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ABSTRACT

Asthma exacerbations are a major cause of intractable morbidity, increases in health care costs,
and a greater progressive loss of lung function. Asthma exacerbations are most commonly
triggered by respiratory viral infections, particularly with human rhinovirus (hRV). Respiratory
viral infections are believed to affect the expression of indoleamine 2,3-dioxygenase (IDO),

a limiting enzyme in tryptophan catabolism, which is presumed to alter asthmatic airway
inflammation. Here, we explored the detailed role of IDO in the progression of asthma
exacerbations using a mouse model for asthma exacerbation caused by hRV infection. Our
results reveal that IDO is required to prevent neutrophilic inflammation in the course of asthma
exacerbation caused by an hRV infection, as corroborated by markedly enhanced Th17- and Thi-
type neutrophilia in the airways of IDO-deficient mice. This neutrophilia was closely associated
with disrupted expression of tight junctions and enhanced expression of inflammasome-
related molecules and mucin-inducing genes. In addition, IDO ablation enhanced allergen-
specific Th17- and Thl-biased CD4* T-cell responses following hRV infection. The role of IDO
in attenuating Th17- and Thl-type neutrophilic airway inflammation became more apparent

in chronic asthma exacerbations after repeated allergen exposures and hRV infections.
Furthermore, IDO enzymatic induction in leukocytes derived from the hematopoietic stem cell
(HSC) lineage appeared to play a dominant role in attenuating Th17- and Thl-type neutrophilic
inflammation in the airway following hRV infection. Therefore, IDO activity in HSC-derived
leukocytes is required to regulate Th17- and Thl-type neutrophilic inflammation in the airway
during asthma exacerbations caused by hRV infections.

Indoleamine 2,3-dioxygenase; Rhinovirus; Asthma exacerbation;
Th17 inflammation; Hematopoietic stem cells
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INTRODUCTION

Asthma is intractable airway inflammation that is globally associated with significant
morbidity, hospitalization, and death. Asthmatic airway inflammation is defined as a
heterogeneous disease that affects 334 million people worldwide, up to 10% of adults and
30% of children, and its incidence is expected to increase to around 400 million people
by 2025 (1). The heterogeneity of asthmatic airway inflammation involves multifaceted
interactions among many risk factors and disease determinants (1). To date, the canonical
phenotypes of asthmatic airway inflammation are well defined by Th2 type-mediated
signatures: eosinophil infiltration, excessive secretion of mucus, allergen-specific Th2
responses, and airway remodeling following aero-allergen sensitization (2).

However, irrespective of asthma severity and despite optimal medical therapy, asthmatic
patients often experience acute exacerbations of symptoms and a loss of disease control.
Asthma exacerbations are a major cause of disease morbidity, increases in health care

costs, and a greater progressive loss of lung function (3-5). The frequency and severity of
asthma exacerbations can be reduced, but not always fully prevented, by using an inhaled
corticosteroid (ICS) or combination ICS/long-acting B-agonist (5). It is currently believed
that asthma exacerbations are most commonly triggered by viral respiratory infections,
particularly with human rhinovirus (hRV). Allergic sensitization can be a risk factor for
wheezing with hRV infection, particularly in children (3-6). Whether the Th2-mediated
airway inflammation found with allergen sensitization increases susceptibility to hRV
infection or enhances its ability to provoke further inflammation is unclear, but evidence
suggests that the type I IFN responses induced by viral infection are lower than normal in
peripheral blood mononuclear cells (7-9), plasmacytoid dendritic cells (pDCs) (10), and
bronchial epithelial cells (11,12) derived from patients with allergic asthma. In addition, the
occupancy of FceR with IgE was found to inhibit the antiviral generation of IFN-o from pDCs
and could increase susceptibility to hRV-induced wheezing and asthma exacerbation (10).
Thus, asthmatic patients with Th2-type inflammation are thought to harbor a defect in the
type I IFN antiviral immune response to hRV infection, which could be inversely correlated
with increasing airway eosinophilia, Th2-type cytokines, and serum IgE (12). Multiple studies
have demonstrated a positive correlation between inflammatory cytokines and symptom
severity following hRV infection. In particular, the production of CXCL8 (IL-8) and CXCL10
(IP-10), which lead to neutrophilic inflammatory responses, increased upon experimental
hRV challenge in adults with mild asthma (13,14). A recent study reported that hRV infection
induced an amplified antiviral Thl response in asthmatic patients compared with controls,
along with synchronized allergen-specific Th2 expansion (15), suggesting that hRV infection
induces robust Thl responses in allergic asthmatic subjects, which could promote disease.
The dysfunctional regulation of immune cells in asthmatic patients following hRV infection
contributes to severe clinical complications such as asthma exacerbation and chronic
obstructive pulmonary disease, which can be life-threatening conditions (16). Additional
mechanisms for hRV-induced asthma exacerbation have been suggested, including an
increase in epithelial cells producing IL-25 and IL-33, which promote Th2-type inflammation
(17,18), and enhanced expression of the hRV receptor CDHR3 in the airway epithelium
(19,20). Elucidating the complex links between immune cells and related molecules will
clarify the mechanisms of hRV-induced asthma exacerbation.

Indolamine 2,3-dioxygenase (IDO), a rate-limiting enzyme in the catabolism of tryptophan
(TRP) to kynurenine (KYN) (KYN-IDO pathway), has long been acknowledged to contribute
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substantially to the control of general inflammation (21-23). The immunomodulatory
function of TRP metabolism has been increasingly demonstrated in infection, pregnancy,
autoimmunity, and neoplasia (21-23). One area of particular interest in studying the KYN-
IDO pathway is its role in the control and development of allergic disease via the resultant
depletion of serum TRP and increase in TRP metabolites (24,25). IDO induction in the
KYN-IDO pathway almost always leads to preferential apoptosis of Th1 cells, and IDO plays
arole in regulating the immune system by reducing Th1 cell proliferation and inducing

the differentiation of Treg cells (26-28), thereby maintaining immunological tolerance and
limiting tissue damage. Compared with the inhibitory role of IDO in Th1 cell differentiation,
the outcome from inducing IDO on Th2 cells is more complex, with both inhibitory and
stimulatory actions reported (29). IDO-expressing human eosinophils and the addition

of exogenous TRP induced a preferential decrease in Thl-type responses and consequent
increase in Th2 cytokine production (30). Unlike reports showing Th2 cell promotion

and Th1 inhibition, in vivo studies on allergy have shown contradictory effects for IDO.
Compared with wild-type (WT) mice, IDO-deficient mice displayed significantly weaker

Th2 responses and lower levels of allergen-specific IgE in sera when challenged with an
inhaled Ag, suggesting that IDO ablation results in a protective effect against allergic disease
(31). In another murine model of asthma using ovalbumin (OVA) sensitization, inducing
IDO expression with an IDO-inducing molecule such as a TLR9 agonist inhibited Th2-type
airway inflammation in the lung, and IDO expression by resident lung tissue cells seemed
more instrumental than the activity of dendritic cells (DCs) or macrophages (32). Only a

few studies have suggested that IDO has a role in the control of inflammation in asthmatic
patients. In the sera of patients with allergic asthma, the ratio of KYN to TRP was lower than
in a control group of non-asthmatic individuals, which suggests lower IDO activity in allergic
patients (33). Also, low IDO activity is increased by inhaled steroid treatment in patients with
mild to moderate persistent asthma (34), and a significant correlation was observed between
IDO and Th17/Treg imbalance in children with allergic asthma (35). Therefore, inducing

the KYN-IDO pathway and lowering the systemic TRP concentration could help to control
asthmatic diseases.

Respiratory viral infection can affect IDO expression and thereby alter asthmatic airway
inflammation. Respiratory syncytial virus (RSV), another important cause of asthma
exacerbation, induces the expression and bioactivity of IDO in human DCs derived from
monocytes, which suggests that IDO has a potentially novel role in the development of
asthma exacerbation (36). In contrast, RSV reduces KYN production and reverses the
Th17/Treg balance by modulating IDO expression in pDCs (36). Also, infection with the
influenza A virus attenuates IDO expression and the production of KYN in lung tissues (37).
Furthermore, systemic TRP and KYN levels were closely related to the severity of hRV-induced
asthma exacerbation in an experimental patient model (38). Although IDO activity was not
induced by hRV infection due to the very low infection dose, systemic TRP and its catabolites
were markedly higher in patients with allergic asthma. Thus, the enhanced systemic
catabolism of TRP in patients with allergic asthma could be strongly related to the outcome
of hRV-induced asthma exacerbation. Despite those previous results, little is known about
the role of IDO in asthma exacerbations caused by hRV infections in terms of results from a
practical infection model. In this work, we explored the precise role of IDO in the progression
of asthma exacerbations by using a mouse model for asthma exacerbation caused by hRV
infection. Our results reveal that IDO deficiency greatly increases neutrophil infiltration

in the airways during acute and chronic asthma exacerbations caused by hRV. The asthma
exacerbation manifested as neutrophilic airway inflammation was mediated by markedly

https://doi.org/10.4110/in.2021.21.e26 3/28



iImmunN=
-
hRV-Exacerbated Asthma Controlled by IDO in HSC-Derived Cells n =Two R I(

enhanced Th17- and Thil-type responses in IDO-ablated mice. Furthermore, IDO deficiency in
leukocytes derived from the hematopoietic stem cell (HSC) lineage was found to play a major
role in inducing neutrophilic airway inflammation mediated by Th17- and Thl-type responses
during the progression of hRV-induced asthma exacerbations. Therefore, our results suggest
that IDO in HSC-derived leukocytes is needed to regulate neutrophilic airway inflammation
in the course of hRV-induced asthma exacerbations.

MATERIALS AND METHODS

All animal experiments described in this study were conducted at Jeonbuk National University,
followed the guidelines of the Institutional Animal Care and Use Committee of Jeonbuk
National University, and were pre-approved by the Ethics Committee for Animal Experiments
at Jeonbuk National University (approval No. JBNU-2019-00079). The animal research protocol
used in this study followed the guidelines set by the nationally recognized Korean Association
for Laboratory Animal Sciences. All experimental protocols requiring biosafety were approved
by the Institutional Biosafety Committee of Jeonbuk National University.

C57BL/6 (BL/6, H-2") mice (6-8 weeks-old female or male) were purchased from Samtako
(Osan, Korea). IDO-deficient (IDO KO) mice were obtained from Jackson Laboratories (Bar
Harbor, ME, USA). All mice were genotyped and bred in the animal facilities of Jeonbuk
National University. Minor-group hRV 1B was obtained from the American Type Culture
Collection (VR1645; Middlesex, UK) and passaged 6 times in the Ohio-HeLa human
epithelial cell line (ECACC84121901; European Collection of Authenticated Cell Cultures,
Salisbury, UK) before purification. Ohio-HeLa cells grown to around 90% confluency were
infected with hRV-1B in DMEM supplemented with 2% FBS, penicillin (100 U/mL), and
streptomycin (100 U/mL). Six to seven days post-infection (dpi), cultures of Ohio-HeLa cells
showing an 80%-90% cytopathic effect were harvested. The virus was then concentrated
through ultracentrifugation using 30% sucrose cushions, and viral stock was stored at ~80°C
until use in vivo. The hRV 1B was titrated on the Ohio-HeLa cells using standard methods for
cytopathic effect.

The mAbs used for flow cytometric analysis and other experiments were obtained from
eBioscience (San Diego, CA, USA) or BD Biosciences (San Diego, CA, USA): FITC-labeled
anti-mouse CD4 (RM4-5), CD45 (30-F11); PE-labeled anti-mouse IFN-y (XMG1.2), FoxP3
(FJK-16s); PerCP-labeled anti-mouse CD4 (L3T4, RM4-5); allophycocyanin (APC)-conjugated
anti-mouse IL-17A (eBio17B7); biotin-conjugated anti-mouse IL-4 (BVD6-24G2), and
streptavidin-conjugated PerCP. PMA and ionomycin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The Abs used to detect OVA-specific-IgE, IgG, IgG1, and IgG2a levels in
sera were purchased from Southern Biotech (Birmingham, AL, USA): unconjugated (human
absorbed) anti-mouse IgG, goat anti-mouse IgG1, goat anti-mouse IgG2a, goat anti-mouse
IgE, HRP-conjugated goat anti-mouse IgG, goat anti-mouse IgG1, goat anti-mouse 1gG2a,
and rat anti-mouse IgE-HRP. The primers specific for cytokines, mucins, and tight junctions
(TJs) were synthesized by Bioneer Corp. (Daejeon, Korea) and used for PCR amplification of
target genes.

https://doi.org/10.4110/in.2021.21.e26 4/28



iImmunN=
|
|
N=TWORK
]
hRV-Exacerbated Asthma Controlled by IDO in HSC-Derived Cells - w

Mouse models of asthma exacerbations caused by hRV infection were established as
described elsewhere, with some modification (39). The experimental WT BL/6 and IDO KO
mice were sensitized with 100 pg of chicken OVA (Grade V; Sigma-Aldrich) absorbed to 2 mg
of aluminum hydroxide (alum; Sigma-Aldrich) in a volume of 200 ul of PBS via intraperitoneal
(i.p.) injection. After 10 days, the mice were challenged with 50 pug of OVA (Sigma-Aldrich) in
30 ul of PBS (controls received PBS alone) on 3 consecutive days via the intranasal (i.n.) route
under light anesthesia using isoflurane. For asthma exacerbation by hRV infection, the third
OVA solution included hRV (1x10” TCIDs,). UV-inactivated hRV (1,200 mJ/cm?, 30 min) was
used as the negative control for hRV. To establish a chronic model of hRV-induced asthma
exacerbation, BL/6 and IDO KO mice were sensitized twice with 50 g of OVA in 2 mg of alum
on days 0 and 7 through i.p. injection. Ten days later, the mice were challenged with either

50 pg of OVA or PBS for 3 consecutive days via the i.n. route. For the hRV-induced asthma
exacerbation in the chronic model, the third OVA solution included hRV (1.0x10” TCIDs), and
that 3-consecutive-days challenge was repeated 5 times every 7 days.

The mRNA expression of inflammatory cytokines (Tnfa, 116, Il13, Il17a, Cxcr2, myeloperoxidase
(Mpo), 1125, 1133, and Il1h), mucus production—-related genes (Muc5ac, Muc5bh, and Gob5), T]
molecules (Zol, claudin4, claudin5, and Jam), and inflammasome-related genes (Nlrp3, Nirc4,
and Asc) were assessed by real-time qRT-PCR using total RNA extracted from collected

lung tissue. Total RNA was extracted from the collected lung tissues using easy-BLUE
(iNtRON, Inc., Daejeon, Korea) and subjected to real-time qRT-PCR in a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Following reverse
transcription of the total RNA with High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, Foster, CA, USA), the reaction mixture (20 pl total) contained 2 pl of template
c¢DNA, 10 pl of 2x SYBR Premix Ex Taq (WizBio Solutions, Jinju, Korea), and 200 nM primers
(Table 1). The reactions were denatured at 95°C for 30 s and then subjected to 45 cycles

of 95°C for 5 s and 60°C for 20 s. After completion of the reaction cycle, the temperature

was increased from 65°C to 95°C at 0.2°C/15 s, and fluorescence was measured every 5 s to
construct a melting curve. A control sample lacking the template DNA was run with each
assay. All measurements were performed at least in duplicate to ensure reproducibility. The
authenticity of the amplified product was determined using a melting curve analysis. The
expression of cytokines and chemokines was normalized to the level of the housekeeping
gene Gapdh. All data were analyzed using Bio-Rad CFX Manager, version 2.1 software (Bio-
Rad Laboratories).

BALF was collected 1 or 2 days after the last OVA challenge and hRV infection, as described
elsewhere (39). Briefly, mice were anesthetized by an intramuscular injection of Zolazepam
(Zoletil 50; Virbac, Carros, France) before a thoracotomy. The trachea was revealed and
punctured with scissors, followed by the insertion of a 21-gauge winged infusion set
connected to a syringe containing 0.6 ml of PBS that was used to gently flush the lung. The
flushing process of the lung with PBS was performed 2 more times using 1.0 ml of PBS each
time. The first BALF was used for cytokine ELISA after centrifugation at 1,000 rpm for 5 min.
The cells obtained from the first BALF were then combined with the cells obtained from
the second and third BALFs and used for the leukocyte analysis. To analyze the differential
leukocytes in the BALF, cell suspensions (1x10°/100 pl) obtained from the BALF were put
through Shandon Cytospinning (Thermo Scientific, Waltham, MA, USA), and then the
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Table 1. Specific primers for the expression of different cytokines, mucins, inflammasomes, and TJs in quantitative

RT-PCR

Gene name Primer sequence (5'-3") Position cDNA Gene bank ID

11b F: AAG TGA TAT TCT CCATGA GCTTTG T 554-578 NM_008361.4
R: TTCTTC TTT GGG TAT TGC TTG G 698-719

e F: TGG GAA ATC GTG GAA ATG AG 256-275 NM_031168.2
R: CTC TGA AGG ACT CTG GCT TTG 489-509

117a F: TCT GAT GCT GTT GCT GCT G 87-105 XM_021176489.1
R: ACG GTT GAG GTA GTC TGA GG 954-273

125 F: ACA GGG ACT TGA ATC GGG TC 336-355 NM_080729.3
R: TGG TAA AGT GGG ACG GAG TTG 436-456

Cxcr2 F: CAT CTT ATA CAA CCG GAG CA 213-232 XM_021176908.1
R: TAG TAA CCA CAT GGC TAT GC 494-513

Muc5ac F: TGT GCC TGC CTG TAC AAT GG 1220-1239 NM_010844.3
R: CCA GAA CAT GTG TTG GTG CAG 1276-1296

Muc5b F: ATG GGC AGC AGA AAC TGG AG 46-65 NM_028801.2
R: ATG GAG TCA CTATAC ACT CTCTGA C 170-194

Gob5 F: AAC GGA GCA GGT GCC GAT GC 1967-1986 NM_017474.2
R: AGT GAC TCC TCC CAG AGC CCA 2060-2080

Zol F: AGG ACA CCA AAG CAT GTG AG 6227-6246 NM_009386.2
R: GGC ATT CCT GCT GGT TAC A 6295-6313

Claudin4 F: GGG AAT CTC CTT GGC AGT CC 216-235 NM_009903.2
R: CGA TGT TGC TGC CGA TGA AG 291-310

Claudin5 F: GTG GAA CGC TCA GAT TTC AT 1054-1073 NM_013805.4
R: TGG ACA TTA AGG CAG CAT CT 1131-1150

Jam F: ACCCTCCCTCCTTTCCTTAC 1136-1182 NM_172647.2
R: CTA GGA CTC TTG CCC AAT CC 1238-1257

Mpo F: CCA GCA GCC ATG AAG AAG TA 1621-1640 NM_010824.2
R: CAT AAC GGA AAG CGT TGG TG 1698-1707

Nlrp3 F: AGC CTT CCAGGATCCTCTTC 1092-1M NM_145827.4
R: CTT GGG CAG CAG TTTCTT TC 1224-1243

Nlrc4 F: CTG GAA AAG GAT GGG AAT GA 2815-2834 XM_006524347.3
R: CCA AGG CAG CAT CAATGT AG 2882-2901

Asc F: GAA GCT GCT GAC AGT GCA AC 289-308 XM_021168587.1
R: GCC ACA GCT CCA GACTCT TC 482-501

Gapdh F: AAC GAC CCC TTC ATT GAC 186-203 NM_001289726.1
R: TCC ACG ACATACTCAGCA C 358-376

slides were dried and stained with Wright-Giemsa stain solution (Muto Pure Chemicals Ltd.,
Tokyo, Japan). After that, eosinophils, neutrophils, macrophages, and lymphocytes were
differentiated by cell morphology and counted using a light microscope.

The levels of IL-4, IL-5, IL-13, IL-25, IL-17A, IL-33, IL-1B, and IFN-vy in the BALF were
determined using sandwich ELISA according to the manufacturer's protocols (eBioscience,
BD Bioscience, Invitrogen). 96-well MaxiSorp plates (Nunc Immuno) were coated with 50

ul of the relevant working concentration of capture Ab in PBS overnight. The plates were
washed 3 times with ELISA wash buffer (PBS containing 0.05% Tween- PBST) and then
blocked with 100 pl of ELISA diluent (ELISA/ELISPOT Diluent, Invitrogen) for at least 2
hours. The BALF samples and standards for recombinant cytokine proteins were added to
the plates, which were then kept overnight at 4°C. Following another washing, the relevant
concentration of biotinylated Abs was added as detection Abs and incubated for 2 h at 37°C.
The plates were washed with PBST, followed by incubation with streptavidin-HRP for 40
min at 37°C. Color development was then performed by adding tetramethylbenzidine. The
reaction was stopped by the addition of 50 pl of stop solution (1 M phosphoric acid), and the
OD values were measured at 450 nm using an ELISA reader (Molecular Devices, San Jose, CA,
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USA). Cytokine concentrations were calculated with SoftMax Pro5.2 using comparisons with
2 concentrations of standard cytokine proteins. The levels of OVA-specific-IgE, IgG, IgG1,
and IgG2a in the sera were determined using conventional ELISA.

Airway responsiveness was measured 24 h after the hRV-induced asthma exacerbation

by recording respiratory pressure curves using barometric unrestrained whole-body
plethysmography (Buxco; EMKA Technologies, Paris, France) following inhalation of
methacholine (acetyl-B-methyl-choline chloride, Sigma-Aldrich) by conscious, unrestrained
mice. Airway responsiveness was expressed as enhanced pause (Penh value), as described
elsewhere (39). Briefly, mice were placed in a whole-body chamber, and basal readings were
obtained and averaged for a 5-min period. Subsequently, increasing doses of methacholine
(0, 6.25,12.5, 25, and 50 mg/mL) were aerosolized for 1.5 min, and readings were taken and
averaged for 5 min after each nebulization.

Histopathological examination was performed using the big lung lobe (left) perfused

with 10% neutral buffered formalin (Clinic Medi Labs, Montreal, Canada). Lung tissues
were embedded in paraffin 2 days after the last OVA challenge, and 10-um sections were
prepared and stained with H&E or PAS solution. Sections were analyzed by Nikon Eclipse
EG600 microscopy (Nikon, Tokyo, Japan). Lung inflammation and goblet cell hyperplasia
were graded using a previously reported semiquantitative scoring system (40,41). To grade
inflammatory cell infiltration, peri-bronchiole and peri-vascular inflammation were blind
evaluated on the basis of a 5-point grading system as follows: 0, normal; 1, low grade cell
influx, no tissue pathology; 2, low to moderate cell influx, low grade tissue damage; 3,
moderate cell influx, low grade tissue damage; 4, moderate to high cell influx, marked tissue
damage; 5, high cell influx, significant tissue pathology. Five fields were counted for each
section, and the mean score from 5-6 mice per group was calculated. To quantify airway
goblet cells, the following 5-point grading system was used: 0, <0.5% PAS-positive cells; 1,
<25%; 2, 25%—-50%; 3, 50%—75%; and 4, >75%. Five fields were counted for each section,
and the mean area or mean score from 5-6 mice per group was calculated (42). Analyses
were conducted in a blinded manner, and slides were presented in random order for each
examination. Trichrome staining was also used to visualize and estimate collagen deposits
around the airways of mice following repeated allergen and hRV exposure, as described
elsewhere (43).

The phenotypic analysis of infiltrated leukocytes in BALF was conducted by flow cytometry.
BALF cells were washed and resuspended (0.5-1x10° cells) in 100 pl of FACS staining buffer
(PBS, 2% BSA, 0.05% NaN3). Cells were stained by incubation with a properly diluted mAb
cocktail at 4°C for 40 min. After staining, the cells were washed twice with FACS buffer by
spinning at 1,200 rpm and 4°C for 5 min. Following fixation, cells were resuspended in

PBS and analyzed using a FACS Calibur equipped with CellQuest (Becton Dickson Medical
Systems, Sharon, MA, USA) and FlowJo (Tree Star, San Carlos, CA, USA) software.

BL/6 and IDO KO mice that would be used as recipients were pre-treated with busulfan (44)
to deplete their BM cells. After that, the IDO KO and BL/6 recipient mice were given BM cells
(1.5%107 cells/mouse) derived from BL/6 or IDO KO donor mice, respectively. The recipient

https://doi.org/10.4110/in.2021.21.e26 7/28



iImmunN=
|
|
N=TWORK
]
hRV-Exacerbated Asthma Controlled by IDO in HSC-Derived Cells - w

mice were then given sulfamethoxazole and trimethoprim in their drinking water for the next
10 days and allowed to reconstitute their HSC population for 4 to 6 weeks. BM chimerism
was confirmed prior to experimental use. To induce hRV exacerbation of acute asthmatic
inflammation, the BM chimeric mice were sensitized with 100 pg of OVA in 2 mg of alum
through i.p. injection. After 10 days, the BM cell recipients were challenged with either 50 pg
of OVA or PBS for 3 consecutive days via the i.n. route. For hRV-induced asthma exacerbation,
the third OVA challenge solution included hRV (1.0x10” TCIDs,). Analyses were performed 1
day after the last OVA challenge.

After heart perfusion to expel blood cells from the lung tissues, lung lobes were collected,
chopped, and homogenized through a 100-um mesh tissue sieve, followed by digestion
with 0.5 mg/mL of collagenase type IV (Life Technologies, Grand Island, NY, USA) and

1 mg /mL of Dnase I (Amresco, Solon, OH, USA) in HBSS for 1 h at 37°C with vibration.
The digested homogenates were then disrupted into a single-cell suspension by passage
through a 20-gauge needle and filtering through a 45-um nylon mesh. The harvested lung
cell suspension was centrifuged at 1,500 rpm and 4°C for 5 min. The cell pellets were then
re-suspended in 5.0 mL of NH,Cl-based hypotonic RBC lysis buffer for 10 min. Cells were
recovered by filtration through a 70-um nylon strainer and washed at 1,500 rpm for 7 min.
The leukocytes of mLNs were harvested by gently pressing them through sterile 100-pm cell
strainers. The leukocytes obtained from the lung tissues and mLNs were dispersed in a 96-
well round-bottom plate (5x10° cells/well) in 100 pL of complete RPMI supplemented with
2% FBS, penicillin (100 U/mL), and streptomycin (100 U/mL). Cells were then stimulated
with OVA (500 pg/mL) at 37°C for 72 h. Culture supernatants obtained from the stimulated
cells were used in cytokine ELISA to evaluate CD4" Th responses.

To monitor the CD4* Th subsets in BALF and lung tissues, brief stimulation with PMA and
ionomycin was used, as previously described (39). After dispensing leukocytes obtained from
the lung tissues and BALF, the cells were cultured in 96-well plates (10° cells/well) with PMA
(100 ng/mL) and ionomycin (1.0 pg/mL) in the presence of monensin (2 pM) at 37°C for 5 h.
The stimulated cells were washed twice with PBS and surface-stained with FITC-anti-CD4 at
4°C for 30 min. After washing twice with PBS containing monensin and fixation buffer, the
cells were washed twice with permeabilization buffer (eBioscience) and then stained with
PE-anti-IFN-y, PerCP-anti-IL-4, and APC-anti-IL-17A in permeabilization buffer at room
temperature (RT) for 30 min. After being washed twice with PBS, the cells were fixed with
fixation buffer. To monitor Treg cells, leukocytes were surface-stained with FITC-anti-CD4
markers on ice for 30 min, followed by fixation with permeabilization buffer (eBioscience)
at 4°C for 6 h. After fixation, the cells were washed twice with permeabilization buffer and
stained with PE-anti-Foxp3 in permeabilization buffer at RT for 30 min. The cells were then
resuspended in PBS and analyzed using a FACS Calibur equipped with CellQuest (Becton
Dickson Medical Systems) and FlowJo (Tree Star) software.

All data are expressed as the mean+ SEM. Statistically significant differences between groups
were analyzed using unpaired 2-tailed Student's r-testing for the ex vivo experiments and
immune cell analyses. For multiple comparisons, statistical significance was determined
using 1-way or 2-way analysis of variance with repeated measures, followed by Bonferroni post
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hoc testing. The statistical significance of in vivo cytokine gene expression was evaluated by
unpaired 2-tailed Student's #testing. A p-value <0.05 was considered significant. All data were
analyzed using GraphPad Prism 4 software (GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

In addition to canonical Th2-mediated eosinophilic inflammation in the airway, dominant
neutrophilic influx in airways inflamed by various stimuli has been also documented (3-5).
hRV exposure is a foremost cause of steroid-resistant, neutrophilic inflammation in
asthmatic patients (3-6). To investigate the role of IDO in neutrophilic inflammation during
hRV-mediated asthma exacerbation, we sensitized WT BL/6 and IDO-deficient mice with
OVA protein (100 pg/mouse) in 2 mg of alum via the i.p. route and then challenged those
mice with 50 ug of OVA for 3 consecutive days via the i.n. route 10 days later. The asthma
exacerbation, manifested as neutrophilic inflammation in the airway, was induced by
infection with hRV (1x107 TCIDso/mouse) through i.n. inoculation administered with the
third OVA challenge. The neutrophilic airway inflammation was evaluated by analyzing the
recruited leukocytes in BALF harvested 1 and 2 days after hRV infection (Fig. 1A). Our results
reveal that IDO ablation resulted in an increased number of total leukocytes in the harvested
BALF (Fig. 1B). Compared with the BL/6 mice, the IDO-ablated mice showed a highly
increased number of neutrophils in BALF following hRV infection during the OVA challenge
in our Wright-Giemsa staining analysis of the leukocyte subsets (neutrophils, macrophages,
and lymphocytes). The IDO-ablated mice contained a significantly decreased number of
eosinophils in BALF at 1 dpi compared with BL/6 mice, but they showed similar levels on the
2nd day. BALF macrophages and lymphocytes did not differ significantly between the BL/6
and IDO-deficient mice. In our evaluation of the relative ratio of leukocyte subsets in BALF,
the infiltration of neutrophils in the IDO-deficient mice was more apparent than that in BL/6
mice after the OVA and hRV challenge (Fig. 1C). As expected, the BL/6 mice challenged with
the OVA protein alone showed dominant infiltration of eosinophils in BALF, and a lack of
IDO provided a modestly decreased proportion of eosinophils in BALF 1 day after the last
OVA challenge. Interestingly, hRV infection without the OVA challenge appeared to induce
neutrophil infiltration in IDO-deficient mice, even though the total number of neutrophils
harvested from that BALF was much lower compared than that in the BL/6 and IDO mice
challenged with OVA and hRV. This indicates that hRV infection induces the dominant
infiltration of neutrophils in the airway. Collectively, these results indicate that IDO
deficiency results in greatly increased infiltration of neutrophils in airways during asthma
exacerbations caused by hRV infection.

We measured airway responsiveness in conscious, unrestrained mice using Pehn values.
As anticipated, after the administration of 12.5 and 25 mg/ml methacholine, the Pehn
values increased more in the IDO-ablated mice challenged with OVA and hRV than in the
identically challenged BL/6 mice (Fig. 1D). However, the IDO-ablated mice challenged with
OVA alone exhibited no significant changes in Pehn values in response to methacholine
inhalation compared with the OVA-challenged BL/6 mice. This implies that IDO ablation
might not affect airway responsiveness after challenge with OVA alone, even though the
IDO-ablated mice showed fewer eosinophils in their BALF after 1 day. To better understand
severe asthmatic inflammation and disease progression in IDO-ablated mice, we performed

https://doi.org/10.4110/in.2021.21.e26 9/28



iImmunN=
-
hRV-Exacerbated Asthma Controlled by IDO in HSC-Derived Cells n =Two R I(

A hRV (1x107 TCIDso, i.n.)
v
—d13 —-d2 —d1 do Day 1 Day 2
> A H>B8 >A A >ABD
t tt | |
Sensitization ] L ]
(100 pg OVA/2 mg Alum, i.p.) Challenge Analysis
(50 pg OVA or PBS, in)
B
40 1dpi . 2dpi 100 "
] @ [ 8
fg T ZTw ¥C 5]
g8 °s °3 55 S
== =SS £ 260 oL < W BL/6
3= 20 3= ] g €=
= 3 23 w0 £3 >3 W DO KO
8 B B =T R
fg v i 3w it it
# *
#* #*
0 0
N TR QD v N v Qv N v Qv N TR QD v
\\Q 0\\?‘;‘8\ \\Q‘ C§ ?2;(8\ \‘Q OAY‘;QQ‘ \\Q D\\V‘X & & 0A ?“X& \‘$ (JA V“;Q% \\% & ?5\8\ \ib 0A ?“X&
& & & &
c OVA+hRV hRV D
0 125 ; ; 01 0 125 ; ;
% 1dpi 2 dpi 3 3 1dpi 2dpi /u? 1 -@- hRV
H -~
Emo 21 E @ Neutrophil £ © —@— OVA ] BL/6
= 75 @ @ @ Eosinophil 7.? —A— OVA+hRV
£ £ £ ERD
L 50 S L O Macrophage g N ){/ ©- hRV
£ 2 £ £ W Lymphocyte < M - OVA ]IDO ko
s 3 3 & - OVA+hRV
o o o
0 625 125 25
Methacholine (mg/ml)
E F
@ 5 .
g >
o 4
BL/6 g 3 W BL/6
[=]
S 2 H IDO KO
©
£
£ 1
]
E o
IDO KO x\@ 0&? ‘8‘4
¥
N

Figure 1. Exacerbation of hRV-induced neutrophilic airway inflammation in IDO-ablated mice. (A) Schematic of asthma exacerbation by hRV infection. BL/6 and
IDO KO mice were sensitized with 100 pg of OVA in 2 mg of alum through i.p. injection. After 10 days, the mice were challenged with either 50 pg of OVA or PBS for
3 consecutive days via the i.n. route. For hRV-induced asthma exacerbation, the third OVA solution included hRV (1.0x10” TCIDs,), and analyses were performed 1
and 2 days after the last OVA challenge. Control mice were treated with PBS. (B) The absolute number of neutrophils, eosinophils, macrophages, and lymphocytes
in BALF. The leukocytes in BALF were assessed by cytospinning and subsequent Wright-Giemsa staining 1and 2 days after the last OVA challenge. (C) Relative
proportion of leukocyte subsets in BALF. (D) AHR in response to increasing doses of methacholine. Enhanced pause (Penh) values were determined by airway
resistance to methacholine of 6.25, 12.5, 25, and 50 mg/mlin relation to PBS values. (E) Histological examinations of lung tissues. Representative H&E-stained lung
sections derived from each group of BL/6 and IDO KO mice were examined at 2 dpi. Images are representative of sections (100x) from at least 5 mice. Represented
photomicrographs show inflamed perivascular and peribronchial areas. (F) Quantitative analyses of airway inflammation in lung sections. Inflammation was blind
scored 2 days after the last OVA challenge. Data show the mean+SEM of the levels derived from at least 2 individual experiments (n=5-6).

*p<0.05, Tp<0.01, and *p<0.001 between the levels derived from BL/6 and IDO KO mice; Sp<0.05 and 'p<0.001 between the OVA-hRV challenged groups of BL/6
and IDO KO mice 1dpi.

histopathological examinations of lung tissues recovered from BL/6 and IDO KO mice at 2 dpi.
As expected, the BL/6 mice showed less inflammation than the IDO KO mice, as shown by
lower leukocyte infiltration in the peribronchial and perivascular areas (Fig. 1E). In particular,
the IDO KO mice developed apparently severe inflammation, with huge infiltration of
inflammatory cells in the airway areas. However, the BL/6 and IDO KO mice that received only
the OVA challenge showed comparable inflammation in their airways. Furthermore, the IDO
KO mice displayed higher inflammation scores in their airway when we scored the severity

of inflammation in the airway areas (Fig. 1F). Therefore, IDO is required to regulate severe
neutrophilic inflammation in airways during asthma exacerbations induced by OVA challenge
combined with hRV infection.
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Several in vivo and ex vivo asthma models have been used to elucidate the roles of different
cytokines in the differentiation and mechanistic initiation of the Th1-, Th2-, and Th17- (or
even Th9) response during asthma pathogenesis (2). To characterize the Th responses in
the enhanced neutrophilic airway inflammation caused by OVA and hRV infection in IDO
KO mice, we determined the amount of Th subset-related cytokine proteins present in the
BALF of both BL/6 and IDO-ablated mice 1 and 2 dpi. hRV infection increased the secretion
of IL-13, IL-17A, IL-25, IL-33, and IFN-y in the BALF of IDO KO mice challenged with OVA
compared with BL/6 mice (Fig. 2A). In particular, IDO-ablated mice produced much higher
levels of Th17- and Thil-related cytokines, such as IL-17A and IFN-y, than BL/6 mice after the
OVA challenge and hRV infection. Furthermore, IDO KO mice showed enhanced expression
of Th17-inducing cytokine mRNA (IL-17A) in their lung tissues compared with the BL/6 mice
(Fig. 2B). Also, enhanced expression of Cxcr2 and Mpo mRNA strengthened neutrophilic
airway inflammation in IDO KO mice, along with high production of IL-17A and IFN-y,
because CXCR2 and MPO are important molecules for the functioning of neutrophils (45).
Furthermore, the IDO-ablated mice had higher expression and production levels of IL-1 and
IL-6, which play an important role in Th17 differentiation (Fig. 2C). These results suggest
that IDO attenuates both Th17- and Thl-mediated airway inflammation during asthma
exacerbations caused by hRV infection.
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Figure 2. IDO-ablated mice display increased Th1- and Th17-type inflammation in the airway following hRV infection. (A) The levels of Th1, Th2, and Th17 cytokines
in BALF. The protein levels of Th1 (IFN-y), Th2 (IL-4, IL-5, IL-13, IL-25, and IL-33), and Th17 (IL-17A) cytokines were determined by cytokine ELISA using BALF
collected 1and 2 days after the last OVA challenge. (B) The expression of neutrophilic airway inflammation-related mRNA in lung tissues. The expression levels
of neutrophilic airway inflammation-related mRNA (Il17a, Cxcr2, Mpo, and 1125) were determined by real-time qRT-PCR using lung tissues harvested 1 and 2

days after the last OVA challenge. (C) IL-1B protein levels in BALF. (D) The expression of /l1b and 1[6 mRNA in lung tissues. IL-1B protein levels in BALF and mRNA
expression of /l1b and 116 in lung tissues were determined by ELISA and real-time qRT-PCR 1and 2 days after the last OVA challenge, respectively. Data show the
mean+SEM of the levels derived from at least 2 individual experiments (n= 5-6).

*p<0.05, Tp<0.01, and *¥p<0.001 between the levels derived from BL/6 and IDO KO mice.
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T] proteins are responsible for airway cellular integrity and regulate the recruitment of
inflammatory cells during viral infections (46). The disruption of TJs and adhesion molecules
is highly linked with the infiltration of inflammatory cells upon infection with respiratory
viruses (47). Furthermore, TJs such as ZO-1, claudin-4, and claudin-5 were reported to be
involved in neutrophilic asthmatic reactions (47,48). Because IDO KO mice showed severe
neutrophilic airway inflammation after challenge with OVA and hRV infection, we examined
the mRNA expression of Zol, claudin4, claudin5, and Jam in lung tissues. Our data reveal that
IDO ablation resulted in significantly decreased expression of Zol, claudin5, and Jam after
challenge with OVA and hRV infection, but the expression of claudin-4 increased in the IDO
KO mice (Fig. 3A), which supports the strong connection between severe asthma and the
high expression of claudin-4 in the lungs (47). However, upon challenge with OVA alone, the
BL/6 and IDO KO mice showed similar downregulated expression of Zol, claudin4, claudins,
and Jam mRNA. This result implies that the remarkable loss of TJ integrity in IDO KO mice
could be supervened by an influx of neutrophils.

Goblet cell metaplasia and subsequent mucus exaggeration is a functional signature of
allergic airway inflammation (47). To further understand the role of IDO in neutrophilic
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Figure 3. IDO-ablated mice displayed disrupted TJs but enhanced expression of inflammasome-related and mucin-inducing genes. (A) Alteration of TJ mRNA
expression. The expression of TJ mRNA (Zo1, claudin4, and claudin5) were determined by real-time qRT-PCR 1 and 2 days after the last OVA challenge. (B)
Enhanced expression of Muc5ac, Muc5b, and Gob5 mRNA levels in the lung tissues of IDO KO mice. The expressions of Muc5ac, Muc5b, and Gob5 mRNA were
determined by real-time qRT-PCR using lung tissues from 1 and 2 days after the last OVA challenge. (C) PAS staining of airway tissues in asthmatic mice. Lung
tissue sections were obtained from BL/6 and IDO KO mice 2 days after the final OVA challenge and used for PAS staining to detect the degree of goblet cell
hyperplasia and mucus plugging of the airway. (D) Scoring of the extent of mucus production. The extent of mucus production was blind scored using PAS-
positive cells in the airway 2 days after the last OVA challenge. (E) The expression of inflammasome-related mRNA in lung tissues. Inflammasome-related mRNA
levels were determined by real-time qRT-PCR. Data show the mean=SEM of the levels derived from at least 2 individual experiments (n=5-6).

*p<0.05, Tp<0.01, and *p<0.001 between the levels derived from BL/6 and IDO KO mice.
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airway inflammation during asthma exacerbations caused by hRV infection, we examined
the expression of Muc5ac and Muc5h, which are the principal macromolecules in airway
mucus (49). Highly increased levels of Muc5ac and Muc5h mRNA expression were observed in
IDO-deficient mice after challenge with OVA and hRV infection (Fig. 3B). We also examined
the mRNA expression of Gob5, which induces mucus protein in the airway as a member

of the calcium-activated chloride channel family (47). As expected, IDO KO mice showed
impressively increased expression of Gob5 mRNA in lung tissues 1 day after challenge with
OVA and hRV infection (Fig. 3B). Those data were supported by the PAS staining results,
wherein the lung tissues of IDO KO mice had more mucus production (Fig. 3C) and higher
PAS scores than those of BL/6 mice (Fig. 3D). Collectively, our data indicate that IDO
ablation promotes severe neutrophilic airway inflammation with abundant production of
mucus during asthma exacerbations. Severe neutrophilic asthma is highly connected to
inflammasome activation and concomitant IL-17 and IL-1f induction in inflamed airways
(50). Hindering NLRP3 inflammasome activation was reported to reduce neutrophilic asthma
but have no effect on the eosinophil-mediated Th2 response (50). Similarly, our data reveal
that the IDO KO mice showed higher expression of Nirp3, Nirc4, and Asc mRNA in their lung
tissues than BL/6 mice after challenge with OVA and hRV infection (Fig. 3E). Taken together,
these results support that the neutrophilic asthmatic features of OVA-challenged and hRV-
infected IDO KO mice occur through the intense induction of inflammasome activation and
mucus secretory molecules and the collapse of the lung epithelial barrier.

To clearly understand the skewed Th17 and Th1 responses in IDO KO mice, we further
examined the CD4" Th subsets that infiltrated their inflamed BALF and lung tissues 1 dpi.
Compared with that of the BL/6 mice, the BALF of the IDO KO mice contained a higher
frequency and absolute number of IL-17A*CD4* Th17 and IFN-y*CD4* Th1 cells after challenge
with OVA and hRV infection (Fig. 4A and B). However, IL-4'CD4" Th2 cells were detected
with a lower frequency and absolute number in BALF, and especially in IDO KO mice, after
challenge with OVA alone. Thus, IDO could play a role in regulating the differentiation of
effector IL-4'CD4" Th2 cells. CD4'Foxp3* Treg cells did not change significantly, even though
CD4'Foxp3' Treg cells were detected at slightly increased levels in the IDO KO mice. Similarly,
after challenge with OVA alone, the lung tissue of IDO KO mice contained a higher frequency
and absolute number of IL-17A*CD4* Th17 and IFN-y*CD4* Th1 cells than that of BL/6 mice,
whereas the levels of IL-4'CD4* Th2 cells in IDO KO mice decreased (Fig. 4C and D). These
results indicate that IDO ablation could provide a skewed response of IL-17- and IFN-y-
producing CD4" T cells in inflamed tissues.

CD4* Th2 primed with OVA absorbed to alum are activated in draining LNs (mLNs), which then
migrate to the lung to coordinate the asthmatic immune response during an OVA challenge
(51). However, our results reveal that skewed Th17 and Th1 responses were dominant in the
airways of the IDO KO mice after an OVA challenge and hRV infection. Therefore, whether

the skewed Th17 and Th1 responses in IDO KO mice are induced in mLNs following the OVA
plus hRV challenge or by Th17- and Thl-biased migration in the inflamed tissues is unclear. To
further understand OVA-specific CD4* Th responses, we examined the production of Th subset-
related cytokines in leukocytes obtained from mLNs and lung tissues following stimulation
with the OVA protein, which could induce dominant cytokine production from CD4" T cells.

In line with the cytokine levels in the BALF, the IDO KO mice challenged with OVA and hRV
infection showed markedly increased production of Th17- and Thl-related cytokines (IL-17A and

https://doi.org/10.4110/in.2021.21.e26 13/28



hRV-Exacerbated Asthma Controlled by IDO in HSC-Derived Cells

A hRV

BL/6

—> IFN-y*

—> |L-4*

IDO KO

IMMUN=
N=TWORK

OVA OVA+hRV B

BL/6

<10.1%)| 1

3
=)

IDO KO BL/6 IDO KO

)
©

"'3.08%|j EPXLL
. = .

- IL-17°

—> Foxp3*

“17.53%| ...;, 19.64%; +218.3

1074 . 46.71%6,,

# IFN-y'CD4" Thi cells
(x10°/BAL)
o N S~
L I«
# IL-4°CD4" Th2 cells
(x10%/BAL)
o N » o

23

%
%,
%,

w
o

|+
~

aed vz.zei

11299 5

w

B BL/6
B 1DO KO

(x10°/BAL)

|| 845% o

# |IL-17A°CD4" Th17 cells
(x10°/BAL)
# CD4'Foxp3' Tregs

BL/6

; :

- IL-17

—» Foxp3*

IDO KO

o
w
S

N
S
|+

# IFN-y'CD4" Th1 cells
(x10°/lung)
o o >
L I
# IL-4°CD4" Th2 cells
(x10%/lung)
o >

%,
)
%
%,
K

30 15

|+

% mBL/6

| IDO KO

# |IL-17A°CD4" Th17 cells
(x10°/lung)
o 3
L
# CD4'Foxp3' Tregs
(x10°/lung)
= o 3>

cp4’ o

Figure 4. IDO deficiency derives enhanced Th1- and Th17-biased CD4+ T cell responses at inflamed sites. (A) and (B) The frequency and number of CD4*

Th subsets in BALF. BALF was collected 1 day after the last OVA challenge. (C) and (D) The frequency and number of CD4* Th subsets in lung tissues. Lung
leukocytes were recovered by heart perfusion and collagenase digestion 1 day after the last OVA challenge. The frequency and enumeration of the CD4* Th
subsets in BALF and lung tissues were determined by intracellular cytokine staining combined with surface CD4 staining after brief stimulation of the prepared
BALF and lung leukocytes with PMA and ionomycin. CD4*FoxP3* Tregs were determined by a flow cytometric analysis using Foxp3-specific Ab without stimulation.
Values in the dot-plots represent the average percentage of each population after gating on CD4* T cells. Data show the mean+SEM of the levels derived from at
least 2 individual experiments (n=4-6).
*p<0.01, Tp<0.001, between the levels derived from BL/6 and IDO KO mice.

IFN-y) from CD4+ T cells derived from mLNs and lung tissues in response to OVA stimulation,
but the production of the Th2-related cytokines, IL-4, IL-5, and IL-13, decreased (Fig. 5A and B).
The strong and complex relationships among the allergen-specific IgE, IgG, IgG1, and IgG2a
responses with Th in the progression of allergic inflammation have been documented (52).
Therefore, we measured the levels of OVA-specific IgE, IgG, IgG1, and IgG2a in sera. In
support, the IDO KO mice showed lower levels of OVA-specific IgE, IgG, and IgG1 and modestly
increased levels of OVA-specific [gG2a compared with the BL/6 mice (Fig. 5C). Therefore, the
skewed Th17 and Th1 responses observed in the IDO-ablated mice could be driven by biased
activation of Th17 and Th1 cells in mLNs and inflamed lung tissue.

Long-term recurrent stimulation with an allergen can produce chronic airway inflammatory
responses that manifest as the destruction of the epithelial structure and eventually asthma
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Figure 5. Enhanced responses of allergen-specific CD4+ Th1 and Th17 cells in IDO-ablated mice. (A) and (B) OVA-specific production of Th1, Th2, and Th17
cytokines from mLNs and lung leukocytes. The leukocytes were prepared from mLNs (A) and lung tissues (B) using collagenase digestion 1 day after the last
OVA challenge and stimulation with OVA (500 pg/mL) for 72 h. The protein levels of Th1 (IFN-y), Th2 (IL-4, IL-5, IL-13), and Th17 (IL-17) were then determined by
cytokine ELISA using culture soup. (C) Serum levels of IgE, 1gG, I1gG1, and IgG2a. OVA-specific Ig levels in sera were measured by sandwich ELISA 1 and 2 days
after the final OVA challenge. Data show the mean=SEM of the levels derived from at least 2 individual experiments (n=4-6).

*p<0.05, Tp<0.01, and ¥p<0.001, between the levels derived from BL/6 and IDO KO mice.

airway remodeling (53,54). The mechanisms of allergen-specific Th2-mediated and chronic
asthma pathogenesis are somewhat understood, but chronic exacerbation of asthmatic
inflammation with hRV infection remains to be explained. Therefore, to better understand
the role of IDO in asthma exacerbation caused by hRV infection, we used long-term recurrent
stimulation with OVA to investigate how IDO ablation affects the chronic exacerbation of
asthmatic inflammation caused by hRV infection. We sensitized BL/6 and IDO-ablated mice
with 100 pg of OVA in 2 mg of alum via the i.p. route and then challenged them with 50 pg of
OVA for 3 consecutive days per week via the i.n. route for 5 weeks. The chronic exacerbation
of asthmatic inflammation was induced by infection with hRV (1x10” TCIDs,) during the third
OVA solution each week. The features of asthmatic inflammation in the airway were evaluated
by analyzing the recruited leukocytes found in BALF 2 days after the last OVA challenge with
hRV infection (Fig. 6A). Our results reveal that IDO ablation resulted in a somewhat increased
number of total leukocytes in the harvested BALF (Fig. 6B). In addition, the IDO-ablated mice
showed a highly increased number of neutrophils in BALF following repeated OVA challenge
and hRV infection, but the number of other leukocyte subsets (eosinophils, macrophages,
and lymphocytes) did not change significantly compared with the BL/6 mice. Compared

with the BL/6 mice, the IDO-ablated mice showed a pattern of increased neutrophils in

the relative ratio of total leukocytes derived from BALF following repeated OVA challenge

and hRV infection, even though the BALF of both the BL/6 and IDO KO mice contained a
dominant population of macrophages (Fig. 6C). The relative ratio of eosinophils was found

to be comparable in the BL/6 and IDO KO mice, and it is noteworthy that challenging IDO
KO mice with hRV alone appeared to increase the infiltration of neutrophils. These results
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indicate that IDO ablation results in predominantly increased infiltration of neutrophils in
airways during the chronic exacerbation of asthmatic inflammation caused by repeated OVA
challenge and hRV infection. To better understand the chronic exacerbation of asthmatic
inflammation in IDO KO mice, we performed histopathological examinations of lung tissues
recovered from BL/6 and IDO KO mice after repeated OVA challenges and hRV infections. As
expected, the IDO-ablated mice showed more exacerbated inflammatory lesions around the
airway areas than the BL/6 mice (Fig. 6D). Notably, IDO-ablated mice showed hyperplasia of
the epithelial layers in the peribronchial and perivascular areas after repeated OVA challenges
and hRV infections. In support, the IDO KO mice displayed higher inflammation scores in
their airways (Fig. 6E). However, no significant changes in inflammation score were found in
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Figure 6. IDO-ablated mice show exacerbated Th1- and Th17-type airway inflammation following repeated allergen and hRV exposure. (A) Experimental scheme for
chronic model of hRV-induced asthma exacerbation. BL/6 and IDO KO mice were sensitized twice with 50 pg of OVA in 2 mg of alum on days 0 and 7 through i.p.
injection. Ten days later, the mice were challenged with either 50 pg of OVA or PBS for 3 consecutive days via the i.n. route. For hRV-induced asthma exacerbation,
the third OVA solution included hRV (1.0 x 107 TCIDs,), and that 3-consecutive-days challenge was repeated 5 times every 7 days. The analysis of leukocyte infiltration
and inflammatory reactions in lung tissues was conducted 2 days after the final OVA challenge. (B) Differential cell numbers in BALF recovered from BL/6 and IDO
KO mice in the chronic model of hRV-induced asthma exacerbation. The leukocyte subsets (neutrophils, eosinophils, macrophages, and lymphocytes) in BALF were
assessed by cytospinning and subsequent Wright-Giemsa staining 2 days after the final OVA challenge. (C) Relative proportion of leukocyte subsets in BALF. (D)
Histological examinations of lung tissues. Representative H&E-stained lung sections derived from each group of BL/6 and IDO KO mice 2 days after the final OVA
challenge were examined. Images are representative of sections (100x) from at least 5 mice. The photomicrographs show inflamed perivascular and peribronchial
areas. (E) Quantitative analyses of airway inflammation in lung sections. Inflammation was blind scored 2 days after the last OVA challenge. (F) The levels of Th1,
Th2, and Th17 cytokines in BALF. The protein levels of Th1 (IFN-y), Th2 (IL-4, IL-5, IL-13, IL-25, and IL-33) and Th17 (IL-17A) cytokines were determined by cytokine ELISA
using BALF collected 2 days after the last OVA challenge. (G) Serum levels of IE, IgG, I1gG1, and IgG2a. OVA-specific Ig levels in sera were measured by sandwich
ELISA 2 days after the final OVA challenge. Data show the mean+SEM of the levels derived from at least 2 individual experiments (n= 4-6).

*p<0.05, Tp<0.01, and ¥p<0.001, between the levels derived from BL/6 and IDO KO mice.
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BL/6 and IDO KO mice following repeated challenges with OVA alone. Thus, IDO might not
be involved in regulating the chronic asthmatic inflammation caused by repeated challenge
with Th2-mediated allergens. Next, we determined the secretion levels of Th-related
cytokines in BALF derived from BL/6 and IDO KO mice following repeated OVA challenges
and hRV infections. In line with the enhanced infiltration of neutrophils that we found in the
IDO KO mice, the IDO KO mice showed highly increased secretion of Th17- and Thi-related
cytokines (IL-17A and IFN-y) in BALF compared with the BL/6 mice, but the Th2-related
cytokines (IL-4, IL-5, and IL-13) were detected at comparable levels in the BALF derived from
the BL/6 and IDO KO mice (Fig. 6F). Interestingly, the IDO KO mice had decreased secretion
of IL-25 and IL-33, which are produced by epithelial cells and known to be involved in innate
lymphoid cell 2 differentiation, compared with BL/6 mice. We measured the levels of OVA-
specific IgE, IgG, IgG1, and IgG2a to further understand the features of chronic asthmatic
inflammation caused by the repeated OVA challenges and hRV infections. We found no
changes in the levels of OVA-specific IgG and IgG1, but the IDO KO mice showed higher
levels of OVA-specific IgG2a (Fig. 6G). Also, it was curious that IDO KO mice contained
higher levels of OVA-specific IgE than BL/6 mice. Collectively, these results indicate that IDO
ablation exacerbates the features of chronic asthmatic inflammation mediated by Th17- and
Thl-type responses following repeated OVA challenges and hRV infections.

The long-term recurrent exposure of IDO KO mice to allergens and hRV exacerbated chronic
inflammatory disease mediated by Th17- and Thl-type responses in the airway compared
with WT mice. One of the hallmarks of chronic airway inflammation following repeated
allergen exposure is structural changes in the airways, including collagen deposition,

goblet cell hyperplasia, and increased smooth muscle mass (53). To better understand the
characteristics of chronic airway inflammation in IDO KO mice following repeated allergen
and hRV exposure, we evaluated collagen deposits in the airways with Masson's trichrome
staining of lung tissues. The IDO KO mice showed denser and thicker collagen layers around
the airway than the WT mice (Fig. 7A). Also, the IDO KO mice exhibited more apparent

PAS* goblet cells in the airways (Fig. 7B) and higher PAS scores than the WT mice (Fig. 7C).

In contrast, the mucus production and PAS scores derived from WT and IDO KO mice did
not differ significantly following repeated exposure to OVA alone. We also examined the
expression of MucSac, Muc5h, and Gob5 mRNA in lung tissues to understand the chronic
inflammatory response in the airways following repeated OVA and hRV exposure. We found
increased expression of Gob5S mRNA, but not Muc5ac or Muc5h, in IDO KO mice compared
with WT mice (Fig. 7D). This implies that IDO ablation could affect the expression of Gob5
during the chronic inflammation caused by repeated exposure to OVA and hRV infection,
leading to goblet cell hyperplasia. Our data also reveal that IDO KO mice had enhanced
expression of Nirp3 and Nilrc4 mRNA in lung tissues compared with WT mice (Fig. 7E). That
result strengthens our finding of neutrophilic airway inflammation in IDO KO mice following
repeated allergen and hRV exposure because those inflammasome-activated genes are well
connected to neutrophilic asthmatic features in inflamed airways (50). The IDO KO mice also
showed enhanced expression of TJs related to neutrophilic airway inflammation such as ZoI,
claudin5, and claudin4 compared with WT mice (Fig. 7F). Taken together, these results indicate
that IDO ablation worsens neutrophilic airway inflammation, collagen deposition, and goblet
cell hyperplasia and enhances the expression of inflammasome-related genes during the
chronic airway inflammation caused by repeated exposure to allergens and hRV infection.
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Figure 7. IDO-ablated mice show increased sub-epithelial collagen deposition and mucin-inducing gene expression. (A) Trichrome staining for type | collagen
deposition in the lung tissues of BL/6 and IDO KO mice following repeated allergen and hRV exposure. (B) PAS staining of airway tissues in BL/6 and IDO KO mice
following repeated allergen and hRV exposure. Photomicrographs of Masson trichrome and PAS-stained lung sections derived from each group of BL/6 and IDO
KO mice were obtained 2 days after the final OVA challenge. Images are representative of sections (100x) from at least 5 mice. (C) Scoring of the extent of mucus
production. The extent of mucus production was blind scored using PAS-positive cells in the airway 2 days after the last OVA challenge. (D) Altered expression

of Muc5ac, Muc5b, and Gob5 mRNA levels in the lung tissues of IDO KO mice. The expressions of Muc5ac, Muc5b, and Gob5 mRNA were determined by real-time
gRT-PCR using lung tissues from 2 days after the last OVA challenge. (E) The expression of inflammasome-related mRNA in lung tissues. (F) Alteration of TJ mRNA
expression. The expressions of inflammasome-related and TJ mRNA were determined by real-time qRT-PCR using total RNA extracted from lung tissues sampled
2 days after the last OVA challenge. Data show the mean+SEM of the levels derived from at least 2 individual experiments (n=4-6).

*p<0.05, Tp<0.01, and ¥p<0.001, between the levels derived from BL/6 and IDO KO mice.

IDO is widely expressed in human tissues and various cell subsets, and it is induced at sites
of inflammation and by immune cells activated by type I (IFN-I) and II IFN (IFN-II) because
mammalian IDO genes contain IFN response elements (23). Elevated IDO expression by DCs
is of particular significance because DCs play a crucial role in initiating Ag-specific responses
(55,56). Our data reveal that IDO ablation markedly exacerbates neutrophilic airway
inflammation during acute and chronic allergen exposure with hRV infection. In this analysis,
we were interested in dissecting the contributions that IDO induced in tissue-resident
stromal and epithelial cells and HSC-derived leukocytes make to this process. Therefore,
we used a BM chimeric model of WT BL/6 and IDO KO mice. Following the depletion of
BM cells in the recipients with an injection of busulfan (44), BM cells derived from BL/6
and IDO KO mice were grafted into IDO KO and BL/6 recipient mice, respectively. Five to 6
weeks later, after confirming BM chimerism, we sensitized the recipients with OVA protein
(100 pg/recipient) in 2 mg of alum via the i.p. route. Ten days after that, we challenged
those mice with 50 pg of OVA for 3 consecutive days via the i.n. route. Neutrophilic asthma
exacerbation was induced by hRV infection with the third OVA treatment. Neutrophilic airway
inflammation was evaluated by analyzing the recruited leukocytes in BALF harvested 2 days
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after the hRV infection (Fig. 8A). Interestingly, our data reveal that the WT recipients of the
IDO KO BM donor cells (KO-WT chimera) showed an increased number of total leukocytes in
BALF harvested after OVA challenge with hRV infection, compared with the IDO KO recipients
of WT BM donor cells (WT-KO chimera) (Fig. 8B). In particular, the KO-WT chimera exhibited
a highly increased number of neutrophils in BALF compared with the WT-KO chimera. This
result indicates that IDO production in leukocytes derived from the HSC lineage plays a

more important role than that from tissue-resident cells in regulating neutrophilic airway
inflammation. It was also interesting to note that WT-KO recipients contained a highly
increased number of eosinophils in their BALF after exposure to OVA and hRV, compared with
the WT-WT, KO-WT, and KO-KO chimera. These data imply that IDO production from tissue-
resident cells might play a role in recruiting eosinophils into inflamed tissues. The infiltration
of neutrophils in the BALF of the KO-WT chimera was particularly apparent in our evaluation
of the relative ratio of leukocyte subsets (Fig. 8C). Notably, the KO-WT and KO-KO chimera
showed comparable proportions of neutrophils in their BALF, which indicates that the
ablation of IDO production in leukocytes derived from HSCs plays a dominant role in inducing
neutrophilic airway inflammation. To better understand neutrophilic airway inflammation in
the KO-WT chimera, we determined the levels of Thl-, Th2-, and Th17-type cytokines in BALF.
As expected, the KO-WT and KO-KO chimeras showed higher levels of IL-17A and IFN-y than
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Figure 8. IDO deficiency in hematopoietic stem cells enhances Th1- and Th17-type airway inflammation following allergen and hRV exposure. (A) Experimental
scheme for hRV-induced asthma exacerbation using BL/6 and IDO KO BM chimeric models. BM cells derived from BL/6 and IDO KO mice were grafted into IDO KO
and BL/6 mice, respectively, pre-treated with busulfan to deplete BM cells in the recipients. After confirmation of BM chimerism, the recipients were sensitized

with 100 pg of OVA in 2 mg of alum through i.p. injection. After 10 days, the recipients were challenged with either 50 pg of OVA or PBS for 3 consecutive days via
the i.n. route. For hRV-induced asthma exacerbation, the third OVA solution included hRV (1.0x10” TCIDs,), and analyses were performed 1 day after the last OVA
challenge. Control mice were treated with PBS. (B) Differential cell numbers in BALF recovered from the recipients of BL/6 or IDO KO BM cells. The leukocyte subsets
(neutrophils, eosinophils, macrophages, and lymphocytes) in BALF were assessed by cytospinning and subsequent Wright-Giemsa staining 1 day after the final OVA
challenge. (C) Relative proportion of leukocyte subsets in BALF derived from BM cell recipients. (D) The levels of Th1, Th2, and Th17 cytokines in BALF. (E) IL-1B levels
in the BALF of the recipients. The protein levels of the cytokines were determined by cytokine ELISA using BALF collected from the recipients of BL/6 or IDO KO BM
cells 1day after the last OVA challenge. (F) OVA-specific IgE, IgG, 1gG1, and 1gG2a levels in sera from the recipients. OVA-specific Ig levels in sera were measured by
sandwich ELISA 1 day after the final OVA challenge. Data show the mean=SEM of the levels derived from at least 2 individual experiments (n= 4-6).

*$p<0.05, T1p<0.01, and #p<0.001, between the indicated groups.
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the WT-WT and WT-KO chimeras after exposure to OVA and hRV infection, whereas all the
BM chimeras had comparable levels of Th2-type cytokines (IL-4, IL-5, and IL-13) (Fig. 8D). It is
also noteworthy that IFN-y was detected in the BALF of the WT-KO chimera at greatly reduced
levels after the OVA challenge and hRV infection compared with the other BM chimeras, which
seems likely to contribute to the infiltration of eosinophils in the BALF of the WT-KO chimera.
Furthermore, our data show that the IL-1f3 in the BALF of KO-WT chimera was detected with
higher levels than those in the WT-KO chimera (Fig. 8E), which supports that Th17-type
airway inflammation is dominantly mediated by IDO produced from leukocytes derived from
HSCs. Finally, we examined OVA-specific IgE, IgG, IgG1, and IgG2a because a previous study
described a strong relationship between allergen-specific Ig isotypes and Th responses during
the progression of allergic inflammation (52). In support of that report, our data reveal that
the KO-WT chimera showed higher levels of OVA-specific [gG2a than the WT-KO chimera,
whereas the levels of OVA-specific IgG1 were decreased in the KO-WT chimera compared

with the WT-KO chimera (Fig. 8F). Collectively, these results indicate that IDO ablation in
leukocytes derived from HSCs induces neutrophilic airway inflammation during asthma
exacerbation caused by hRV infection.

DISCUSSION

As the common cold virus, hRV is the most prevalent pathogen to circulate constantly

in the human community, and it is known to be the most important trigger of asthma
exacerbations (3-0). Even though murine models infected with minor or major groups of
hRV have been used to depict several mechanisms that could explain asthma exacerbations
(39,57,58), a better understanding of personal and environmental risk factors and
inflammatory mechanisms is needed to develop new strategies that can prevent and

treat asthma exacerbations. In this study, we have demonstrated that IDO is required to
prevent neutrophilic airway inflammation during asthma exacerbations caused by hRV
infection. Using an OVA-based asthma model, we have shown that IDO-deficient mice

had markedly enhanced Th17- and Thl-type neutrophilia in the airway following OVA
challenge and hRV infection. This neutrophilic airway inflammation was closely associated
with disrupted TJs and enhanced expression of inflammasome-related molecules and
mucin-inducing genes. In addition, IDO ablation enhanced allergen-specific Th17- and
Thi-biased CD4" T-cell responses upon hRV infection. The role of IDO in attenuating

Th17- and Thl-type neutrophilic airway inflammation became more apparent in chronic
asthma exacerbations caused by repeated allergen challenges and hRV infections. IDO-
deficient mice showed severely exacerbated Th17- and Thil-type neutrophilic inflammation
in their airways following repeated OVA challenges and hRV infections, as manifested by
marked neutrophil infiltration, high production of IL-17A and IFN-y, and enhanced collagen
deposition and epithelial hyperplasia. Furthermore, IDO in leukocytes derived from the
HSC lineage appeared to play a dominant role in attenuating Th17- and Thl-type neutrophilic
inflammation in the airway following hRV infection. Therefore, IDO in HSC-derived
leukocytes is required to regulate Th17- and Thi-type neutrophilic inflammation in the airway
during asthma exacerbations caused by hRV infections.

IDO, an IFN-y-inducible enzyme, has traditionally been recognized for its regulatory role in
infection, autoimmunity, cancer, pregnancy, and transplantation. The tolerance functions
of IDO are based on the depletion of TRP and the accumulation of its metabolites KYN

and 3-hydroxyanthranilic acid (3-HAA) in the intracellular pool or microenvironment of
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immune cells (59). However, the effect of IDO on allergic inflammation appears to be a

piece of the puzzle in the “hygiene hypothesis.” The currently accumulated data provide
complicated results from which no clear conclusion can be drawn. IDO-ablated mice were
shown to experience significant relief from the establishment of allergic airway disease with
no impairment of airway tolerance (31), which suggests that IDO plays a role in promoting
Th2-mediated allergic airway inflammation. In contrast, Dr. Raz's group demonstrated that
IDO-inducing molecules such as the TLRO ligand can inhibit the airway inflammation driven
by Th2 cells in the lung (32). IDO activity expressed by resident lung cells, rather than by
pulmonary DCs, was suggested to suppress lung inflammation and airway hyperreactivity.
Also, that group showed that 3-HAA, a metabolite of TRP catabolized by IDO, suppressed
experimental asthma by inducing T cell apoptosis through the inhibition of PDK1 activation
(60). Our results favor the former study results, because IDO-ablated mice challenged with
OVA alone showed a reduced number of infiltrating eosinophils and reduced Th2-type
cytokine production from leukocytes derived from LNs and lung tissue in response to allergen
stimulation. The IDO-ablated mice in this study exhibited no significant changes in airway
responsiveness following challenge with OVA alone, which means that IDO could play no role
in attenuating airway responsiveness after OVA challenge alone. The newest finding in our
results explores the role of IDO in developing OVA-based asthma exacerbations caused by
hRV infection. Our data clearly show that IDO deficiency provides markedly enhanced Th17-
and Thl-type airway inflammation in the course of hRV-induced asthma exacerbation. It has
been reported that infections with respiratory viruses such as RSV and influenza induce IDO
expression (306,37), but no previous study had used practical models infected by a major cause
of asthma exacerbation to examine the role of IDO in asthma exacerbation. The IDO-ablated
mice displayed Th17- and Thl-type airway inflammation, as manifested by large increases in
neutrophil infiltration, enhanced airway responsiveness, and increased production of Th17-
and Thi-type cytokines. In addition, our data reveal that leukocytes derived from lung-draining
LNs and lung tissues produced Th17- and Thl-type cytokines at increased levels in response to
allergen stimulation. These data could be strengthened by previous results from experimental
hRV infections showing that baseline pulmonary IDO activity was lower in patients with
allergic asthma than in healthy individuals (38). In line with a previous report (31), our IDO-
ablated mice showed no impairment in airway tolerance, but they displayed reduced Th2-
type responses in lung draining LNs and lung tissues in response to allergen stimulation.

In contrast with their Th2-type response, our IDO-ablated mice displayed highly enhanced
allergen-specific Th17- and Thi-type responses. Even though our data provide no mechanistic
clue about how to mount Th17- and Thi-skewed responses in LNs and lung tissues, the Th17-
and Thl-skewed responses we found could contribute to neutrophilic airway inflammation
during an asthma exacerbation following hRV infection. The metabolites of TRP, such as KYN,
3-hydroxykynurenine, and xanthurenic acid, could affect the differentiation of CD4'Foxp3*
Treg cells during allergic inflammation (61). CD4*Foxp3* Treg and IL-17A*CD4* Th17 cells are
derived from the same precursor cells (62), and increasing the action of IDO is considered to
switch the differentiation of those precursor T cells into CD4"Foxp3* Treg cells rather than
IL17*CD4" Th17 cells (63,64). Therefore, the altered catabolism of TRP in IDO deficiency
might affect the differentiation and balance of IL-17A*CD4* Th17 and CD4'Foxp3* Treg cells.
Furthermore, a significant correlation was reported between IDO activity and Th17/Treg
imbalance in children with allergic asthma (35). In our results, however, we did not observe a
significant change in the frequency or number of CD4Foxp3* Treg cells in inflamed lung tissue
or BALF derived from WT and IDO-deficient mice after OVA challenge and hRV infection.
CD4'Foxp3' Treg cells do not appear to be involved in accelerating the neutrophilic airway
inflammation caused by hRV infection on the background of IDO deficiency. Explicating
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the role of CD4'Foxp3* Treg cells during an asthma exacerbation with IDO deficiency and an
in-depth study of the role of TRP metabolites in regulating the differentiation and balance of
Th17 and Treg cells remain for future researchers.

Another intriguing finding in this study is that IDO activity in HSC-derived leukocytes plays

a dominant role in attenuating neutrophilic airway inflammation in the course of asthma
exacerbations following hRV infection. IDO can be induced in various immune cells, including
DCs; other APCs; macrophages stimulated by soluble cytokines such as IFN-y, type I [FNs,
TGF-f, and TNF-o; or TLR ligands such as LPS and CpG (21-25). IDO induced by the TLR9
ligand was reported to suppress experimental asthma, and IDO expressed by resident lung
cells rather than pulmonary DCs played a role in suppressing lung inflammation and airway
hyperactivity (32). IDO enzymatic induction in resident lung cells depended on IFN-y and
IL-12p40 following stimulation with the TLRO ligand (32). That previous report differs from
our conclusion that IDO activity in HSC-derived leukocytes is important to attenuating Th17-
and Thl-type neutrophilic airway inflammation during asthma exacerbations caused by hRV
infections. Conceivably, this discrepancy could derive from the context of the experimental
asthma model. In this study, we used BM chimeric models to dissect the contribution of IDO
induced in resident lung cells from that induced in HSC-derived leukocytes during an asthma
exacerbation following hRV infection. Indeed, elevated IDO expression by DCs is of particular
significance due to their Ag-presenting functions. Therefore, a lack of IDO expression in

DCs derived from HSCs could affect the nature of CD4* Th cells specific for the allergen. In
support, our IDO-ablated mice showed markedly enhanced CD4* Th17 and Th1 responses in
lung-draining LNs following stimulation with OVA, which suggests that IDO ablation could
induce Th17- and Thl-skewed responses during allergen sensitization. The enhancement of
Th17 and Th1 responses mediated by IDO-deficient DCs derived from HSCs is presumed to be
involved in neutrophilic airway inflammation in the course of asthma exacerbations. Second,
the lack of IDO expression in neutrophils could change their migration and apoptosis (65-
67), thereby enhancing the infiltration of neutrophils in the airways of the WT recipients that
received BM donor cells derived from IDO KO mice. That notion is supported by the result that
pharmacologic inhibition of IDO increases the transepithelial migration of neutrophils (66).
We deem IDO expression in HSC-derived leukocytes to be important in developing future
strategies for treating asthma exacerbations.

The elevated number of eosinophils in nasal lavage fluid and BALF is related to allergic
airway inflammation and respiratory viral infections that can lead to acute or chronic asthma
(68,69). Highly increased neutrophil infiltration in the airway was observed in chronic
asthma exacerbations driven by repeated allergen challenges and hRV infections, as was
increased expression of IL-17A, IL-1B, and IFN-y and enhanced inflammasome-activated
gene expression and TJ disruption. These results suggest a mechanistic link between an
increase in the inflammasome-Th17 axis and impaired barrier function. IL-18 can induce the
development of IL-17-producing CD4* Th17 cells, in cooperation with IL-23 (70). In agreement
with our observations, IL-17A was found to stimulate mucin genes, Muc5ac, Muc5h, and Gob-5,
in lung tissues. In addition, the inflammasome is also a potential regulator of goblet cell
secretion (71). Together, these data suggest that complex barrier dysfunction could be the
consequence of inflammasome activation and IL-1p/IL-17-mediated neutrophil infiltration in
neutrophilic asthma. Consistently, IL-17A is known to significantly help in the maturation,
migration, and function of neutrophils through enhanced granulopoiesis (72), whereas
impaired IL-17A signaling is related to a delayed and insufficient neutrophil accumulation

in asthmatic lungs (73). In addition, severe neutrophilic asthma is characterized by the
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profuse induction of mucin-producing Muc5b and Gob-5 and the concurrent loss of TJ and
adhesion-molecule integrity (74). Similarly, we found that neutrophilic asthma exacerbated
by hRV infection in IDO-ablated mice resulted in abundant Muc5b and Gob-5 production.
Moreover, diminished Zol, claudin4, claudin5, and Jam expression correlated with exacerbated
asthmatic features in both the acute and chronic asthma models in IDO-ablated mice.
Chronic asthmatic inflammation is characterized by an influx of inflammatory cells, the
overproduction of mucus, and progressive fibrosis of inflamed lungs (53,54). In line with
those notions, intense airway inflammation, mucus production, goblet cell disintegration,
and subsequent collagen deposition were observed in our IDO-ablated mice following
repeated allergen and hRV exposure. One curious thing was that IDO correlated positively
with a huge infiltration of eosinophils, along with the induction of OVA-specific IgE, IgG, and
IgG1 in sera sampled during acute asthma exacerbation, but an intense induction of OVA-
specific IgE was observed in IDO-ablated mice following repeated allergen and hRV exposure.
Asthma pathogenesis and prolonged asthmatic responses are highly associated with the
activation of FceRI-mediated mast cells and basophils to accelerate IgE isotype switching

by presenting allergens among the membrane receptors of DCs (52). Class switching of IgE
production appears to critically potentiate asthma pathogenesis and lead to exacerbations
and persistent symptoms. Our IDO-ablated mice displayed those features by producing

a decreased pattern of OVA-specific IgE and OVA-specific IgG1, even with mitigated Th2
asthmatic features, following repeated allergen and hRV exposure.

To the best of our knowledge, this study is the first to demonstrate that IDO is predisposed
to attenuate Th17- and Thil-type neutrophilic airway inflammation in the course of asthma
exacerbations caused by hRV infection. Importantly, our data reveal that IDO enzymatic
induction in HSC-derived leukocytes plays a pivotal role in attenuating neutrophilic airway
inflammation. Further studies are needed to elucidate the possible mechanisms of TRP
metabolites and Th17/Treg balance in regulating Th17- and Thl-type neutrophilic airway
inflammation during asthma exacerbations caused by hRV infection.
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