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Indoleamine 2,3-dioxygenase ameliorates airway inflammation by decreasing the Th17 cell response in neutrophilic asthma model
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【Abstract】

Background: Currently, no effective treatment method is available for neutrophilic asthma. Th17 play an important role in the promotion of asthma inflammation. And IDO-dependent tryptophan metabolism has been shown to act as a molecular “switch” for the conversion of Th17 cells into Tregs under certain conditions. 
Objective: Therefore this study aimed to regulate IDO expression in vivo and in vitro in a neutrophilic asthma animal model and investigate whether IDO could reduce Th17 cells and the secretion of related factors to ameliorate airway hyperreactivity and inflammation in neutrophilic asthma. 
Methods: A neutrophilic asthma model was established using ovalbumin（OVA）and lipopolysaccharide. IDO expression in the model mice was regulated using an IDO inducer and an IDO inhibitor. Th17 cells and the secretion of related factors were examined, and changes in airway hyperreactivity and inflammation were observed. Plasmacytoid dendritic cells and naïve CD4+ T cells were cocultured in vitro. After OVA stimulation and IDO inhibitor treatment, changes in Th17 cells and the secretion of related factors were examined.
Results: Airway hyperreactivity and inflammation were ameliorated in the neutrophilic asthma model mice in the IDO induction group. IDO reduced Th17 cells and inflammatory cytokine secretion (IL-17, IL-6, and TGF-β1).
Conclusion: IDO ameliorated airway hyperreactivity and inflammation in neutrophilic asthma. The mechanisms may be associated with the influence of the differentiation direction of CD4+ T (Th0) cells and inhibition of Th17 cell production. These results will provide new bases for potential therapeutic targets for the prevention and treatment of neutrophilic asthma using IDO.
【Keywords】indoleamine 2,3-dioxygenase, Th17, neutrophilic asthma 
Introduction
Bronchial asthma is usually called “allergic asthma” due to airway eosinophil infiltration. Currently, corticosteroid inhalation therapy (or combination treatment with bronchodilators) is the major treatment measure for asthma. However, glucocorticoid therapy has been confirmed to have poor treatment effects in some asthma patients who exhibit increased neutrophils in the airway; therefore, this type of asthma is called “neutrophilic asthma” 
 ADDIN EN.CITE 

[1]
. 
Asthma is chronic inflammation of the airway involving various types of inflammatory cells and cell components, in which T lymphocytes play a critical role. Based on their differentiation and functional characteristics, CD4+ T cells are classified into helper T cells (including Th1, Th2, and Th7 cells) and regulatory T cells (Tregs). Th17 cells have been confirmed to be closely associated with the development of neutrophilic asthma. The percentage of Th17 cells in the airways of neutrophilic asthma patients is higher than that of Th2 cells (which are considered important immune cells involved in asthma) 
 ADDIN EN.CITE 

[2]
. Th17 cells are characterized by IL-17 secretion; these cells mainly present antigens, promote inflammatory immune responses, and play an important role in the promotion of asthma inflammation 
 ADDIN EN.CITE 

[3]
. A large amount of IL-17A has been detected in pediatric patients with severe asthma; this cytokine can activate epithelial cells to secrete CXCL8 and promote neutrophilic asthma development [4].

Currently, in addition to a Th2 cell bias, CD4+ cells are considered to have a Th17 cell bias under the influence of some factors during asthma development to suppress Treg production 


[5] ADDIN EN.CITE . Tregs are a negative feedback regulatory mechanism of T cell activation. These cells can control responses that involve T cells within a reasonable range to avoid damaging the body. They usually play an important role in the maintenance of self-tolerance and prevent the body damage caused by excessive immune responses. Tregs have been confirmed to play an important role in the prevention and treatment of asthma 


[6] ADDIN EN.CITE . Th17 cells and Tregs originate from the same precursor cells [CD4+ T cells (Th0)]. Therefore, suppression of Th17 cell production and promotion of Treg production during treatment of neutrophilic asthma is expected to lead to amelioration of airway inflammation. 
Indoleamine 2,3-dioxygenase (IDO)-dependent tryptophan metabolism has been shown to act as a molecular “switch” for the conversion of Th17 cells into Tregs under certain conditions [7]. IDO is a rate-limiting enzyme of tryptophan catabolism and plays an important role in peripheral immune tolerance. The functions of this enzyme in pregnancy, organ transplantation, and tumor immune tolerance have become research hotspots in recent years 


[8, 9] ADDIN EN.CITE . Our previous study showed that the IDO level was decreased in children with allergic asthma [10]. Bettelli et al confirmed that Th17 cells and Tregs in mice were produced from the same precursor cells (CD4+ Foxp3- T cells) differentiated under different cytokine environments 


[11, 12] ADDIN EN.CITE . Chen et al confirmed that IDO expression was necessary for inducing plasmacytoid dendritic cells (pDCs) to produce Tregs in humans 


[13] ADDIN EN.CITE .

In summary, this study proposed the following hypothesis. During the development of neutrophilic asthma, the IDO+ pDC subpopulation causes a bias in the differentiation of precursor Th0 cells into Th17 cells due to the reduction of the IDO level during the antigen presentation process. This bias reduces the proportion of Tregs, resulting in aggravation of airway inflammation in neutrophilic asthma patients.

To validate the above hypothesis, this study first confirmed the association of IDO with Th17 cells and their inflammatory cytokines in a neutrophilic asthma mouse model. In addition, using coculture of pDCs and CD4+ T (Th0) cells and IDO-related interventions in in vitro experiments, we confirmed that the mechanisms by which IDO exerted its functions might be associated with influencing of the Th0 cell differentiation direction by pDCs, reduction of Th17 cell production, and promotion of Treg production to inhibit airway inflammatory responses in neutrophilic asthma.

The cell culture experiments were divided into the following 3 groups: group 1 included coculture of pDCs from the neutrophilic asthma model with naïve CD4+ T cells (coculture, CC); group 2 involved coculture of pDCs from the neutrophilic asthma model with naïve CD4+ T cells, followed by OVA treatment (CC+OVA); and group 3 involved coculture of pDCs from the neutrophilic asthma model with naïve CD4+ T cells, followed by OVA and IDO inhibitor treatment (CC+OVA+IH).  

Materials and methods

1）Materials

（1）Mice
Pathogen-free female C57BL/6 mice were used, aged between 4 and 6 weeks and maintained in specific pathogen-free conditions, with the temperature at 23–25 °C and the humidity at 50–60%. The dark/light cycle was 12/12 h. All mice were fed adaptively for one week..The mice were randomly divided into four groups: normal control group, (NC); neutrophil asthma group, (NA); IDO inhibitor group, group (IH); IDO inducer group (ID). There were 6 rats in each group. The Institutional Animal Care and Use Committee approved all animal experiments.
（2）Main reagents and equipment
Ovalbumin (Sigma)，LPS (Sigma)、Mouse Th2 Cell Multi-Color Flow Cytometry Kit（R&D,USA, Catalog Number: FMC012）、FlowXTM Mouse Regulatory T Cell Multi-Color Flow Cytometry Kit（R&D,USA, Catalog Number: FMC022），Atomizer purchased from Pari-Master, Germany，Atomization particle diameter 0.5 ~ 0.5 μ m。Standard Enzymatic Standard instrument purchased from Bot Company, USA，Automatic balance centrifuge (De Lin Diagnostic products Co., Ltd)，Optical microscope of Olympus Company of Japan；Becton Dickinson flow cytometry(USA)。
2）Methods
（1）Establishment of animal model：

A murine model of neutrophilic asthma characterized by Th17 responses was generated as described previously（Zhang F et al.Recombinant HMGB1 A box protein inhibits Th17 responses in mice with neutrophilic asthma by suppressing dendritic cell-mediated Th17 polarization l[J],Int Immunopharmacol.2015;24(1):110-8）


[14] ADDIN EN.CITE . As shown in Fig. 1
① Neutrophil Asthma group（NA）：Mice received intranasal sensitization with 20(l sensitizing solution (75 μg Ovalbumin (Sigma) plus 10 μg LPS (Sigma) )on days 0, 1, 2 and 7, and were then challenged by intranasal instillation of 20(l excitation solution (50 μg OVA alone) on days 15, 22 and 28. PBS was subcutaneously injected intraperitoneally as a control before each OVA challenge on days 14, 21 and 27. All mice were sacrificed for further analysis in 24 h after the last OVA challenge.
② Normal Control group（NC）： Mice sensitized with phosphate-buffered saline (PBS) and challenged with OVA, The remaining processing schemes remain the same as before;

③ IDO inhibitor group, group (IH)：The Construction of Asthma Model is same as mentioned earlier，1-MT, an inhibitor of IDO, is administered by subcutaneous peritoneal injection before each OVA challenge on days 14, 21 and 27. The dose is 5mg/time(6 times. The remaining processing schemes remain the same as before;
④ IDO inducer group (ID) ：The Construction of Asthma Model is same as mentioned earlier，ISS-ODN, an inducer of IDO, is administered by subcutaneous peritoneal injection before each OVA challenge on days 14, 21 and 27. The dose is 5mg/time(6 times. The remaining processing schemes remain the same as before;
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Fig 1: Protocol of a murine model of neutrophilic asthma and experimental intervention. Mice were intranasally sensitized with OVA plus LPS on days 0, 1, 2 and 7, and then challenged with OVA on days 15, 22and 28. Different groups were given different stimuli such as PBS , 1-MT and ISS-ODN is separate administered by subcutaneous peritoneal injection before each OVA challenge on days 14, 21 and 27. One day after the final challenge, mice were sacrificed for further analysis.
（2）Airway hyper-reactivity (AHR)   
Detection of Airway hyper-reactivity in mice of each group within 24 hours after the last challenge. Briefly, the mice were placed in the plethysmograph chamber and exposed to aerosolized, normal saline solution (baseline readings) and subsequently to cumulative concentrations of β-methacholine that ranged from 3 to 50 mg/ml. The aerosol was generated using an ultrasonic nebulizer and drawn through the chamber for 2 min. The inlet was then closed, and enhanced pause (Penh) readings were taken for 3 min and averaged. The values were then reported as the Penh index. The airway hyperresponsiveness curves were all reflected by the enhanced respiratory intermittent (enhanced pause,Penh) values stimulated by the corresponding concentrations of Mch. Penh=PEP/PIP×pause.
（3）Detection of cytokine secretion in BLAF and lung homogenate by ELISA    

The BLAF was obtained and the lung homogenate was weighed after fresh lung tissue was cut. Add a certain amount of PBS, to fully homogenize the sample by hand or homogenizer. Centrifuge 20 minutes, carefully collect supernatant. BALF and supernatant were detected for the content of IL-10 in IL-17, TGF- β -6 and IL-10 in supernatant (reference kit instruction).
（4） Percentage of peripheral blood TH17 cells and CD4 CD25 Foxp3 Treg cells in CD4 cells detected by flow cytometry analysis 
The spleen of mice was taken aseptically and filtered with 200mesh metal mesh. The collected cells were washed with cold RPMI- 1640 twice (500 × g centrifugation for 5 min), then added with erythrocyte lysate 1 mL at room temperature and stored at room temperature for 10 min. After centrifugation(500×g) for 5 min, the supernatant was removed. Adjust cell concentration to 8×107 cells/L with RPMI- 1640 medium containing 10% FBS and then pack into two EP tubes. One tube was inoculated on a 6-well culture plate, add PMA、ionomycin and BFA, and the final concentration was 50 ng/mL,500 ng/mL and 2 μ g / mL, respectively. Culture of cells at 37 ℃ and 5% carbon dioxide for 4 hours. The cells collected from each hole were packed into the EP tube, then washed with dyeing buffer solution once after centrifugation 5 min, then the supernatant was removed. Add anti-CD4- FITC to each tube and mix the cells together. Room temperature without light for 20 min. Then add the dyeing buffer to wash it once. After centrifugation for 5 min, the supernatant was removed. Add freshly prepared Fixation/Permeabilization 1mL. Incubating at 4 ℃ for 30 ~ 60 min without light. 2 mL 1 × Permeabilization buffer washing 2 times, Resuspension of cells by adding 100 μ L 1 × Permeabilization buffer. Room temperature without light for 20 min. Remove supernatant after centrifugation and add anti- IL- 17-PE. Room temperature without light for 30 min. After washing with 2 mL 1 × Permeabilization buffer. Resuspension of cells by adding 500 μ l PBS and waiting flow cytometry. Another tube was incubated with 20 μ L CD4- FITC,CD25- PE at 4 ℃ for 30 min. After washing with cold PBS, the freshly prepared Fixation/Permeabilization 1 mL was added and incubated at 4 ℃ for 30 ~ 60 min without light. Wash with 2 mL 1×Permeabilization buffer for 2 times, add 100 μ L 1×Permeabilization buffer to make cell suspension again, put 20min in room temperature and avoid light. The supernatant was removed by centrifugation and Adding anti- Foxp3- APC at 4 ℃ for 30 min without light. After washing with 2 mL 1×Permeabilization buffer, the cells were resuspended with 500 μ L PBS and waiting flow cytometry.
（5）Detection of mRNA expression of foxp3, ROR- γ t and IDO in lung tissue of animal model by qPCR
Total RNA extraction from fresh lung tissue or tissue specimens preserved with liquid nitrogen，RNAs were extracted by a Qiagen RNeasy kit or TRIzol reagents (Invitrogen, USA). cDNA was reverse transcripted by 0.5 mg total RNA with a TaqMan reverse transcription kit (Life Technologies,USA). qRT-PCR was detected on Bio-Rad RT-PCR system using SYBR Green Supermix and gene-specific primer pairs. The fold change of each gene was calculated using the △△Ct  method with Actin gene as an internal control. The primers used for ROR-γt, Foxp3, IDO and Actin were presented in Table 1.

Table 1

Primer sequences used for qPCR amplification.
	Gene
	Sequence

	
	Forward primer:
	Reverse primer:

	Foxp3（ID: 20371）
	ACCCAGGAAAGACAGCAACC
	GCCTTGCCTTTCTCATCCAG

	ROR-γt（ID: 19885）
	CCATTGACCGAACCAGCC
	TCTGCTTCTTGGACATTCGG

	IDO  (ID: 15930)
	AAAGCAATCCCCACTGTATCC
	CCACAAAGTCACGCATCCTC

	Actin
	GAGACCTTCAACACCCCAGC
	ATGTCACGCACGATTTCCC


（6）Expression of transcription Factor foxp3 and ROR- γ t in Lung tissue of Animal models detected by WB

The lung tissue was cut into small pieces. Each 100mg tissue was added to the 1mL RIPA lytic solution and homogenized with glass homogenate for 20 times. Detect according to the process of conventional WB. The corresponding first antibody (foxp3 or ROR- γ t) was diluted into a certain concentration (1: 500) by blocking solution. The second antibody was diluted into a certain concentration (1: 1000) by blocking solution, ChemiDoc™ XRS detection system (Bio-Rad, USA) was used to analyze blots.

（7）Flow Separation of Lung Pdc cells and resting (nave) CD4+ T cells in spleen 

The lung/spleen cells of different groups of mice were isolated and collected into the 15mL centrifuge tube after centrifugal for 5 min and the supernatant was discarded. Wash with PBS 2-3 times, add appropriate amount of separation buffer, gently blow into cell suspension, mix well . Adjust cell density to 5-8 ×106个/ml; Fluorescent antibody staining: Adding 5 μ L CD19/PE antibody to cell suspension, incubating 20min at room temperature without light; And then go on the computer and sort it according to the process.
（8）Co-culture and grouping treatment of pDC cells and CD4 T cells
The cells were divided into three groups: the first group: neutrophil asthma model pDC and naveCD 4 T cell co-culture group (co-culture); The second group: neutrophil asthma model pDC and naveCD 4 T cells co-culture and OVA treatment group (CC+OVA), the third group is neutrophil asthma model pDC and naveCD 4 T cells co-culture and OVA treatment and IDO inhibitor treatment group (CC+OVA+IH).

naïveCD4+ T cells were inoculated with 2x105/ well in 24 hole plate holes，Then the neutrophil asthma model pDC was inoculated with 5x104 / pore on the Transwell membrane (membrane aperture was 0.4um). The upper chamber is pDC, inferior chamber is nave CD4+ T cell. Then the cells were treated with 10ug/ml OVA or 1mM IDO inhibitor 1-MT according to the experimental group. The cells were co-cultured for 72 hours and then followed up.
3）Statistical analysis
Statistical Analysis of all data by using SPSS18.0 Software，The results were compared by univariate analysis of variance (ANOVA) and non-parametric Kruskal-Wallis test. All statistical analysis diagrams use the Graph-Pad Prism for Windows software（version 5.01, GraphPad Software, San Diego, CA, USA）. Data were expressed as the means ± standard error of the means(SEM)；P＜0.05 were considered statistically significant.

Results
The effects of the IDO inhibitor and inducer on IDO expression in neutrophilic asthma mice
In the neutrophilic asthma model, an IDO inhibitor and an IDO inducer were provided for intervention, and normal saline was used as the negative control. Changes in IDO mRNA expression in the lung tissues in the animal model were quantitatively detected using real-time quantitative PCR (QPCR). The results showed decreased IDO mRNA expression in the lung tissues from the neutrophilic asthma group compared to those from the normal group (P<0.05). After treatment of the neutrophilic asthma group mice with normal saline, the IDO inhibitor, or the IDO inducer, IDO mRNA expression was decreased in the IDO inhibitor group and increased in the IDO inducer group (P<0.05) (Fig 2).
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Fig 2: IDO mRNA expression in lung tissues from the different experimental groups. The data are expressed as the mean ± SD values.
[image: image3]indicates P<0.05 VS NC; 
[image: image4]Indicates P<0.05 VS NA, and 
[image: image5] ndicates P<0.05 VS IH. Relative ratio=relative copy number of the target gene/relative copy number of the internal control gene; NC indicates the normal control group; NA indicates the neutrophilic asthma group; IH indicates the IDO inhibitor group; and ID indicates the IDO inducer group. 

IDO reduces airway hyperreactivity in neutrophilic asthma 
Airway hyperreactivity is a significant feature of neutrophilic asthma. Therefore, airway hyperreactivity was examined in the mice in the different groups under different methacholine (Mch) concentrations. The results showed that the increase in the average airway resistance with the increase in the Mch concentration was more evident in the neutrophilic asthma group than in the normal group (P<0.05) (Fig 3). IDO effectively reduced airway resistance in the neutrophilic asthma group. Compared to that in the neutrophilic asthma group, airway resistance in the IDO inhibitor group was significantly increased (P<0.05). Conversely, airway resistance in the IDO inducer group was significantly decreased compared to that in the neutrophilic asthma group (P<0.05).
[image: image18.png]



[image: image19.png]


Fig 3: Changes in airway resistance in mice in all groups under different Mch concentrations. The Mch concentration increased from 3.125 to 50 mg/mL. 
IDO ameliorates airway inflammatory responses in neutrophilic asthma 
White blood cells in airway bronchoalveolar lavage fluid (BALF) were classified and counted. The total white blood cell count was increased in the neutrophilic asthma group compared to the normal control group (P<0.05) (Fig 4). Compared to those in the normal control group, the neutrophil, lymphocyte, and macrophages counts were significantly increased in the neutrophilic asthma group (P<0.05). Conversely, these cell counts were significantly decreased in the IDO inducer group compared to those in the neutrophilic asthma group (P<0.05).
[image: image20.png]



Fig 4: The distribution of neutrophils, lymphocytes and macrophages in BALF. Mice were sacrificed after measurement of AHR, and BAL was analyzed immediately. 
IDO upregulates the Th17 cell percentages in the peripheral blood 
Changes in the percentages of Th17 cells and Tregs in the peripheral blood in the animal model were observed using flow cytometry sorting. The percentage of Th17 cells in the peripheral blood was decreased in the neutrophilic asthma group compared to that in the normal group (P<0.05). Compared to that in the neutrophilic asthma group, the percentage of Th17 cells was decreased in the IDO inhibitor group and increased in the IDO inducer group (P<0.05). The percentage of Tregs in the peripheral blood was increased in the neutrophilic asthma group compared to that in the normal group (P<0.05). Additionally, the percentage of Tregs was increased in the IDO inhibitor group and decreased in the IDO inducer group compared to that in the neutrophilic asthma group (P<0.05) (Fig 5).
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Fig 5: The ratio of Th17 cells and Treg cells to CD4 T cell in peripheral blood of each group was detected by flow cytometry. (A) The ratio of Th17 cells to CD4 T cell in peripheral blood of each group; (B) The ratio of Treg cells to CD4 T cell in peripheral blood of each group; (C) Statistical chart of Th17 cells and Treg cells in CD4 T cell.
IDO regulates cytokine secretion in the BALF and lung tissues 
Enzyme-linked immunosorbent assays (ELISAs) were performed to evaluate changes in related cytokines in the BALF (Fig 6A) and lung tissues (Fig 6B). The change trends for IL-17, IL-6, IL-10, and TGF-β1 were basically consistent between the BALF and lung tissues. Compared to those in the normal control group, the change trends for IL-17, IL-6, and TGF-β1 were significantly increased in the neutrophilic asthma group (P<0.05), whereas those for IL-10 were significantly decreased (P<0.05). The change trends for IL-17, IL-6, and TGF-β1 were also significantly increased in the IDO inhibitor group. In addition, compared to those in the neutrophilic asthma group, the levels of these cytokines were significantly increased (P＜0.05), whereas IL-10 showed an opposite change trend with a significant decrease (P<0.05). IL-17, IL-6, and TGF-β1 cytokine secretion was significantly decreased in the IDO inducer group; indeed, the levels of these cytokines were decreased compared to those in the neutrophilic asthma group (P<0.05), whereas IL-10 showed the opposite change trend with a significant increase (P<0.05).
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Fig 6: Changes of IL-17, IL-6, TGF- β-1 and IL-10 in BALF (A) and lung tissues (B) in each group. 
IDO suppresses expression of the ROR-γt transcription factor in Th17 cells in the neutrophilic asthma group 
ROR-γt and Foxp3 are specific transcription factors in Th17 cells and Tregs, respectively. To confirm the influence of IDO on the differentiation of Th17 cells and Tregs in the neutrophilic asthma model, ROR-γt and Foxp3 were examined in all experimental groups using immunohistochemistry (Fig 7). The results showed that the ROR-γt level was significantly increased in the lung tissues in the neutrophilic asthma group compared to those in the normal control group (P<0.05). Compared to that in the neutrophilic asthma group, the ROR-γt level was increased in the IDO inhibitor group and decreased in the IDO inducer group (P<0.05). The Foxp3 level in the lung tissues was decreased in the neutrophilic asthma group compared to that in the normal group (P<0.05). Additionally, the Foxp3 level was decreased in the inhibitor group and increased in the inducer group compared to that in the neutrophilic asthma group (P<0.05) (Fig 7).
 SHAPE  \* MERGEFORMAT 



[image: image21.png]Normal Control
group, (NC)

Neutrophil Asthma
group,(NA)

IDO inhibitor
group ,(IH)

IDO inducer
group, (ID)

PBS

Challenged with OVA

Analysis
1 1
r 1 r 1
0 7 14 15 21 22 27 28 29
T
PBS Peritoneal subcutaneous injection
OVA+LPS Challenged with OVA Analysis
r . 1 r ! 1
0 2 7 14 15 21 22 27 28 29
I
PBS Peritoneal subcutaneous injection
OVA+LPS Challenged with OVA Analysis
| |
r ) r 1
0 2 7 14 15 21 22 27 28 29
I
1-MT Peritoneal subcutaneous injection
OVA+LPS Challenged with OVA Analysis
| 1
r r ]
0 27 28 29

14 15 21 22

1SS-ODN Peritoneal subcutaneous injection



Fig 7: Changes of ROR- γ t and Foxp 3 in Th17 and Treg cells. (A) The protein bands of Th17 and Treg transcription factors ROR- γ t and Foxp 3 were detected by WB; (B) The ratio of Treg cells to CD4 T cell in peripheral blood of each group; (C) Protein bands corresponding to the gray value of the statistical map.
IDO inhibits ROR-γt gene mRNA expression in the neutrophilic asthma group 
The mRNA levels of the Th17 cell and Treg-specific transcription factors ROR-γt and Foxp3 were quantitatively examined in all animal model groups using QPCR. The FoxPp3 mRNA expression level was decreased in the lung tissues in the neutrophilic asthma group compared to that in the normal group (P<0.05). Compared to that in the neutrophilic asthma group, the Foxp3 mRNA expression level was significantly decreased in the IDO inhibitor group but significantly increased in the IDO inducer group (P<0.05). The ROR-γt mRNA level in the lung tissues was increased in the neutrophilic asthma group compared to that in the normal group (P<0.05). Compared to that in the neutrophilic asthma group, the ROR-γt mRNA level was increased in the IDO inhibitor group and significantly decreased in the IDO inducer group (P<0.05) (Fig 8).
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Fig 8: The mRNA of Th17 cells and Treg cell specific transcription factors ROR- γ t and Foxp 3 between groups. 
IDO inhibits DC-mediated Th17 cell differentiation and secretion of related cytokines 
pDCs were isolated from the neutrophilic asthma model and cocultured with naïve CD4+ T cells from normal mouse spleens. Th17 cell expression increased after OVA stimulation and continuously increased after OVA stimulation followed by IDO inhibitor treatment (Fig 9A and C). Treg expression decreased after OVA stimulation and continuously decreased after OVA stimulation followed by IDO inhibitor treatment (Fig 9B and C). 
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Fig 9: The ratio of Th17 cells and Treg cells to CD4 T cell of each group was detected by flow cytometry. (A) The ratio of Th17 cells to CD4 T cell of each group; (B) The ratio of Treg cells to CD4 T cell of each group; (C) Statistical chart of Th17 cells and Treg cells in CD4 T cell.
The change trends for IL-17, IL-6, and TGF-β1 in cells were consistent. After OVA stimulation, the levels of the above cytokines gradually increased; after addition of the IDO inhibitor, the levels of the above cytokines continuously increased. The change trend for IL-10 was opposite to that of the above cytokines, with a gradual reduction of its level (Fig 10).
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Fig 10: Statistical Diagram of changes of IL-17,IL-6,TGF- β _ 1 and IL-10 by ELISA in each Group. The data are expressed as the mean ± SD values. 
[image: image16]indicates P<0.05 VS CC, 
[image: image17]indicates P<0.05 VS CC+OVA. CC indicates the neutrophil asthma model pDC and naveCD 4 T cell co-culture group (co-culture); CC+OVA indicates the neutrophil asthma model pDC and naveCD 4 T cells co-culture and OVA treatment group; CC+OVA+IH indicates the neutrophil asthma model pDC and naveCD 4 T cells co-culture and OVA treatment and IDO inhibitor treatment group.

Discussion
Bronchial asthma (abbreviated as asthma) is characterized by reversible airway hyperreactivity. Asthma is a chronic inflammatory disease of the airway involving various types of cells and cell components; however, its pathogenesis is not completely clear. Currently, the airway inflammation theory is the most important recognized pathogenic mechanism. Previous studies considered that airway inflammation in asthma was mainly due to eosinophil infiltration. Recently, refractory asthma was reported to present as airway inflammation mainly involving neutrophil infiltration [15]. Douwes et al showed that more than 50% of asthma cases had airway inflammation mainly involving neutrophil infiltration. Neutrophils may be closely associated with the development of acute severe asthma, fatal asthma, infant asthma, chronic persistent asthma, and asthma with poor hormone efficacy 
 ADDIN EN.CITE 
[16]
.
IL-17 secreted by Th17 cells has been shown to have important functions in the development of neutrophilic asthma 


[3] ADDIN EN.CITE , and Tregs plays an important role in the maintenance of immune functions and the induction of peripheral immune tolerance [6]. Interestingly, Th17 cells and Tregs in mice are produced by differentiation of the same precursor cells (CD4+ Foxp3- T cells) [12] under different cytokine environments 


[13] ADDIN EN.CITE . Bettelli et al reported that Tregs were increased in the spleen after intravenous injection of the IDO inducer ISS-ODN into IL-6 gene knockout rats, whereas subcutaneous injection of the IDO inhibitor 1-MT induced splenic pDCs to express IL-6, thereby promoting the conversion of Tregs into Th17 cells 


[11] ADDIN EN.CITE . IDO is a rate-limiting enzyme of tryptophan catabolism and has important functions in peripheral immune tolerance. Additionally, its functions in pregnancy, organ transplantation, and tumor immune tolerance have become research hotspots in recent years [17].
The in vivo experimental results in this study showed that IDO expression in mice was decreased in the neutrophilic asthma group compared to that in the normal control group, which was consistent with the results from our previous clinical trial showing that IDO expression was reduced in pediatric asthma patients [10]. Through regulation of changes in the IDO levels in the body, we confirmed that IDO could ameliorate airway inflammation and hyperreactivity and inhibit Th17 cells and related cytokine responses. These results were also consistent with the findings of Hayashi et al, who showed that IDO could ameliorate pulmonary inflammation and airway hyperreactivity in experimental asthma 
 ADDIN EN.CITE 
[18, 19]
. Finally, the results of our in vitro experiments confirmed that the mechanisms underlying the functions of IDO might influence the differentiation direction of CD4+ T (Th0) cells through pDCs, inhibit Th17 cell production and related immune responses, and promote Treg production to further inhibit airway inflammatory responses in neutrophilic asthma. The confirmation of these mechanisms provided a solid basis for the establishment of our hypothesis. 
The role of IDO in the inhibition of neutrophilic asthma inflammation in this study was realized through the reduction of Th17 cells and their related cytokines. Therefore, measurement of Th17 cells and their related cytokines was particularly important. To comprehensively confirm changes in Th17 cells, flow cytometry was performed to measure changes in the Th17 cell percentages at the cell level, western blotting was performed to measure the expression of the Th17 cell-specific transcription factor ROR-γt, and qPCR was performed to measure ROR-γt mRNA expression. The results showed that the effects of IDO on changes in Th17 cells and protein and mRNA expression of the related transcription factor ROR-γt all revealed consistent inhibitory functions using all measurement methods. Similarly, the same examinations were performed to assess changes in the Treg levels, which is the other direction of Th0 cell differentiation. The results showed that the effects of IDO on Tregs and the mRNA and protein expression of the related transcription factor Foxp3 were opposite to those observed for Th17, and all showed consistent promotion functions.
To evaluate cytokine changes, we mainly examined changes from two aspects: cytokine changes in the BALF, which represent local lung changes, and changes in whole lung tissues. Finally, we performed in vitro experiments by coculturing pDCs that secreted IDO with naïve CD4+ T cells and provided the corresponding interventions. The results confirmed that IDO inhibited Th17 cells and their related cytokines and promoted Treg production by affecting the differentiation direction of naïve CD4+ T cells to further inhibit airway inflammation.
No effective clinical treatment measure is available for neutrophilic asthma. In addition to a Th2 cell bias, CD4+ T cells have been shown to have a Th17 cell bias under the influence of some cytokines during asthma development 


[13] ADDIN EN.CITE . However, the in-depth mechanisms and the reasons for this bias are unknown. Our group confirmed that IDO inhibited Th17 cell production to cause this bias in this study; in addition, we performed a preliminary investigation of the mechanisms underlying this function. The results confirmed that the mechanism underlying the function of IDO might be achieved through influence of the differentiation direction of Th0 cells. These study results provide a new target for the prevention and treatment of neutrophilic asthma and theoretical reference bases for further clarification of the mechanism of neutrophilic asthma. 
This study had the following limitations. First, this study did not investigate the reason why IDO was decreased in the neutrophilic asthma model. Airway IDO is specifically expressed in macrophages and DCs in lymphatic regions. In addition, two types of DC subpopulations (CD8α+ DCs from the mouse spleen and CD123+CCR6+ DCs from human peripheral blood mononuclear cells) have been shown to secrete large amounts of IDO. Through inhibition of T cell proliferation and mediation of T cell apoptosis, Treg production is induced for peripheral induction and maintenance of T cell tolerance [20]. Therefore, we speculated that in addition to the type and amount of antigen uptake and environmental and individual differences, the development of neutrophilic asthma is associated with deficiency of the IDO-pDC subpopulation in the body (especially in the airway). This IDO+ pDC subpopulation produces immune responses in mild-to-severe asthma patients or the healthy population to induce Treg production through local release of IDO for tryptophan catabolism. However, this speculation requires further experimental studies for validation. 
Next, although this study confirmed the critical function of IDO in neutrophils and preliminarily investigated the possible mechanism by which IDO exerted its functions through regulation of the differentiation direction of CD4+ T cells, upregulation of CD4+CD25+ regulatory T cells, and inhibition of Th17 cell production, the research on this mechanism was obviously not deep enough to explain how IDO interacted with CD4+ T cells. IDO is a rate-limiting enzyme of tryptophan catabolism. Some studies have indicated that tryptophan has inhibitory functions on T cell differentiation through the IKKα-mediated noncanonical NF-κB signaling pathway [21]. In addition, the product of tryptophan after metabolism by IDO (kynurenic acid) has the function of inducing T cell apoptosis; this product can also inhibit Th17 cell proliferation through inhibition of ROR-γt gene transcription and promote Treg proliferation through promotion of foxp3 gene transcription to eventually result in an increase in the percentage of Th17 cells and a decrease in the percentage of Tregs 
 ADDIN EN.CITE 
[7, 17]
. In other words, how IDO influences the numbers of Th17 cells and Tregs might involve the whole tryptophan metabolic pathway, but this study did not conduct in vitro experiments to validate this hypothesis.
Recent in-depth studies on signaling pathways showed that the major downstream transcriptional coactivator with PDZ-binding motif (TAZ) of the Hippo signaling pathway plays critical roles in the determination of the differentiation of CD4+ naïve T cells into Th17 effector cells, which promotes inflammation and Tregs that inhibit immune responses 
 ADDIN EN.CITE 
[22]
. Polymerized TAZ can form complexes together with both ROR-γt, which is a core transcription factor in Th17 cells, and Foxp3, which is a critical transcription factor in Tregs. TAZ promotes the transcriptional activity of ROR-γt but inhibits the function of Foxp3 to promote Th17 cell differentiation and reduce Treg production 
 ADDIN EN.CITE 
[23]
. Therefore, we speculated that regulation of Th17/Treg differentiation by IDO might be achieved through enhanced activation of the TAZ-Hippo signaling pathway. This hypothesis is the research direction that will be the focus of our future studies. 
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