrishnan 3, Andrea Mogas 2,

Laila Salameh 3,4, Bassam Mahboub 3,4 and Qutayba Hamid 2,3*

1College of Medicine, Mohammed Bin Rashid University of Medicine and Health Sciences, Dubai, United Arab Emirates,
2Meakins-Christie Laboratories, Research Institute of the McGill University Healthy Center, Montreal, QC, Canada, 3 Sharjah

Institute for Medical Research, College of Medicine, University of Sharjah, Sharjah, United Arab Emirates, 4 Pulmonary

Medicine Department, Rashid Hospital, Dubai, United Arab Emirates

Obesity is on the rise worldwide and is one of the most common comorbidities

of asthma. The chronic inflammation seen in obesity is believed to contribute to

this process. Asthma and obesity are associated with a poorer prognosis, more

frequent exacerbations, and poor asthma control to standard controller medication.

Difficult-to-treat asthma is associated with increased levels of Th17 cytokines which have

been shown to play a central role in the upregulation of glucocorticoid receptor-beta

(GR-β), a dominant-negative inhibitor of the classical GR-α. In this study, we studied

the role of IL-17 cytokines in steroid hyporesponsiveness in obese asthmatics. We

stimulated lean and obese adipocytes with IL-17A and IL-17F. Adipocytes obtained from

obese patients cultured in vitro in the presence of IL-17A for 48 h showed a decrease

in GRα/GRβ ratio as compared to adipocytes from lean subjects where GR-α/GR-β

ratio was increased following IL-17A and IL-17F stimulation. At protein level, GR-β

was increased in obese adipocytes with IL-17A and IL-17F stimulation. IL-8 and IL-6

expression was increased in IL-17-stimulated obese adipocytes. Pre-incubation with

Dexamethasone (Dexa) led to a decrease in GR-α/GR-β ratio in obese adipocytes which

was further affected by IL-17A whereas Dexa led to an increase in GR-α/GR-β ratio in

lean adipocytes which was decreased in response to IL-17A. TGF-β mRNA expression

was decreased in obese adipocytes in response to Th17 cytokines. We next sought

to validate these findings in obese asthmatic patients. Serum obtained from obese

asthmatic subjects showed a decrease in GRα/GRβ protein expression with an increase

in IL-17F and IL-13 as compared to serum obtained from non-obese asthmatics. In

conclusion, steroid hyporesponsiveness in obese asthmatic patients can be attributed

to Th17 cytokines which are responsible for the dysregulation of the GRα/GRβ ratio and

the inflammatory response.
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INTRODUCTION

Worldwide, incidence of obesity is on the rise at an alarming
rate. It is estimated that by 2030, 38% of the world’s population
will be overweight and 20% will be obese (1). Obesity is
simply defined as excess weight for height where the body
mass index (BMI) is equal or greater to 30 kg/m2 Obesity is
associated with a multitude of metabolic abnormalities ranging
from diabetes to cardiovascular disease and asthma (2, 3). It is
believed that these associations are due mostly in part to the
chronic inflammation associated with obesity. High levels of
pro-inflammatory cytokines, such as interleukin (IL)-6 (4), IL-
8 (5), and Tumor Necrosis Factor-alpha (TNF-α) (6) are seen
in various models of obesity. Adipose tissue, which is composed
mainly of adipocytes, is now recognized as an organ which
contributes to systemic inflammation (7). Adipose explants from
obese patients show an increase in mediators such as IL-6,
TNF-α, angiotensinogen and complement C3 (8). Low-grade
systemic inflammation has been shown to regulate adipogenesis
and insulin resistance (9).

As adipose tissue has been shown to contribute to high levels
of serum IL-6, this has prompted recent studies to focus on the
role of Th17 cells in obesity. IL-6 is necessary for the polarization
of CD4+ T cells into Th17 cells (10). The main role of Th17 cells
is to clear bacteria and fungi. However, beyond their protective
role, Th17 cells are implicated in many inflammatory conditions
and are the major cellular source of IL-17 cytokines, most notably
IL-17A and IL-17F (11). IL-17 has been shown to be upregulated
in obese subjects (12). In a mouse model of diet-induced obesity,
IL-17A production was enhanced by CD4+ T cells. Moreover,
IL-17 is an important player in severe asthma (13). IL-17A and
IL-17F production is increased with severity of the disease and
Th17 cells are now recognized as the major T helper subset
in severe asthma (14). The presence of IL-17 is crucial due
to its role in steroid resistance through the dysregulation of
glucocorticoid receptors.

In the United States, ∼60% of patients with severe
asthma are obese (15). Asthma is a heterogeneous disease
defined by many phenotypes. Understanding the mechanisms
underlying the various asthma phenotypes is important in
predicting therapy. Asthma associated with obesity is a complex
phenotype which is characterized by worsening outcomes
such as poor control and increased exacerbations akin to
severe asthma (16). Overweight asthmatic children show
a decreased response to inhaled budesonide compared to
normal weight asthmatic children (17). An increasing body
of literature show a reduction in steroid responsiveness in
obese asthmatics compared to their lean counterparts (18, 19).
Steroid hyporesponsiveness is one of the major characteristics of
severe asthma and makes treatment of symptoms challenging.
A study by Vazquez-Tello et al. showed that IL-17 cytokine
stimulation of peripheral blood mononuclear cells (PBMCs)
leads to an upregulation of the glucocorticoid receptor-beta (GR-
β) (20). Alternative splicing of the GR transcript generates two
isoforms of GR: GR-α and GR-β. GR-β is a dominant negative-
regulator of the active GR-α and has been associated with
steroid hyporesponsiveness.

Although studies have already shown a positive correlation
between IL-17 and the inflammatory conditions of asthma and
obesity individually, no studies to our knowledge have looked at
the role of IL-17 in obese asthmatics. Moreover, the mechanism
underlying the decreased responses to steroid in obese asthmatics
has not been fully elucidated. We hypothesized that IL-17
cytokines are involved in steroid resistance described in obese
asthmatics through the dysregulation of GR-α and GR-β.

MATERIALS AND METHODS

Pre-adipocyte & Adipocyte Cell Culture
and Treatment
Subcutaneous human pre-adipocyte from lean and obese subjects
were purchased from ATCC (VA, USA) & ZenBio (NC, USA).
Table 1 shows the data on pre-adipocytes obtained from lean and
obese subjects. Pre-adipocytes were cultured in DMEM/Ham’s F-
12 (1:1, v/v) media (Thermo Fisher Scientific Inc., Pittsburgh,
PA, USA) supplemented with: 0.01M HEPES pH 7.4 (Thermo
Fisher Scientific Inc.), 10% fetal bovine serum and 100 U/ml
penicillin/streptomycin. Pre-adipocytes were grown to 80%
confluence in 10 cm dishes (Corning Inc., Corning, NY, USA)
and detached using 0.05% Trypsin-EDTA (Thermo Fisher
Scientific Inc.) and seeded in 6 well plates (Sigma-Aldrich,
Ontario, Canada). Once confluency reached, the differentiation
process was started using Adipocyte Differentiation Medium
(ZenBio, NC,USA) for 7 days. The differentiationmedia was then
changed to AdipocyteMaintenanceMedium (ZenBio) as detailed
in the Subcutaneous Human Adipocyte Manual ZBM0001.05
from ZenBio. Mature adipocytes were kept in culture for no
longer than 2 weeks post differentiation.

Mature adipocytes were starved with DMEM/Ham’s F-12
(1:1, v/v) media supplemented with: 0.01M HEPES pH 7.4,
0.5% fetal bovine serum and 100 U/ml penicillin/streptomycin
overnight. Cells were then stimulated with recombinant human
IL-17A and F cytokines (100 ng/ml; R&D systems, Minneapolis,
MN, USA) either alone or combined for 48 h. After stimulation
culture media was collected and frozen for future experiments.
Adipocytes were then processed for RNA extraction or
protein lysis.

Mature adipocytes used in the experiments involving
Dexamethasone (Dexa) were starved over night with
DMEM/Ham’s F-12 (1:1, v/v) media (Thermo Fisher Scientific
Inc.) supplemented with: 0.01M HEPES pH 7.4 (Thermo
Fisher Scientific Inc.), 0.5% fetal bovine serum and 100 U/ml
penicillin/streptomycin (Thermo Fisher Scientific Inc.) with the

TABLE 1 | Data of adipocytes from lean and obese subjects.

Lean adipocytes Obese adipocytes

N 4 3

Age, year 37.8 ± 9.9 46 ± 4.4

BMI, kg/m2 20.6 ± 2.2 33.4 ± 3.5

BMI, body mass index. Values shown are mean ± SE.
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addition of 500 ng/ml of Dexa (Sigma-Aldrich). The following
day, adipocytes were stimulated with 100 ng/ml of IL-17A
(R&D systems) for 48 h. After stimulation the adipocytes were
processed for RNA extraction.

Participant Selection
The study was approved by the ethical committee of Dubai
Health Authority and Mohammed bin Rashid University of
Medicine and Health Sciences Internal Review Board, Dubai,
UAE. All participants provided written informed consent.
Patients were recruited at RashidHospital, Dubai, UAE.Male and
female moderate-to-severe asthmatic patients were >18 years of
age, patients were diagnosed by spirometry and clinical history
according to American Thoracic Society guidelines. Participants
with a >20 pack-year smoking history or with a history of
smoking within the last 6 months were excluded from the study.

RNA Extraction and Quantitative Reverse
Transcription Polymerase Chain Reaction
(qPCR)
Extraction of total RNA from adipocytes was performed
using a phenol-chloroform extraction method (RiboZol RNA
extraction reagent, VWR, Leicestershire, UK), as directed in
the manufacturer’s instructions. Contaminating DNA was
removed from 4 µg of total RNA using the AccuRT Genomic
DNA Removal Kit (Applied Biological Materials, Richmond,
BC, Canada), following manufacturer’s protocol. Reverse
transcription was performed using the 5X All-In-One Reverse
Transcriptase Mastermix (ABM). The TaqMan system was used
to measure gene expression for GR-α, GR-β, and GAPDH as
a house keeping (Applied Biosystems, Foster City, CA, USA).
Table 2 shows the list of forward and reverse primers used.
The TaqMan reaction contained 2.5 µl of undiluted cDNA, 5
µl of TaqProbe 2× qPCR Mastermix-No Dye (ABM), 0.5 µl
of ready-to-use probe, and 2 µl of nuclease free H2O. mRNA
expression of experiments using Dexamethasone was measured
using a TaqMan reaction containing 1 µl of undiluted cDNA, 5
µl of TaqMan Fast Advanced Master Mix (Applied Biosystems,
Foster City, CA, USA), 0.5 µl of ready-to-use probe and 2.5 µl of
nuclease free H2O. Inflammatory marker gene targets (Table 2)
were measured using EvaGreen qPCR Mastermix (ABM). The
reaction was as follows: 5 µl of EvaGreen Mastermix, 2.5 µl
of diluted cDNA (1/25), 0.6 µl of forward and reverse primers
(10µM) and 2.4 µl of nuclease free H2O. Each sample was
tested in duplicates and the qPCR amplification was performed
using CFX96 thermal cycler (BioRad, Hercules, CA, USA) and
cycler conditions for both TaqMan and EvaGreen qPCR were
preformed according to manufacturer’s protocol. The 11CT
method was used to measure gene expression for both detection
methods: amount of target= 2−11CT.

GR-α and GR-β Protein Quantification
Mature adipocytes were cultured and treated as specified above.
Cell culture media was collected and placed at −80◦C for future
experiments. Adipocytes were washed once with 500µl PBS, PBS
was removed gently using a pipette. 1mL of PBS was then added

TABLE 2 | Forward and reverse primers inflammatory markers and their oligo

sequences.

Primer name Oligo sequence (5′ to 3′)

IL-8 forward TCTGCAGCTCTGTGTGAAGGT G

IL-8 reverse AATTTCTGTGTTGGCGCAGTG

IL-6 forward ACCTTCCAAAGATGGCTGAAA

IL-6 reverse GCTCTGGCTTGTTCCCTCACTAC

IL-17A forward GAGGACAAGAACTTCCCCCG

IL-17A reverse CATTGCCGTGGAGATTCCAAG

TNF-α forward CCTCTTCTCCTTCCTGATCGT

TNF-α reverse GGTTTGCTACAACATGGGCTA

TGF-β1 forward TACCTGAACCCGTGTTGCTCTC

TGF-β1 reverse GTTGCTGAGGTATCGCCAGGAA

IFN-γ forward GTTTTGGGTTCTCTTGGCTGT

IFN-γ reverse ATGTATTGCTTTGCGTTGGAC

IL-1β forward TACATCAGCACCTCTCAAGCA

IL-1β reverse CCACATTCAGCACAGGACTCT

GAPDH forward GAAGGTGAAGGTCGGAGT

GAPDH Reverse GAAGATGGTGATGGGATTTC

to each well and placed at −80◦C overnight, a second freeze-
thaw cycle was conducted by simply thawing the frozen cells
and placing the culture plate once more at −80◦C overnight.
The frozen adipocyte plate is thawed the next day and the
cell lysate is removed from each well and centrifuged 5min
at 5,000× g.

From the cell lysate, the protein concentration of GR-α and
GR-β were quantified using a chemiluminescence immunoassay
(CLIA) and ELISA kit, for each protein, respectively. The
Human GR alpha (Glucocorticoid Receptor Alpha) CLIA Kit
and the Human GR beta/Glucocorticoid Receptor Beta Elisa
Kit (ELISAGenie, London, UK) were used to quantify the
GR proteins. Assay procedure was followed according to
manufacturer’s protocol, except for the following steps: standards
and cell lysates were incubated in assay plate over night at 4◦C,
Biotin-detection antibody was incubated at room temperature for
60min, the HRP (CLIA)/SABC (ELISA) working solution was
incubated at room temperature for 30min, the Substrate Mixture
(CLIA) was incubated 5min at room temperature and the TMB
(ELISA) substrate was incubated at room temperature.

GR-α and GR-β levels in serum were measured using
the following ELISA kits: Human GR alpha/Glucocorticoid
Receptor Alpha Elisa Kit (ELISAGenie) and the Human GR
beta/Glucocorticoid Receptor Beta Elisa Kit (ELISAGenie). Assay
procedure was followed according to manufacturer’s protocol.

Cytokine Quantification
Cytokine concentrations in cell culture media secreted from
treated adipocytes and serum samples was measured using
a MILLIPLEX MAP Human High Sensitivity T Cell Panel—
Immunology Multiplex Assay (EMDMillipore, Burlington,
MA) with the following analytes: IL-4,-5,-6,-8, IFN-γ and a
MILLIPLEX MAP Human TH17 Magnetic Bead Panel with the
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following analytes: IL2, IL-13, IL-17A, IL-17F. This assay was
preformed according to manufacturer’s protocol.

Statistical Analysis
Standard statistical two-tailed t-tests and one-way ANOVA
using Tukey’s multiple comparison test were performed to
test for statistical significance between data groups using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA). p <

0.05 was considered significant. Pearson correlation was used to
study correlations.

RESULTS

GR-α/GR-β Ratio in Lean and Obese
Adipocytes
Pre-adipocytes obtained from female lean (n = 4) and obese
(n = 3) subjects ranging from 25 to 67 years of age (Table 1)
were purchased and differentiated in vitro. The average BMI was
20.6 ± 2.2 kg/m2 and 33.4 ± 3.5 kg/m2 for the lean and obese
adipocytes, respectively. Th17 cytokines, 100 ng/mL IL-17A and
IL-7F in combination or IL-17A alone, were added for 48 h.
Following stimulation, adipocytes were collected, and RNA was
extracted. Adipocytes from lean subjects stimulated with IL-17A
and IL-17F show a significant increase, with 2-fold change, in GR-
α/GR-β ratio (p= 0.0057) (Figure 1). However, IL-17 stimulation
of adipocytes from obese subjects shows a significant decrease
in GR-α/GR-β ratio (p = 0.03) which has been described in
asthmatic patients with steroid hyporesponsiveness (20). ELISA
was used to confirm and assess protein levels of GR-α and GR-
β. Cell lysates obtained from adipocytes from obese and lean
subjects stimulated with IL-17A and IL-17F in combination or
IL-17A alone show differential expression of GR-β (Figure 2).
GR-β is highly increased (p = 0.03) in lean adipocytes when
stimulated with IL-17A alone whereas GR-β is increased (not
significant) in obese adipocytes only when stimulated with the
combination of IL-17A and IL-17F compared to unstimulated
cells (Figure 2B). GR-α is unchanged in response to IL-17
cytokine stimulation in both lean and obese adipocytes compared
to unstimulated adipocytes (Figure 2A). Therefore, our data
suggests that IL-17 cytokines may lead to an increase in GR-β
mRNA and protein expression which contributes to the shift of
the ratio of GR.

Steroid Unresponsiveness in Obese
Adipocytes
We also sought to see the effect of IL-17 stimulation on steroid-
treated adipocytes. Pre-incubation with Dexa (500 ng/mL) lead
to an increase in mRNA expression of GR-α/GR-β ratio in lean
adipocytes and a decreased ratio in obese adipocytes (Figure 3).
This decrease in GR-α/GR-β suggests that obese adipocytes do
not respond to Dexa. Interestingly, stimulation with IL-17A
in pre-treated cells decreased the GR-α/GR-β ratio in both
lean and obese adipocytes although not statistically significantly
(Figure 3). This data suggests that IL-17 maymodulate adipocyte
responses to steroids and obese adipocytes are not responsive to
steroid treatment.

FIGURE 1 | Stimulation with IL-17A & F and IL-17A alone induces changes in

GR-α/GR-β mRNA ratio. Adipocytes from lean and obese subjects were

stimulated with 100 ng/mL of IL-17A and IL-17F in combination or IL-17A

alone for 48 h. Cells were collected and qRT-PCR analysis was performed in

duplicate using TaqMan probes to assess GR-α and GR-β mRNA expression.

One independent experiment performed per subject. n = 4 lean subjects, n =

3 obese subjects, One-Way ANOVA, Mean ± SE; *P < 0.05, **P < 0.01.

Changes in Cytokine Profiles in Lean and
Obese Adipocytes
Conditioned media was obtained from lean (n = 4) and
obese (n = 3) subjects following IL-17 cytokine stimulation
to assess cytokine production. mRNA expression was assessed
at 48 h post-stimulation. The changes in IL-6 and IL-8
mRNA expression were observed post-stimulation in both lean
and obese adipocytes (Figure 4). Interestingly, TGF-β mRNA
expression was significantly decreased in obese adipocytes
stimulated with IL-17 cytokines compared to unstimulated and
IL-17-stimulated lean adipocytes (Figure 4C). TGF-β is an anti-
inflammatory cytokine which is involved in obesity and asthma.
To confirm these findings, multiplex assay was performed on
conditioned media obtained 48 h post-stimulation to measure
the levels of inflammatory cytokines (Figures 5A–E). At protein
levels, the changes in cytokines expression were only significantly
different in obese adipocytes stimulated with IL-17A and IL-
17F in combination or IL-17A alone. IL-6, IL-8, and IFN-γ
were significantly increased in obese adipocytes compared to
unstimulated and IL-17-stimulated lean adipocytes. Our data
suggests that IL-17 stimulation leads to further inflammation in
adipocytes obtained from obese subjects. This is not observed
in the adipocytes from lean subjects at protein level although
changes were observed at mRNA level.

GR-α/GR-β Ratio in Serum of Obese and
Non-obese Asthmatics
Following in vitro assays, we were interested to see if these
findings were also observed in lean and obese asthmatics.
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FIGURE 2 | IL-17A & F and IL-17A alone induces changes in protein levels of GR-β. GR-α (A) and GR- β (B) protein expression in adipocytes from lean and obese

subjects following 48 h stimulation with IL-17A&F combination or IL-17A alone (C) Ratio of GR-α/GR-β. n = 4 lean subjects, n = 3 obese subjects, One-way ANOVA,

Mean ± SE; *P < 0.05, **P < 0.01, ***P < 0.001. Data is representative of three experiments.

Serum was obtained from 44 non-obese (lean and overweight)
asthmatic patients and 57 obese (obese and morbidly obese)
asthmatic patients. Demographic and clinical data of the patients
is presented in Table 3. Table 3 shows that all lung function
parameters were comparable in lean and obese moderate-to-
severe asthmatics. ACT scores were 16.2 ± 0.9 and 16.4 ± 0.6
for lean and obese asthmatics, respectively. Blood eosinophils
were significantly (p = 0.04) decreased in obese asthmatics.
Previous studies have shown discrepancies in eosinophil counts
in blood, sputum and biopsies. In one study in mild-to-moderate
asthmatics, there was no difference in blood eosinophil’s in

obese and lean subjects. However, sputum eosinophils were
significantly decreased in sputum and increased in bronchial
submucosa (21). ELISA was performed to assess GR-α/GR-
β ratio. Data revealed that obese asthmatics had a significant
decrease in GR-α/GR-β ratio compared to non-obese asthmatics
(Figure 6A). The non-obese asthmatics show heterogeneity in
their response. Despite this, the GR-α/GR-β ratio is significantly
higher than the obese asthmatics. There was a negative
correlation (r = −0.23) between GR-α/GR-β ratio and BMI (p
< 0.05) as assessed by Pearson correlation (Figure 6B) When
patients were categorized further into: lean (n = 18), overweight
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FIGURE 3 | Pre-treatment with Dexamethasone followed by IL-17A

stimulation induces changes in GR-α/GR-β mRNA ratio. Adipocytes from lean

and obese subjects were pre-treated with 500 ng/ml dexamethasone followed

by a 48 h stimulation with 100 ng/ml of IL-17A. mRNA expression of GR-α and

GR-β were measured by qRT-PCR in duplicates using TaqMan probes. One

independent experiment preformed per subject: n = 4 lean subjects, n = 3

obese subjects, One-Way ANOVA, Mean ± SE; *P < 0.05, **P < 0.01, ***P <

0.001.

(n= 26), obese (n= 44), and morbidly obese (n= 13) asthmatic
patients, GR-α/GR-β ratio was significantly decreased in obese
and morbidly obese asthmatic patients compared to overweight
asthmatic patients (p < 0.05) (Figure 6C).

IL-17F and IL-13 Protein Expression Are
Increased in Obese Asthmatics
We analyzed the protein expression of IL-17A, IL-17F, and IL-
13 in serum of obese (obese and morbidly obese) and non-obese
(lean and overweight) asthmatics (Figures 7A–C). There was no
difference in serum IL-17A production in non-obese compared
to obese asthmatics. However, there was a statistically significant
increase in IL-17F (p = 0.03) and IL-13 (p = 0.02) production
in obese compared to non-obese asthmatics. We then analyzed
the IL-17F levels in the lowest quartile (<90 pg/mL) and highest
quartile (>180 pg/mL). Interestingly, we found a significant
difference between GR-α/GR-β ratio in the lowest and highest
quartile. High levels of IL-17F were associated with decreased
GR-α/GR-β ratio compared to low levels of IL-17F (Figure 7D).

DISCUSSION

Many studies have shown positive correlation between asthma
and obesity. Moreover, clinical data suggests that obese
asthmatics are refractory to conventional therapy. This study
demonstrates, for the first time, that IL-17 plays a role in

steroid resistance through the dysregulation of GR-α and GR-β
expression in adipocytes. Our data suggests that IL-17 cytokines
are also involved in the upregulation of pro-inflammatory
mediators in the context of obesity. These findings were further
strengthened by demonstrating a negative correlation between
BMI and GR-α/GR-β ratio in serum from asthmatic patients.
Serum obtained from obese and morbidly obese asthmatic
patients showed a significant decrease in GR-α/GR-β ratio
and an increase in IL-17F and IL-13 compared to lean and
overweight patients.

Although most asthmatic patients respond well to
conventional therapy, 25–35% of patients show no improvement
in lung function in response to inhaled corticosteroids (22).
Certain subsets of asthmatic patients such as active smokers
(23) and obese patients have blunted steroid responses. The
dual relationship between asthma and obesity is of interest
as studies indicate that obesity does not necessarily cause
asthma but may be a risk factor for the development and the
severity of asthma. In both adults and children, the obese
asthma phenotype tends to lead to more severe symptoms akin
to the severe asthma phenotype. Of interest, 60% of severe
asthmatic patients are obese (24). A body of literature has
shown that one of the major players in steroid resistance in
severe asthma is the defect in GR-α and thus dysregulation
of the GR-α/GR-β ratio. Since this mechanism has been
described in severe asthma, we were interested to see if this
was also the case in obese asthmatics. We found that the
ratio was decreased in obese asthmatics compared to non-
obese asthmatics. This was statistically significant in obese
and morbidly obese compared to overweight asthmatics.
Interestingly, a correlation analysis revealed a statistically
significant negative correlation between BMI and GR-α/GR-β
ratio. This is of clinical relevance as BMI may predict the steroid
responsiveness of asthmatic patients.

Having established that the ratio of GR-α/GR-β is altered
in obese asthmatics, we were interested to see what mediators
could be involved in this dysregulation. Obesity is associated
with increased markers of inflammation in serum and adipose
tissue in obese people with asthma. In the obese state, the
adipose tissue is infiltrated with proinflammatory cytokines and
adipokines. This led to the hypothesis that proinflammatory
responses in the adipose tissue may lead to asthma. One of the
major proinflammatory cytokines involved in obesity as well as
asthma is IL-17A.The role of Th17 cells in obesity is relatively
unexplored but evidence of accumulation of Th17 cells in a
mouse model of diet-induced obesity has been described (25).
Studies have suggested that obesity predisposes to the expansion
of Th17 cells via IL-6 whichmay in turn exacerbate inflammatory
conditions such as multiple sclerosis (26). However, the role of
Th17 cells and its cytokines in obesity and, in particular, in obese
asthma remains largely unknown. Therefore, we sought to study
the role of IL-17A and IL-17F in steroid hyporesponsiveness.
Adipocytes from lean and obese subjects were cultured in the
presence of IL-17A and IL-17F in combination and IL-17A alone.
IL-17A alone was used due to the overwhelming amount of
literature that suggests a role for this proinflammatory cytokine
in obesity. Adipocytes obtained from lean subjects stimulated
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FIGURE 4 | Stimulation with IL-17A&F and IL-17A alone induces changes in mRNA expression of inflammatory mediators in adipocytes from lean and obese

subjects. qRT-PCR analysis of detected mRNA expression of inflammatory markers: IL-8 (A), IL-6 (B), TGF-β (C), IL-1β (D) in mature adipocytes after 48 h stimulation

with combination of IL-17A&F or IL-17A alone. n = 4 lean subjects, n = 3 obese subjects, One-way ANOVA, Mean ± SE; *P < 0.05, ***P < 0.001.

in the presence of 100 ng/mL of IL-17A and IL-17F showed a
large increase in GR-α/GR-β at mRNA level. This finding is in
line with the potential dual role of IL-17 cytokines, where IL-
17 may play a role in tissue homeostasis. However, adipocytes
obtained from obese subjects which were stimulated with IL-
17A and IL-17F showed a decrease in GR-α/GR-β ratio at
mRNA level. Results obtained from protein differed in responses.
Lean and obese adipocytes stimulated with IL-17 cytokines
showed an increase in the negative regulator, GR-β. Although

most studies on steroid resistance report a dysregulation
with GR-α, our results showed no change in GR-α protein.
Nonetheless, the overall effect of IL-17 cytokines is a decrease
in the GR-α/GR-β ratio in both lean and obese adipocytes.
Moreover, it would seem that obese adipocytes respond more
to IL-17F. Very little amount of literature is available on the
role of IL-17F in obesity as it is simply described as a closely
related cytokine of IL-17A. Interestingly, in serum obtained
from asthmatics patients, IL-17F protein expression is increased
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FIGURE 5 | Stimulation with IL-17A&F and IL-17A alone induces changes in inflammatory cytokine profiles in adipocytes from lean and obese subjects. A multiplex

assay was used to measure the levels of inflammatory cytokines: IL-8 (A), IL-6 (B), IL-5 (C), IL-4 (D), and IFN-γ (E) secreted by mature adipocytes after 48 h

stimulation with IL-17A & F combination or IL-17A alone. One independent experiment preformed per subject. n = 4 lean subjects, n = 3 obese subjects, One-way

ANOVA, Mean ± SE; *P < 0.05, **P < 0.01, ***P < 0.001.

TABLE 3 | Demographic and clinical data of patients.

Non-obese Obese

N 43 57

Age, year 36.3 ± 2.0 41.4 ± 2.1

BMI, kg/m2 25.4 ± 0.5 36.5 ± 0.8

ACT score 16.2 ± 0.9 16.4 ± 0.6

FEV1 (L) 2.6 ± 0.2 2.2 ± 0.1

FVC (L) 3.4 ± 0.2 2.7 ± 0.2

FEV1/FVC (%) 76.1 ± 1.8 79.2 ± 1.6

Differentials (%)

• Neutrophils 55.9 ± 2.4 56.0 ± 1.6

• Lymphocytes 30.9 ± 1.9 32.6 ± 1.5

• Monocytes 7.1 ± 0.4 7.0 ± 0.4

• Eosinophils 5.8 ± 0.7 3.9 ± 0.4

• Basophils 0.6 ± 0.1 0.5 ± 0.1

BMI, body mass index; ACT, Asthma Control Test; FEV1, Forced expiratory volume in 1 s;

FVC: forced vital capacity. Values shown are mean ± SE.

in obese and morbidly obese patients compared to lean and
overweight patients whereas IL-17A is unchanged. The serum
levels of Th17 cytokines are consistent with a previous study
which showed that a healthier diet led to decreases in IL-
17F but not IL-17A (27). Moreover, the levels of IL-17 were

much higher than IL-17A. We also found an increase in IL-13
protein expression in serum of obese asthmatics compared to
lean asthmatics. IL-13 is a pro-inflammatory cytokine involved
in allergic asthma. IL-17A has been shown to enhance IL-
13 activity (28). In mice, IL-13 treatment induced airway
hyperresponsiveness and led to increased numbers of IL-17-
producing CD4+T cells (29). Increase in IL-13 has been reported
in general obesity (30). Serum levels of IL-13 positively correlate
with BMI (31). However, its role in the obese asthma phenotype is
unknown and further investigations should be done to determine
its exact function. In an animal model of obesity, it has been

reported that BAL and serum IL-17A levels were not affected by

the type of diet. However, pulmonary IL-17 mRNA levels were

increased in high-fat diet animals compared to chow fed animals.
Moreover, flow cytometry revealed an increase in IL-17A
producing cells in the lungs (32). These results indicate that the
changes in Th17 cytokines are observed locally within the lungs
but obesity does not lead to increased systemic inflammation in
asthma models. This warrants further investigations of IL-17-
producing cells in the lung or adipose tissue of obese asthmatics
compared to lean asthmatics. Demographic and clinical data for
the lean and obese moderate-to-severe asthmatics revealed that
lung function was similar in both populations whereas blood
eosinophil’s were decreased in obese asthmatics, This is in line
with previous literature which has shown a negative correlation
between BMI and blood eosinophil’s in a population with high
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FIGURE 6 | GR-α/GR-β ratio is decreased in serum of obese asthmatic subjects. Serum was obtained from lean (BMI < 25 kg/m2 ), overweight (BMI < 30 kg/m2 ),

obese (BMI < 35 kg/m2 ), and morbidly obese (BMI > 35 kg/m2 ) asthmatic subjects. (A,C) ELISA was used to assess protein levels of GR-α and GR-β. (B) Pearson

correlation between BMI and GR-α/GR-β ratio. n = 43 non-obese subjects (n = 18 lean, n = 26 overweight), n = 57 obese subjects (n = 44 obese, n = 13 morbidly

obese), Mean ± SE; *P < 0.05.

eosinophil’s (33). The obese asthma phenotype is a complex
phenotype where not all obese asthmatics share similar clinical
features. However, studies have shown that clinical features that
are common in patients with high BMI are late onset asthma, less
airway eosinophil’s and reduced atopy (34).

Adipose tissue, which is mainly composed of adipocytes,
is a major source of proinflammatory cytokines such as IL-6,
IL-8, IL-10, TNF-α, and IL-18 (35) thus linking obesity and
inflammation. Due to their proinflammatory properties, IL-17
cytokines may be involved in the association between obesity
and inflammation. Therefore, we were interested in examining
the role of IL-17 in the production of inflammatory mediators
by adipocytes obtained from obese and lean subjects. Adipocytes
were stimulated with IL-17A and IL-17F for 48 h. Stimulation

with IL-17 led to an increase in IL-6 and IL-8 mRNA. At protein
level, this change was only observed in adipocytes from obese
subjects. This is of interest as small adipocytes in lean individuals
have been shown to promote homeostasis whereas large
adipocytes from obese individuals promote inflammation and are
involved in the recruitment of macrophages (36). This highlights
a differential function for adipocytes in relation to body weight.
In this study we found that obese adipocytes respond to IL-
17 through the release of pro-inflammatory cytokines, which
will lead to exaggerated inflammatory responses. Interestingly,
steroid-treated obese adipocytes showed a decrease in GR-α/GR-
β ratio which was further decreased in the presence of IL-17A. IL-
17A was able to decrease the GR-α/GR-β ratio in steroid-treated
lean adipocytes which did respond to Dexa. This finding suggests
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FIGURE 7 | IL-17F production is increased in serum of obese asthmatics. Serum was obtained from lean (BMI < 25 kg/m2), overweight (BMI < 30 kg/m2), obese

(BMI < 35 kg/m2 ), and morbidly obese (BMI > 35 kg/m2 ) asthmatic subjects. (A–C) ELISA was used to assess protein levels of IL-17A, IL-17F, IL-13, respectively. (D)

GR-α/GR-β ratio in subjects with high IL-17F and low IL-17F. n = 43 non-obese subjects, n = 57 obese subjects, Mean ± SE; *P < 0.05.

that IL-17 is capable of altering responses to steroid. In a recent
study on neutrophilic inflammation in asthma, it was shown
that Dexa and IL-17A in combination synergistically induced the
expression of the neutrophil promoting cytokine CSF3 and Dexa
alone failed to alleviate neutrophilic inflammation (37).

In conclusion, our data suggest that IL-17 cytokines
are involved in the inflammatory response seen in obese
subjects. Moreover, IL-17 is involved in the dysregulation
of glucocorticoid receptors which may explain steroid
hyporesponsiveness commonly described in obese asthmatics.
BMI can be used a predictor for steroid responsiveness. IL-17F
and IL-13, which is increased in obese asthmatics, may be
involved in the dysregulation of GR-α/GR-β ratio.
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