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with airway hyperresponsiveness in asthmatic children
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Weixi Zhang, MD, PhD
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ABSTRACT

Introduction: The elevation of T helper (Th)17 cell frequencies and the imbalance of Th17/
regulatory T (Treg) cells occur in asthma pathogenesis. Airway hyperresponsiveness (AHR) is
a cardinal feature of asthma, and Th17 responses can promote AHR. We hypothesized that
changes in Th17 cells and the Th17/Treg ratio correlate with AHR in asthmatic children.
Methods: Twenty asthmatic children and twenty healthy children were included in the
study. The peak expiratory flow (PEF) % pred, forced expiratory volume in 1s (FEV;) % pred
and the FEV,/forced vital capacity (FVC) ratio were measured in all subjects. Methacholine
challenge test (MCT) was performed in asthmatic children. Flow cytometric analysis was
used to determine the proportions of Th17 and Treg cells in peripheral blood mononuclear
cells. ELISA was used to assess serum levels of interleukin (IL)-17A and IL-10.

Results: Th17 cell frequencies (2.272+0.207% in asthmatics, 1.193+£0.131% in controls,
P<0.01) and Th17/Treg ratios (0.371+0.0387 in asthmatics, 0.183+0.020 in controls,
P <0.01) were significantly increased in asthmatic children compared to controls. In asth-
matic children, the MCT grade had positive correlations with the Th17 cell frequencies
[r=0.718, P<0.01], serum IL-17A level [r=0.753, P<0.01] and Th17/Treg ratio [r=0.721,
P <0.01], while the log;o,PD20-FEV; value was negatively correlated with the Th17 cell fre-
quencies [r=—0.654, P < 0.01], serum IL-17A level [r=—0.652, P < 0.01] and Th17/Treg ratio
[r=-0.625, P<0.01].

Conclusion: Th17 cell, IL-17A and Th17/Treg ratio were positively correlated with AHR in
asthmatic children. It may be helpful to monitor Th17 cells and the Th17/Treg ratio as indi-
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cators of AHR in clinical practice.

Introduction

Asthma is currently a serious public health concern.
In 2013, 8.3% of children worldwide suffered from
asthma (1). Asthma appears as a recurrent cough,
wheeze or chest tightness, causing substantial psycho-
logical pressure and financial burdens for asthmatic
children and their families. Airway hyperresponsive-
ness (AHR), which is one of the defining characteris-
tics of asthma, is mainly responsible for these
symptoms. Therefore, measuring AHR is of great
importance for evaluating severity, monitoring pro-
gression and observing treatment effects in asthma
patients in clinical practice. Methacholine challenge
test (MCT) is a highly specific examination of AHR
(2). However, some young asthmatic children cannot

cooperate with the testing procedure, which increases
the difficulty of establishing a definitive diagnosis.
Thus, it is worth exploring more convenient targets
for measuring AHR.

Asthma involves different T cell-driven inflamma-
tory processes, and CD4" T cells remain at the fore-
front of asthma pathogenesis (3). In previous studies,
imbalances of T helper (Th)1 and Th2 cells have been
widely acknowledged as a main cause of asthmatic
disease and considered central to the classic immune
theory in asthma (4). Th17 cells have been reported to
produce the cytokine interleukin (IL)-17 and enhance
Th2 cell-mediated eosinophilic airway inflammation,
which plays a vital role in the pathogenesis of asthma
(5,6). It is wuniversally acknowledged that Thl7
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Table 1. The demographic characteristics and pulmonary
function of control and asthma group.

Control(n = 20) Asthma(n = 20) P
Sex (male/female) 12/8 15/5 0.311
Age (years) 9(6.75, 10.25)° 8.5(6.75, 10) 0.682
PEF % pred (%) 92.85+11.26° 79.14£12.24 <0.01
FEV; % pred (%) 105.62 +10.82 85.38+11.01 <0.01
FEV,/FVC (%) 87.22+4.17 87.71+£7.26 0.797

®Median(interquartile range).
PMean + SD; PEF: peak expiratory flow; FEV;: forced expiratory volume
in1s.

responses and IL-17 can promote AHR (7-10).
Regulatory T (Treg) cells, which secrete IL-10 and
transforming growth factor (TGF)-f, mediate the anti-
inflammatory response and suppress overactive Th2
responses (11). Previous studies revealed that Tregs can
restrain AHR (12-14). It is noteworthy that Treg cells
can also inhibit Th17 cell secretion of IL-17 and sup-
press Th17 differentiation (12,15). Interactions between
Th17 and Treg cells have been proposed to regulate
the evolution of autoimmune and allergic reactions
(16). Jiang H (17) and colleagues found an imbalance
of Th17 and Treg cells in asthmatic mice. Our previous
studies confirmed the presence of the Th17/Treg imbal-
ance in asthmatic children (18). These results showed
that the imbalance of Th17 and Treg cells participates
in the immune milieu of asthma. However, no report
has described the association between Th17/Treg
imbalance and AHR in asthma.

Thus, the purpose of this study was to explore the
association of Th17 cells, Treg cells and the imbalance
of Th17 and Treg cells with AHR. Therefore, we
examined Th17 and Treg cells in all subjects. We also
performed pulmonary function test and MCT to
examine AHR. We hypothesized that the imbalance of
Th17 and Treg cells might be correlated with AHR in
asthmatic children.

Methods
Study subjects

Twenty children with IgE-mediated allergic asthma
and twenty healthy children were included in the
study. Table 1 summarizes the demographic character-
istics of these subjects. The diagnosis of asthma was
made according to the criteria of the Global Initiative
for Asthma (GINA). In addition, all asthmatic patients
were clinically allergic to dust mites and had been
found to have a positive test for dust mite-specific
IgE. None of the patients had been administered corti-
costeroids or other immunosuppressants within one
month before inclusion in the study. All allergic asth-
matic children had no other chronic diseases, and the

healthy children had no chronic diseases, including
allergic disease. None of the subjects suffered from
acute infection in the week before they were recruited
for this study. The study was approved by the Ethical
Committee of the Second Affiliated Hospital and
Yuying Children’s Hospital of Wenzhou Medical
University in China.

Pulmonary function test and MCT

For all subjects, forced expiratory volume in 1s (FEV;),
forced vital capacity (FVC) and peak expiratory flow
(PEF) were measured with a JAEGER MasterScope
Body automated system (JAEGER, Germany) (19). Due
to ethical requirements, we only performed MCT in
asthmatic children. In MCT, cumulative doses of meth-
acholine of 0.4, 1.6, 6.4 and 12.8 umol were adminis-
tered by inhaling the corresponding concentrations of
methacholine diluent (6.25, 25 or 50 mg/ml) in sequence
(20,21). Asthmatic children inhaled incremental doses
of methacholine until the occurrence of a 20% reduc-
tion of FEV;. MCT was considered positive for the
cumulative dose of inhaled methacholine that caused a
20% decrease in FEV,; from baseline. For statistical ana-
lysis, the response was denoted as grade 0 when MCT
yielded a negative result after the patient inhaled the
largest cumulative dose (12.8 umol) of methacholine;
MCT positivity was recorded when a positive result was
obtained with a 12.8, 6.4, 1.6 or 0.4 umol cumulative
dose of inhaled methacholine, which was denoted as
grade 1, 2, 3, or 4, respectively. The provocation dose of
methacholine that produced a 20% decrease in FEV,
(PD20-FEV,) was calculated for asthmatic children who
had positive results on the MCT. For asthmatic children
who had negative results on the MCT, the PD20-FEV,
value was reported as “>12.8 umol” (22,23).

Flow cytometric analysis

Peripheral blood mononuclear cells (PBMCs) were
isolated from peripheral blood by human peripheral
blood lymphocyte separation fluid (TBD Science,
China). CD4"IL-17A" Th17 cells were tagged with
FITC anti-human CD4 and PE anti-human IL-17A
antibodies (BD Bioscience, USA). First, the PBMCs
were cultured for 5h with PMA/Ionomycin/BFA/
Monensin Mixture (Multi Science, China). Second,
the PBMCs were stained with a FITC anti-human
CD4 antibody after culture. Third, the PBMCs were
stimulated with a Fix and Perm cell permeabilization
kit (Multi Science, China) for intracellular staining.
Then, the PBMCs were stained with a PE-labeled anti-



Table 2. The result of methacholine challenge test in
asthmatic subjects.

Asthmatic subjects

MCT Positive (n=17) Negative (n=3)
MCT grade (0/1/2/3/4) 0/6/8/3/0 3/0/0/0/0
PD20-FEV, (umol) 3.86(2.24, 7.10)° >12.8
Log,oPD20-FEV, 0.59(0.35, 0.85) NA

*Median(interquartile range); MCT: methacholine challenge test; PD20-
FEV;: the provocation dose of methacholine that produced a 20%
decrease in FEV;; NA: not applicable.

human IL-17A antibody. For CD4"CD25"CD127°%
Treg cell analysis, the PBMCs were stained with FITC
anti-human CD4, APC anti-human CD25 and PE anti-
human CDI127 antibodies (BD Bioscience, USA).
Matching  fluorescence-conjugated — antibodies  were
selected as the isotype controls. The samples were ana-
lyzed with an FC500 flow cytometer (Beckman Coulter,
USA). Background fluorescence was assessed by the cor-
responding isotype control. KALUZA 2.0 software
(Beckman Coulter, USA) was used to analyze the data.

Quantitative real-time PCR (QRT-PCR)

Total RNA in PBMCs was extracted by TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s
protocol. The RNA was evaluated and quantified by a
Thermo Scientific Nanodrop 2000 Spectrophotometer
(Thermo Scientific, USA). For mRNA detection, total
RNA was reverse transcribed using PrimeScript RT
Master Mix (TaKaRa, Japan). The expression of mRNA
was detected using LightCycler 480 SYBR Green I
Master Mix (Roche, Switzerland) on a LightCycler 480
System (Roche, Switzerland). GAPDH was used as an
internal control. The following gene-specific primers
were used: GAPDH, 5-GGACCTGACCTGCCG
TCTAG-3 (forward) and 5-GTAGCCCAGGATG
CCCTTGA-3' (reverse); retinoic acid-related orphan
receptor yt (RORyt) RORyt, 5-AATCTCATCCTCGG
AAAAGTG-3 (forward) and 5-CAATGGAAGTGGTG
CTGGTTA-3" (reverse); and Foxp3, 5-TGGAGG
AACTCTGGGAATGTG-3' (forward) and 5-AGG
CTTCATCTGTGGCATCAT-3" (reverse). The Ct
value of each sample was normalized to the level of
GAPDH, and relative expression was calculated by the
2744 method.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-17A and IL-10 in the serum
were determined using ELISA following the manufac-
turer’s instructions. The ELISA kit was purchased
from Boyun (Shanghai, China).
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Statistical analysis

Pearson’s Chi-square test and independent-samples
t-tests were used to analyze differences between
groups. The correlation coefficient r was generated
using Spearman’s rank correlation. A p values of less
than 0.01 was considered statistically significant.

Results
Characteristics of the study subjects

Table 1 shows that the two groups were similar in
composition in terms of age and sex.

Pulmonary function test and MCT

Asthmatic  subjects had lower PEF % pred
(79.14£12.24% in asthma patients, 92.85+11.26% in
controls, P<0.01) and FEV;% pred (85.38+11.01% in
asthma patients, 105.62+10.82% in controls, P < 0.01)
compared to healthy subjects. FEV,/FVC was not
significantly ~ different between asthma patients
(87.71£7.26%) and healthy controls (87.22 +4.17%)
(P=0.797) (Table 1). Among asthmatic children, seven-
teen subjects had positive results on the MCT, and
three subjects had negative MCT results (Table 2).

Increased Th17 cell frequencies and Th17/Treg
ratios in peripheral blood from asthmatic patients

The proportions of Th17 and Treg cells among CD4™"
cells in peripheral blood from the study subjects were
determined by flow cytometric analysis (Figure 1). Th17
cell frequencies were significantly increased in asthmatic
children (2.272+0.207%) compared to those in healthy
subjects  (1.193£0.131%) (P<0.01) (Figure 2a).
However, Treg cells did not show a significant difference
between asthma patients (6.341+0.261%) and healthy
controls (6.680+0.267%) (P=0.369) (Figure 2b). As
shown in Figure 2c, the Th17/Treg ratio tended to be
higher in the asthma group (0.371+0.0387) than in the
control group (0.183+0.020) (P<0.01). Using QRT-
PCR analysis, we found that the mRNA expression of
the Th17 lineage-specifying transcription factor RORyt
was significantly upregulated in the asthma group
(1.559+0.184) compared to that in the control group
(0.952£0.103) (P<0.01) (Figure 2d), while the mRNA
expression of the transcription factor Foxp3 in Treg cells
showed no significant difference between asthma patients
(1.236£0.101) and healthy controls (1.207+0.167)
(P=10.882) (Figure 2e). The QRT-PCR results were con-
sistent with the results of flow cytometric analysis.
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Figure 1. Representative Flow cytometric analysis figures of CD4*IL-17A*Th17 cells (a) and CD4"CD25+CD127°"Treg cells (b)
from individual of each group. The percentage of positive cells is shown in each panel.

Altered production of Th17 and Treg cytokines

IL-17A and IL-10 are the dominant cytokines pro-
duced by Th1l7 and Treg cells, respectively. Using
ELISA, we found that the level of IL-17A was signifi-
cantly higher in the asthma group [(61.931 +4.387)

pg/ml] than in the control group [(37.137 £1.772) pg/
ml] (P<0.01) (Figure 2f. However, serum levels of
IL-10 did not show a significant difference between
asthma patients [(173.187£16.125) pg/ml] and con-
trols [(165.992 +16.959) pg/ml] (P=0.76) (Figure 2g).
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Correlations of Th17 cell frequencies with
pulmonary function and MCT in the asthma group

PEF % pred, FEV% pred and FEV,/FVC are com-
mon pulmonary function surveillance indicators used
in the assessment of asthma. As shown in Figure 3a,
b, and ¢, PEF % pred, FEV,% pred and FEV,/FVC
had no significant correlations with the percentage of
Th17 cells. Similarly, PEF % pred, FEV,% pred and
FEV/FVC had no significant correlations with IL-
17A expression (Figure 3d, e, and f). It is worth not-
ing that Thl7 cell frequencies [r=0.718, 95% CI
(0.392 to 0.884), P < 0.01] (Figure 3g) and IL-17A lev-
els [r=0.753, 95% CI (0.445 to 0.900), P<0.01]
(Figure 3i) were positively correlated with MCT grade.
The Thl7 cell frequencies [r=—0.654, 95% CI
(—0.867 to —0.239), P<0.01] (Figure 3h) and serum
IL-17A level [r=—0.652, 95% CI (—0.866 to —0.235),

P <0.01] (Figure 3j) were negatively correlated with
the log;(PD20-FEV; value.

Correlation of Treg cell frequencies with MCT
grade in the asthma group

There was no significant correlation between MCT grade
and Treg cell frequencies (Figure 3k). Similarly, MCT
grade was not correlated with IL-10 levels (Figure 31).

Correlations of the Th17/Treg ratio with
pulmonary function and MCT in the asthma group

FEV1% pred and FEV,/FVC had no significant correl-
ation with the Th17/Treg ratio (Figure 4b and o).
However, PEF % pred and the Th17/Treg ratio showed
a trend toward a negative correlation [r=—0.430, 95%
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Figure 3. Correlations between the percentage of Th17 in CD4" T cells with PEF%pred (a), FEV;%pred (b), FEV,/FVC (c), MCT
grade (g) and log;o,PD20-FEV, (h) in asthmatic children. Correlations between IL-17A with PEF%pred (d), FEV,%pred (e), FEV,/FVC
(f, MCT grade (i) and log,oPD20-FEV; (j) in asthmatic children. Correlations between the percentage of Treg in CD4" T cells (k)

and IL-10 (l) with MCT grade in asthmatic children.

CI (—0.749 to 0.030), P=0.059] (Figure 4a), although
the correlation was not statistically significant.
Furthermore, the Th17/Treg ratio was positively corre-
lated with MCT grade [r=0.721, 95% CI (0.397 to
0.885), P < 0.01] (Figure 4d), and was negatively corre-
lated with the log;,PD20-FEV, value [r=—0.625, 95%
CI (—0.625 to —0.191), P < 0.01] (Figure 4e).

Discussion

In our study, we confirmed the elevation of Th17 cell
frequencies and the Th17/Treg ratio in asthmatic chil-
dren compared to controls. We found that circulating
Th17 cells, IL-17A levels and the Thl7/Treg ratio
were positively correlated with MCT grade, while
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Th17 cells, IL-17A levels and the Thl17/Treg ratio
were negative correlated with the log;(PD20-FEV; in
asthmatic children. These findings suggested that
Th17 responses and Th17/Treg imbalance are associ-

ated with AHR.

Th17 cells, which express the characteristic tran-
scription factor RORyt and produce IL-17, play a
critical role in the pathogenesis of asthma. Evidence
shows that the elevation of Thl7 cells and IL-17 in

asthma participates in the development

was reported that chronic obstructive pulmonary dis-
ease (COPD) patients have an elevation of Th17 cells
in the blood, and the level of blood Th17 cells had a
negative association with FEV,% (24).
patients, the quantity of CD4'IL-17" cells in the
small airways exhibited a positive correlation with

airflow limitation (25). This evidence

association between Thl7 cells and airflow obstruc-
tion. However, this association between Thl7 and
airflow obstruction targets, such as PEF % pred,
FEV 1% pred and FEV,/FVC, was not confirmed in
asthmatic subjects in our study. Our previous works
showed that IL-17A and Thl7 cells were positively

correlated with airway resistance after

methacholine challenge in an obese asthmatic mouse
model (26). Similarly, we found that the proportion
of Th17 cells in CD4™ T cells and the level of serum
IL-17A were positively correlated with AHR in asth-

matic children.
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Treg cells play a critical role in normal immune
responses, mainly in terms of maintaining immuno-
logical tolerance and limiting excessive immune
responses (27). In asthma, Treg cells suppress inflam-
matory cells, including Th2 and Thl7 cells (12,28),
thus inhibiting airway inflammation and AHR (11).
Previous studies have shown that inhaled corticoster-
oid (ICS) treatment, which is the standard drug treat-
ment for asthma patients, elevated the level of Treg
cells (29,30). Lee JH (31) found that children with
moderate to severe asthma had higher Treg cell levels
than children with mild asthma. Therefore, the sever-
ity of asthma, previous anti-asthma treatment and
asthma control influenced the overall level of Treg
cells in asthma patients. Several different opinions
about Treg levels in asthma have been reported. Our
study found no significant difference in Treg cell lev-
els between asthmatic patients and healthy children.
Similarly, Furukawa T (32) found that the percentage
of Treg cells was not significantly different between
the asthma group and the control group. Interestingly,
Hartl D (30) found that Treg cells decreased in
patients with allergic asthma, but Singh AM (29)
found that asthmatic children had higher Treg levels
than those in the controls. It is definitely worthwhile
to investigate the association between Treg cells and
AHR in view of Treg suppressing Th2 and Th17 cells
which contribute to AHR in asthma. Previous studies
suggested that infusion of Treg cells and depletion of

of AHR. It

In COPD

suggests an

inhalational
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Treg cells alleviated and aggravated the degree of
AHR, respectively (12,14). In mouse models of allergic
airway disease, AHR can be alleviated by intravenous
immunoglobulin (IVIg), which is associated with a
significant increase in Treg cells. After depleting Treg
cells, IVIg failed to attenuate AHR (33). These find-
ings suggest that Treg cells are essential mediators of
immune homeostasis that suppress AHR, although we
did not find a significant linear correlation between
Treg cell frequencies and MCT grade in asth-
matic children.

It is universally acknowledged that the balance
between Th17 and Treg cells participates in the patho-
genesis of immune disorders. The Th17/Treg balance
trends toward the proinflammatory Th17 side in sev-
eral autoimmune disorders, including rheumatoid
arthritis and multiple sclerosis (34), as well as in aller-
gic diseases, including atopic dermatitis, asthma and
allergic rhinitis (35,36). The balance of Th17 and Treg
cells embodies the interrelation between the Th17 and
Treg responses. Therefore, it is also worth considering
the impact of Th17/Treg imbalance on AHR. The
Foxp3/RORyt ratio was positively correlated with lung
function in COPD patients (37). In this study, the
Th17/Treg ratio and PEF % pred showed a trend
toward a negative correlation. Th17/Treg imbalance
might be associated with airflow limitation. It is note-
worthy that the Th17/Treg ratio was positively corre-
lated with the MCT grade in asthmatic children. In
addition, ICS is a conventional treatment for asthma
and can decrease AHR (38). Previous studies have
shown that fluticasone can reduce Th17 cells and
increase Treg cells in a dose-dependent manner (16).
The percentages of Treg cells in peripheral blood and
bronchoalveolar lavage fluid were increased in asth-
matic children after ICS treatment (30). These find-
ings verified that the imbalance of Th17 and Treg
cells is associated with AHR in asthmatic subjects. In
addition, restoration of the Th17/Treg imbalance gen-
erated by ICS treatment may contribute to the reduc-
tion of AHR. Taken together, these findings suggest
the capacity of the Th17/Treg ratio to reflect the
degree of AHR.

According to our study, Th17 cell frequencies and
the Th17/Treg ratio in the peripheral blood were posi-
tively correlated with AHR and might be auxiliary tar-
gets for measuring AHR. These targets warrant
thorough investigations to affirm their use in clinical
applications. Even though this is a small sample study,
we believe that our work provides connections between
fundamental animal research, clinical research and clin-
ical applications.

Conclusion

The evidence presented in our study confirmed the
imbalance of Th17 and Treg cells in asthmatic chil-
dren. Furthermore, Th17 cell frequencies, IL-17A lev-
els and the Th17/Treg ratio were positively correlated
with AHR in asthmatic children. The Th17 cell level
and the Thl17/Treg ratio appeared to be useful
for monitoring the immune state and measuring AHR
in asthma patients, which might be a promising
approach for facilitating diagnosis, assessing the effi-
cacy of pharmacologic interventions and investigating
the pathophysiology of asthma.

Declaration of interest

No potential conflict of interest was reported by
the author(s).

Funding

This was supported by the National Natural Science
Foundation of China, Grant number: 81770030; Natural
Science Foundation of Zhejiang Province, Grant number:
LY15H010006; Science and Technology Department of
Zhejiang Province, Grant number: 2016C33182; Medical
and Health Science and Technology Project of Zhejiang
Province, Grant number: 2014RCA020; Zhejiang Provincial
Program for the Cultivation of High-level Innovative
Health Talents

References

1. Akinbami L], Simon AE, Rossen LM. Changing trends
in asthma prevalence among children. Pediatrics 2016;
137(1):€20152354-2354. doi:10.1542/peds.2015-2354.

2. Charron CB, Pakhalé S. The role of airway hyperres-
ponsiveness measured by methacholine challenge test
in defining asthma severity in asthma-obesity syn-
drome. Curr Opin Allergy Clin Immunol 2016;16(3):
218-223. doi:10.1097/ACI1.0000000000000272.

3. Muehling LM, Lawrence MG, Woodfolk JA.
Pathogenic CD4" T cells in patients with asthma. J
Allergy Clin Immunol 2017;140(6):1523-1540. doi:10.
1016/j.jaci.2017.02.025.

4. Ray A, Cohn L. Altering the Th1/Th2 balance as a
therapeutic strategy in asthmatic diseases. Curr Opin
Investig Drugs 2000;1(4):442-448.

5. Lajoie S, Lewkowich IP, Suzuki Y, Clark JR, Sproles
AA, Dienger K, Budelsky AL, Wills-Karp M.
Complement-mediated regulation of the IL-17A axis
is a central genetic determinant of the severity of
experimental allergic asthma. Nat Immunol 2010;
11(10):928-935. doi:10.1038/ni.1926.

6. Wakashin H, Hirose K, Maezawa Y, Kagami S, Suto
A, Watanabe N, Saito Y, Hatano M, Tokuhisa T,
Iwakura Y, et al. IL-23 and Th17 cells enhance Th2-
cell-mediated eosinophilic airway inflammation in


https://doi.org/10.1542/peds.2015-2354
https://doi.org/10.1097/ACI.0000000000000272
https://doi.org/10.1016/j.jaci.2017.02.025
https://doi.org/10.1016/j.jaci.2017.02.025
https://doi.org/10.1038/ni.1926

10.

11.

12.

13.

14.

15.

16.

17.

18.

mice. Am ] Respir Crit Care Med 2008;178(10):
1023-1032. doi:10.1164/rccm.200801-0860C.

Wilson RH, Whitehead GS, Nakano H, Free ME, Kolls
JK, Cook DN. Allergic sensitization through the airway
primes Th17-dependent neutrophilia and airway hyper-
responsiveness. Am ] Respir Crit Care Med 2009;
180(8):720-730. doi:10.1164/rccm.200904-05730C.
Kudo M, Melton AC, Chen C, Engler MB, Huang
KE, Ren X, Wang Y, Bernstein X, Li JT, Atabai K,
et al. IL-17A produced by aff T cells drives airway
hyper-responsiveness in mice and enhances mouse
and human airway smooth muscle contraction. Nat
Med 2012;18(4):547-554. doi:10.1038/nm.2684.
Joetham A, Schedel M, O’Connor BP, Kim S, Takeda
K, Abbott J, Gelfand EW. Inducible and naturally
occurring regulatory T cells enhance lung allergic
responses through divergent transcriptional pathways.
J Allergy Clin Immunol 2017;139(4):1331-1342. doi:
10.1016/j.jaci.2016.06.051.

Kim HY, Lee HJ, Chang Y-J, Pichavant M, Shore SA,
Fitzgerald KA, Iwakura Y, Israel E, Bolger K, Faul J,
et al. Interleukin-17-producing innate lymphoid cells
and the NLRP3 inflammasome facilitate obesity-asso-
ciated airway hyperreactivity. Nat Med 2014;20(1):
54-61. doi:10.1038/nm.3423.

Robinson DS. Regulatory T cells and asthma. Clin
Exp Allergy 2009;39(9):1314-1323. doi:10.1111/j.1365-
2222.2009.03301.x.

Whitehead GS, Wilson RH, Nakano K, Burch LH,
Nakano H, Cook DN. IL-35 production by inducible
costimulator (ICOS)-positive regulatory T cells
reverses established IL-17-dependent allergic airways
disease. J Allergy Clin Immunol 2012;129(1):207-215.
doi:10.1016/j.jaci.2011.08.009.

Mays LE, Ammon-Treiber S, Mothes B, Alkhaled M,
Rottenberger J, Miiller-Hermelink ES, Grimm M,
Mezger M, Beer-Hammer S, Stebut E, et al. Modified
Foxp3 mRNA protects against asthma through an IL-
10-dependent mechanism. J Clin Invest 2013;123(3):
1216-1228. doi:10.1172/JCI65351.

Huang MT, Dai YS, Chou YB, Juan YH, Wang CC,
Chiang BL. Regulatory T cells negatively regulate neo-
vasculature of airway remodeling via DLL4-Notch sig-
naling. ] Immunol 2009;183(7):4745-4754. doi:10.
4049/jimmunol.0804371.

Zhou L, Lopes JE, Chong MM, Ivanov II, Min R,
Victora GD, Shen Y, Du J, Rubtsov YP, Rudensky AY,
et al. TGF-f-induced Foxp3 inhibits TH17 cell differ-
entiation by antagonizing RORyt function. Nature
2008;453(7192):236-240. doi:10.1038/nature06878.
Maneechotesuwan K, Kasetsinsombat K,
Wamanuttajinda V, Wongkajornsilp A, Barnes PJ.
Statins enhance the effects of corticosteroids on the
balance between regulatory T cells and Th17 cells.
Clin Exp Allergy 2013;43(2):212-222. doi:10.1111/cea.
12067.

Jiang H, Wu X, Zhu H, Xie Y, Tang S, Jiang Y.
Foxp3™" Treg/Th17 cell imbalance in lung tissues of
mice with asthma. Int J Clin Exp Med 2015;8(3):
4158-4163.

Li C, Sheng A, Jia X, Zeng Z, Zhang X, Zhao W,
Zhang W. Thl7/Treg dysregulation in allergic

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

JOURNAL OF ASTHMA 9

asthmatic children is associated with elevated notch
expression. J Asthma 2018;55(1):1-7. doi:10.1080/
02770903.2016.1266494.

Jiang M, Gao Y, Zhong NS, Chen WQ, Guan WJ,
Zheng JP. Spirometric reference values for healthy
Han children aged 5-15 years in Guangzhou, southern
China. Pediatr Pulmonol 2015;50(10):1009-1016. doi:
10.1002/ppul.23099.

Zheng JP, Gao Y, Song YL, Sun XG, Jiang LF, Wang
HW, Li Q, Que CL, Han JN, Zhao GL, et al
Guidelines for pulmonary function test (part iii): his-
tamine and methacholine bronchial provocation test.
Chin ] Tuberc Respir Dis 2014;37(8):566-571.

Guan W], Zheng JP, Gao Y, Jiang CY, Xie YQ, An
JY, Yu XX, Liu WT, Zhong NS. Leukotriene D4 and
methacholine bronchial provocation tests for identify-
ing leukotriene-responsiveness subtypes. ] Allergy
Clin Immunol 2013;131(2):332-338. doi:10.1016/j.jaci.
2012.08.020.

Crapo RO, Casaburi R, Coates AL, Enright PL,
Hankinson JL, Irvin CG, Maclntyre NR, McKay RT,
Wanger ]S, Anderson SD, et al. Guidelines for metha-
choline and exercise challenge testing-1999. Am ]
Respir Crit Care Med 2000;161(1):309-329. doi:10.
1164/ajrccm.161.1.ats11-99.

Dell SD, Bola SS, Foty RG, Marshall LC, Nelligan KA,
Coates AL. Provocative dose of methacholine causing a
20% drop in FEV; should be used to interpret metha-
choline challenge tests with modern nebulizers. Ann
ATS  2015;12(3):357-363.  doi:10.1513/AnnalsATS.
201409-4330C.

Vargas-Rojas  MI, Ramirez-Venegas A, Limon-
Camacho L, Ochoa L, Hernandez-Zenteno R,
Sansores RH. Increase of Thl7 cells in peripheral
blood of patients with chronic obstructive pulmonary
disease. Respir Med 2011;105(11):1648-1654. doi:10.
1016/j.rmed.2011.05.017.

Zhang ], Chu S, Zhong X, Lao Q, He Z, Liang Y.
Increased expression of CD4"IL-17" cells in the lung
tissue of patients with stable chronic obstructive pul-
monary disease (COPD) and smokers. Int
Immunopharmacol 2013;15(1):58-66. doi:10.1016/j.
intimp.2012.10.018.

Zeng Z, Lin X, Zheng R, Zhang H, Zhang W. Celastrol
alleviates airway hyperresponsiveness and inhibits Th17
responses in obese asthmatic mice. Front Pharmacol
2018;9:49d0i:10.3389/fphar.2018.00049.

Sakaguchi S, Sakaguchi N, Shimizu ], Yamazaki S,
Sakihama T, Itoh M, Kuniyasu Y, Nomura T, Toda
M, Takahashi T. Immunologic tolerance maintained
by CD257CD4" regulatory T cells: their common
role in controlling autoimmunity, tumor immunity,
and transplantation tolerance. Immunol Rev 2001;
182(1):18-32. doi:10.1034/j.1600-065X.2001.1820102.x.
Palomares O, Yaman G, Azkur AK, Ak- Koc T, Akdis
M, Akdis CA. Role of Treg in immune regulation of
allergic diseases. Eur ] Immunol 2010;40(5):
1232-1240. doi:10.1002/€ji.200940045.

Singh AM, Dahlberg P, Burmeister K, Evans MD,
Gangnon R, Roberg KA, Tisler C, Dasilva D, Pappas
T, Salazar L, et al. Inhaled corticosteroid use is associ-
ated with increased circulating T regulatory cells in


https://doi.org/10.1164/rccm.200801-086OC
https://doi.org/10.1164/rccm.200904-0573OC
https://doi.org/10.1038/nm.2684
https://doi.org/10.1016/j.jaci.2016.06.051
https://doi.org/10.1038/nm.3423
https://doi.org/10.1111/j.1365-2222.2009.03301.x
https://doi.org/10.1111/j.1365-2222.2009.03301.x
https://doi.org/10.1016/j.jaci.2011.08.009
https://doi.org/10.1172/JCI65351
https://doi.org/10.4049/jimmunol.0804371
https://doi.org/10.4049/jimmunol.0804371
https://doi.org/10.1038/nature06878
https://doi.org/10.1111/cea.12067
https://doi.org/10.1111/cea.12067
https://doi.org/10.1080/02770903.2016.1266494
https://doi.org/10.1080/02770903.2016.1266494
https://doi.org/10.1002/ppul.23099
https://doi.org/10.1016/j.jaci.2012.08.020
https://doi.org/10.1016/j.jaci.2012.08.020
https://doi.org/10.1164/ajrccm.161.1.ats11-99
https://doi.org/10.1164/ajrccm.161.1.ats11-99
https://doi.org/10.1513/AnnalsATS.201409-433OC
https://doi.org/10.1513/AnnalsATS.201409-433OC
https://doi.org/10.1016/j.rmed.2011.05.017
https://doi.org/10.1016/j.rmed.2011.05.017
https://doi.org/10.1016/j.intimp.2012.10.018
https://doi.org/10.1016/j.intimp.2012.10.018
https://doi.org/10.3389/fphar.2018.00049
https://doi.org/10.1034/j.1600-065X.2001.1820102.x
https://doi.org/10.1002/eji.200940045

10 R. ZHENG ET AL.

30.

31.

32.

33.

children with asthma. Clin Mol Allergy 2013;11(1):1.
doi:10.1186/1476-7961-11-1.

Hartl D, Koller B, Mehlhorn AT, Reinhardt D,
Nicolai T, Schendel DJ, Griese M, Krauss-Etschmann
S. Quantitative and functional impairment of pulmon-
ary CD4"CD25" regulatory T cells in pediatric
asthma. J Allergy Clin Immunol 2007;119(5):
1258-1266. doi:10.1016/j.jaci.2007.02.023.

Lee JH, Yu HH, Wang LC, Yang YH, Lin YT, Chiang
BL. The levels of CD4*CD25" regulatory T cells in
paediatric patients with allergic rhinitis and bronchial
asthma. Clin Exp Immunol 2007;148(1):53-63. doi:10.
1111/j.1365-2249.2007.03329.x.

Furukawa T, Sakagami T, Koya T, Hasegawa T,
Kawakami H, Kimura Y, Hoshino Y, Sakamoto H,
Shima K, Tsukioka K, et al. Characteristics of eosino-
philic and non-eosinophilic asthma during treatment
with inhaled corticosteroids. J Asthma 2015;52(4):
417-422. d0i:10.3109/02770903.2014.975357.

Massoud AH, Kaufman GN, Xue D, Béland M,
Dembele M, Piccirillo CA, Mourad W, Mazer BD.
Peripherally generated Foxp3 regulatory T cells medi-
ate the immunomodulatory effects of IVIg in allergic
airways disease. JI 2017;198(7):2760-2771. doi:10.
4049/jimmunol.1502361.

34.

35.

36.

37.

38.

Jadidi-Niaragh F, Mirshafiey A. The deviated balance
between regulatory T cell and Th17 in autoimmunity.
Immunopharmacol Immunotoxicol 2012;34(5):
727-739. doi:10.3109/08923973.2011.619987.

Ma L, Xue HB, Guan XH, Shu CM, Wang F, Zhang
JH, An RZ. The imbalance of Thl7 cells and
CD4"CD25"¢"Foxp3™ Treg cells in patients with
atopic dermatitis. J Eur Acad Dermatol Venereol
2014;28(8):1079-1086. doi:10.1111/jdv.12288.

Huang F, Yin JN, Wang HB, Liu SY, Li YN.
Association of imbalance of effector T cells and regu-
latory cells with the severity of asthma and allergic
rhinitis in children. Allergy Asthma Proc 2017;38(6):
70-77. doi:10.2500/aap.2017.38.4076.

Imani S, Salimian J, Fu J, Ghanei M, Panahi Y. Th17/
Treg-related cytokine imbalance in sulfur mustard
exposed and stable chronic obstructive pulmonary
(COPD) patients: correlation with disease activity.
Immunopharmacol Immunotoxicol 2016;38(4):
270-280. doi:10.1080/08923973.2016.1188402.

Zheng S, Yu Q, Zeng X, Sun W, Sun Y, Li M. The
influence of inhaled corticosteroid discontinuation in
children with well-controlled asthma. Medicine 2017;
96(35):e7848. doi:10.1097/MD.0000000000007848.


https://doi.org/10.1186/1476-7961-11-1
https://doi.org/10.1016/j.jaci.2007.02.023
https://doi.org/10.1111/j.1365-2249.2007.03329.x
https://doi.org/10.1111/j.1365-2249.2007.03329.x
https://doi.org/10.3109/02770903.2014.975357
https://doi.org/10.4049/jimmunol.1502361
https://doi.org/10.4049/jimmunol.1502361
https://doi.org/10.3109/08923973.2011.619987
https://doi.org/10.1111/jdv.12288
https://doi.org/10.2500/aap.2017.38.4076
https://doi.org/10.1080/08923973.2016.1188402
https://doi.org/10.1097/MD.0000000000007848

	Abstract
	Introduction
	Methods
	Study subjects
	Pulmonary function test and MCT
	Flow cytometric analysis
	Quantitative real-time PCR (QRT-PCR)
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Characteristics of the study subjects
	Pulmonary function test and MCT
	Increased Th17 cell frequencies and Th17/Treg ratios in peripheral blood from asthmatic patients
	Altered production of Th17 and Treg cytokines
	Correlations of Th17 cell frequencies with pulmonary function and MCT in the asthma group
	Correlation of Treg cell frequencies with MCT grade in the asthma group
	Correlations of the Th17/Treg ratio with pulmonary function and MCT in the asthma group

	Discussion
	Conclusion
	Declaration of interest
	References


