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Tryptophan metabolite-regulated Treg responses contribute to attenuation of
airway inflammation during specific immunotherapy in a mouse asthma model
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ABSTRACT

In allergen-specific immunotherapy for asthma, antigens attached to dendritic cells increase the trypto-
phan metabolism in these cells and alter the Th17/Treg balance in the airways. Tryptophan metabolism
has long been suggested to be relevant in the pathophysiology of allergic disorders, including asthma.
Our study investigated whether tryptophan metabolites are responsible for the changes in Th17/Treg
balance and decreases in airway hyperreactivity and inflammation seen during allergen-specific immu-
notherapy in an asthma model. Ovalbumin was injected intraperitoneally into mice to establish an
asthma model, and then high dose ovalbumin allergen-specific immunotherapy was administered to
induce immune tolerance. Airway hyperreactivity and serum ovalbumin-specific immunoglobulin E were
measured to assess whether the animal model was successfully established. We then examined the
influence of inhibition of tryptophan metabolism and the addition of tryptophan metabolites on
allergen-specific immunotherapy-induced changes in the Th17/Treg balance and decreases in airway
inflammation and inflammatory cytokines. Production of tryptophan metabolites was partly responsible
for the allergen-specific immunotherapy-induced increase in Tregs, decrease in airway inflammation,
and decrease in inflammatory cytokines. Ovalbumin-specific immunoglobulin E and airway hyperreac-
tivity were not affected. In the context of asthma, an increase in tryptophan metabolites is one of the
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mechanisms by which allergen-specific immunotherapy achieves immune tolerance.

Introduction

Asthma is a chronic airway disease characterized by eosinophilic
and neutrophilic airway inflammation, airway hyperreactivity
(AHR), and an increase in serum allergen-specific immunoglobu-
lin E (IgE)."* In asthma, there is an imbalance in the lungs
between inflammatory and immunosuppressive T cells. T helper
(Th)2 cells and related inflammatory cytokines are increased,
while Th1 cells decreased."” In general, Th1 are effector inflam-
matory cells; in the context of asthma, they could be immunomo-
dulatory. In a similar manner, Th17 cells and their inflammatory
cytokines are increased in asthma and regulatory T (Treg) cells,
which mediate immunosuppression, are decreased.’

Asthma is related to allergy, and allergen-specific immu-
notherapy (AIT) is used to desensitize the patient and pro-
mote immune tolerance. AIT is thought to act by reversing
the allergen-caused changes in the balance between inflamma-
tion-producing and inflammation-inhibiting T cells.*

A key event in AIT is the skewing of the Treg/Th17 balance
toward Treg cells. AIT induces Treg cells, and these cells can
inhibit the Th2-related airway inflammation seen in asthma.>®
Th17 cells, which secrete interleukin (IL)-17, inhibit the produc-
tion of Treg cells and reverse the immune tolerance produced by
AIT. Treg and Th17 cells are derived from the same precursor
cells,” and increasing the action of indoleamine 2,3 dioxygenase

(IDO), a rate-limiting enzyme in the catabolism of tryptophan,
can switch the differentiation of these precursor T cells into Treg
cells rather than Th17 cells.®

The action of IDO is thought to be due to the metabolites
it produces.®” The presentation of antigens to pulmonary
dendritic cells (DCs) increases the activity of the IDO con-
tained in these cells. An increased number of tryptophan
metabolites then enter the intercellular space and shift the
maturation of precursor T cells toward the Treg, rather than
the Th17, lineage.w‘12 The modulation mechanism of Th17-
Treg differentiation has been reported and indicates that
tryptophan metabolites induce the coding for the foxp3 gene
(Treg) and suppresses retineic-acid-receptor-related orphan
nuclear receptor gamma (RORy)-encoding (Th17).
Therefore, the catabolite of tryptophan promotes generation
of the Foxp3+ Treg cells and inhibition of differentiation in
RoRyt+ Th17 cells."> Furthermore, tryptophan degradation
(also known as the kynurenines [KYN] pathway) participates
in the immune regulation of Treg cells, upregulating expres-
sion of the foxp3 transcript factor and increasing Treg cell
differentiation, accompanied by a decreased expansion of
Th17 cells.'"* Likewise, another study demonstrated that
dichloroacetate induces Treg cell differentiation and sup-
presses Thl7 differentiation by inhibiting the pyruvate
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dehydrogenase kinase (PDHK) activity of recombinant PDHK
and the phosphorylation of pyruvate dehydrogenase.'” Taken
together, the skewing mechanism of Th17-Treg differentiation
is regulated by tryptophan catabolite via upregulated AHR
expression and then decreased generation of Th17.

Overall, IDO-1 is broadly expressed in different tumor cells,
inflammatory/antigen-presenting cells, and stromal cells, and
activates the Kynurenine/tryptophan signaling pathway to
increase differentiation of Treg cells.'® However, the transitional
IDO immunomodulation pathway has been found to contribute
to the control of allergic inflammation. The nature of 1-methyl
tryptophan (1-MT) in the IDO1 signaling pathway is exhibited
by its eliciting the MHC-restricted T cell mediated rejection of
hemiallogeneic antigens.'® 1-MT is a selective inhibitor of enzy-
matic activity of the aryl hydrocarbon receptor (AHR), which is
used in immunotherapy trials and in the treatment of cancer.'”
On the other hand, 1-MT participates in initiation of melatonin
biosynthesis in human fibroblasts/melanoma cells and induces
the tryptophan hydroxylase and  hydroxyindole
O-methyltransferase mRNA in fibroblasts and melanocytes.'®
Altogether, 1-MT may be involved in inhibiting IDO via block-
ing AHR activity and initiating melatonin biosynthesis in skin
cells.

It has been reported that KYN can induce Treg cells to
generate and differentiate.'® Meanwhile, IDO has been suggested
to contribute to the maintenance of peripheral immune toler-
ance in autoimmune diseases and it has been established that
IDO is expressed on the ring wall of granulomas to maintain the
tolerogenic milieu of infectious granulomas.'” Furthermore,
KYN also affects other metabolism pathways, which correspond
to kynureninase and kynurenine 3-monooxygenase (3-OH
KYN), to modulate immunology/allergy function." The effects
of the various metabolites of the IDO pathway contribute to
tolerance induction in the Th2-dependent allergic pathway.

The question asked in the current study was: which of the
effects of AIT treatment of allergic asthma are caused by an
increase in tryptophan metabolites? To answer this question,
we created a mouse model of ovalbumin (OVA)-induced
allergic asthma and AIT, then examined the effect of 1) inhi-
biting tryptophan metabolism (using the specific inhibitor
1-methyl tryptophan [1-MT]) and 2) adding a tryptophan
metabolite in this model to the Treg/Th1l7 balance and to
the various physiological and cellular effects of AIT.

Methods
Animals

Female BALB/c mice (6-8 weeks old, body weight 16-20 g)
were purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, China). The study was approved by the Ethics
Committee of Southwest Hospital of the Third Military
Medical University.

Asthma/immunotherapy model

Mice were divided into five groups (n = 6 for each): healthy
control group, asthma group, the OVA-AIT (immunother-
apy) group, OVA-AIT-1-MT group (immunotherapy + IPO
inhibitor), and OVA-AIT-1-MT-KYN group (immunother-
apy + tryptophan metabolite). In this study, we established
an OVA-induced asthma model as described in Figure 1,
which was modified based on previous studies.’®*' Saline
was substituted for OVA in the control group in all proce-
dures. On day 41, eosinophilic airway inflammation was
found, with typical features reminiscent of human allergic
asthma.?? The following were used to validate the model: (a)
AHR, (b) histological observation of lung inflammation; (c)
bronchoalveolar lavage fluid (BALF) cell counts and concen-
trations of IL-5, IL-6, IL-10, IL-17, and interferon gamma
(IFNy), and (d) measurement of OV A-specific IgE in serum.

Establishment of asthma. Ten pug of OVA and 2.25 mg of
Al(OH); were dissolved in 100 pl of aseptic normal saline.
Sensitization in the asthma and OVA-AIT groups was per-
formed by intraperitoneal (IP) injection of OVA at days 0 and 7.

Immunotherapy. Immunotherapy was given to the OVA-
AIT group by subcutaneous injection of high-dose OVA on
days 21 to 27. One mg of OVA and 2 mg AI(OH); in 200 pl of
normal saline was used for these injections. This dose was
selected after a pilot study showed that this amount did not
cause a lethal allergic reaction.”*?!

OVA challenge. OVA challenge was performed in the con-
trol, asthma, and OVA-AIT groups by inhalation of 1% OVA
aerosol on days 35 to 41, and inhalation of 10% OVA aerosol
on day 50.

Sensitization Immunotherapy Challenge
10 ug OVA/alum (i.p.) 1mg OVA(s.c.) 1% OVA 20'x3 (aerosol) 10% OVA Sacrifice
0 7 21222324252627 3536 3738394041 50 gp 51
Days ¥ 4 s IJJIGIJIJIJIjIJ I AERE RN tl <
ttttttt t

[ 10 mg 1-MT (i.p.) 900 mg/kg KYN (ip.) |

| Airway responsiveness I

BALF: cytokines, immune cells
Spleen: Treg/Th17 cells
Lung: Treg/Th17 cells, FOXP3, H&E

Figure 1. Schematic showing the study design and immunotherapy model. Mice were sensitized with ovalbumin (OVA) (10 ug) on day 7, then given 1-MT and
kynurenine (KYN) intraperitoneal (i.p.) before a boost with OVA on the indicated day (1 pg). Mice were sacrificed on the day after the last challenge with 10% OVA.



OVA-AIT-1-MIT group. Mice were treated as in the OVA-
AIT group except that, on days 21 to 27, they received an IP
injection of 1-MT (10 mg/1 ml phosphate-buffered saline
[PBS]),* an inhibitor of IDO-induced tryptophan metabo-
lism, 1 h before each immunotherapy injection of OVA. In
the current study, we focused on the immunomodulation
function of the tryptophan metabolite kynurenine and we
utilized the specific inhibitor 1-MT to validate the effects of
tryptophan in the regulation of the Th17-Treg axis.

OVA-AIT-1-MT-KYN group. Mice were treated as in the
OVA-AIT-IMT group except that, on days 21 to 27, they
also received an IP injection of KYN (900 mg/kg),*
a tryptophan metabolite, 1 h before each immunotherapy
injection of OVA. In this study, 1-MT and KYN does not
need to be administered continuously. Because we mainly
observed the effect of allergen immunotherapy by giving the
specific inhibitor 1-MT and/or KYN, further investigation
may be needed of the effect of 1-MT and KYN during sensi-
tization and/or challenge, to reflect clinical conditions.

Airway hyperresponsiveness

Airway responsiveness was determined within 6 h after the final
OVA challenge on day 50. Spontaneous respiration was measured
by plethysmography. Mice received 3 min inhalations of metha-
choline at different concentrations (3.125, 12.5, 50 mg/mL). At
2 min after each inhalation, plethysmography was done for 5 min,
and the mean “enhanced pause” (Pench) value obtained. The
following equation was used for Pench: Pench = (peak expiratory
flow/peak inspiratory flow)*pause. An airway responsiveness
curve was constructed for each methacholine concentration.

Bronchoalveolar lavage fluid (BALF)

Twenty-four hours after the last OVA challenge, mice were
anesthetized IP with 1.5% pentobarbital sodium, and orbital
blood was collected and stored at —80°C. Next, 1 ml PBS was
infused into the trachea and then retrieved using a syringe,
a process which was repeated 5 times. BALF was collected
(80% of the fluid was retrieved), centrifuged at 4°C for 10 min
at 1500 r/min, the supernatant harvested and stored at —80°C,
and the cells re-suspended for cell counting. BALF leukocytes
were counted using a hemocytometer.

Lung histology

After sacrifice, thoracotomy was performed and lung tissues
were collected and fixed in 4% paraformaldehyde. After dehy-
dration, lung tissues were embedded in paraffin, sectioned,
and processed for hematoxylin and eosin staining. Sections
were observed under a light microscope. The degree of
inflammation in the bronchus, bronchioles, blood vessels,
and alveoli was then assessed.

Enzyme-linked immunosorbent assay

Serum OV A-specific IgE and cytokines of BALF (IFNy, IL-10,
IL-17A, IL-5, and IL-6) were measured using enzyme-linked
immunosorbent assay Kkits.
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Detection of Treg and Th17 cells in the spleen and lung
The spleen was collected under aseptic conditions, ground, and
filtered through a 40 uM mesh. Cells were harvested after wash-
ing twice with cold RPMI-1640. After the addition of erythrocyte
lysis buffer, cells were centrifuged at 500 g for 2 min, and the
supernatant removed. The cells were re-suspended with RPMI-
1640 (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA)
and incubated at 37°C in an environment with 5% CO, for 12 h.
Splenic and lung cells were incubated for 12 h in phorbol 12-
myristate 13-acetate (PMA), based on a method previously
reported.” Park et al. demonstrated that 14-hour incubation
improved the recovery of lung cells and did not significantly
affect the expression of the assayed markers on lung, mesenteric
lymph nodes, spleen lymphocytes, and DCs.>

Lung tissues were ground and digested in 3 mg/ml collage-
nase D at 37°C for 2 h. The resultant cells were re-suspended
in RPMI-1640 and the cell suspension was filtered through
a 70 pm mesh. After the addition of erythrocyte lysis buffer,
the cell suspension was incubated at 37°C for 12 h in an
environment with 5% CO,. The supernatant was removed
and cells were re-suspended.

Cells were treated with ionomycin (500 mg/ml; Sigma-
Aldrich Corp., St. Louis, MO, USA) in the presence of bre-
feldin A (10 pg/ml; Bioscience Inc., San Diego, CA, USA), and
then with PMA (50 ng/ml, Sigma-Aldrich Corp., St. Louis,
MO, USA) for 5 h. After centrifugation, the supernatant was
removed and the cells were re-suspended with RPMI-1640
containing 10% PBS, followed by the addition of FITC-labeled
anti-mouse CD4 antibody and FcR-Block (eBioscience Inc.,
San Diego, CA, USA). After incubation at 4°C for 30 min,
cells were washed in OBS, then fixed and permeabilized.
Following the addition of Foxp3-PE (a Treg marker) antibody
and PE-conjugated RORyt (a Th17 marker) antibody, incuba-
tion was done for 30 min at 4°C, followed by flow cytometry
according to the manufacturer’s instructions.

Detection of transcription factors in the lung by
quantitative polymerase chain reaction (PCR)

Remaining lung tissues were processed for extraction of total RNA
with the RNAzol® reagent. Reverse transcription was done with
oligo (dT18) primers. Quantitative reverse transcription polymer-
ase chain reaction (PCR) was performed with the ABI Step One
Plus System (Applied Biosystems, Waltham, MA, USA) and
QuantiFast SYBR Green PCR Kit (QIAGEN, Hilden, Germany).
mRNA expression was determined with the 2~*““* method with p-
actin as an internal control. The mRNA expression of target genes
in treated mice was normalized to that in untreated mice (control
group). The primer and probe sequences were: Foxp3 (forward, 5'-
GGCCCTTCTCCAGGACAGA-3; reverse, 5'-GGC-
ATGGGCATCCACAGT-3"); RORyt (forward, 5'-TGCGACTG-
GAGGACCTTCTA-3'; reverse, 5-TCACCTCCTCCCGTGA-
AAAG -3'); and B-actin (forward, 5'-GGCTGTATTCCCCTCC-
ATCG-3'; reverse, 5-CCAGTTGGTAACAATGCCATGT-3").
The PCR protocol consisted of maintaining the mixture at 95°C
for 5 min, followed by 40 cycles of amplification at 95°C for
15 seconds and at 58°C for 1 min. In each run, the templates
were assayed in triplicate; for the majority of samples, each run was
repeated at least twice.
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Statistical analysis

Continuous variables were presented as means and standard
deviations (SDs). Comparisons between groups were performed
using one-way ANOVA with the Bonferroni adjustment method
for the post-hoc test. Comparisons between different doses of
methacholine were performed by repeated measurement of ana-
lyses of the variable (ANOVA). Statistical analyses were performed
using IBM SPSS statistical software version 22 for Windows (IBM
Corp., Armonk, New York, USA). Two-tailed P < .05 indicated
statistical significance.

Results

Tryptophan metabolites reduce OVA-specific IgE and
inflammatory cytokines in an AlT-suppressed asthma
model

Levels of the three pro-inflammatory mediators IL-5, IL-6,
and IL-17A were more than doubled in the BALF of asthmatic
mice and were significantly decreased, but not to control
levels, in the immunotherapy group (Table 1). The anti-
inflammatory mediator IL-10 was decreased in asthmatic
mice, a decrease that was completely blocked by immunother-
apy. However, immunotherapy had no effect on the increase
in IFNy seen in asthmatic mice (Supplementary Table 1). In
addition, the increase in OV A-specific IgE seen in the serum
of asthmatic mice was significantly, but not completely,
blocked by immunotherapy (Table 1).

Furthermore, inhibition of tryptophan metabolism blocked
the decrease in three inflammatory mediators (IL-5, IL-6, and
IL-17) caused by immunotherapy (Table 1). The addition of the
tryptophan metabolite KYN reversed this blockade (Table 1).
Inhibition of tryptophan metabolism or addition of a tryptophan
metabolite had no effect on the immunotherapy-induced
increase in the anti-inflammatory mediator IL-10, or in the
decrease in OV A-specific IgE (Table 1).

Tryptophan metabolites reduce immune cell count in an
AlIT-suppressed asthma model

Immunotherapy significantly decreased the asthma-induced ele-
vated total cell, eosinophil, and lymphocyte numbers, but not to
control levels. Neutrophil levels were slightly, but significantly,
increased in asthmatic mice, but immunotherapy had no effect on
these levels (Table 2). Blocking tryptophan metabolism signifi-
cantly decreased the effect of immunotherapy on the total and
eosinophil cell numbers. Adding the tryptophan metabolite KYN
reversed the effect of blocking tryptophan metabolism. Blocking
tryptophan metabolism or adding KYN had no effect on the
immunotherapy-related decrease in lymphocytes. Neither immu-
notherapy nor changes in tryptophan metabolism altered the
increased number of neutrophils seen in asthmatic mice (Table 2).

Tryptophan metabolites regulate the Treg/Th17 balance
in an AIT-suppressed asthma model

In both the spleen and lung, Treg cells were decreased and Th17
cells increased significantly in the asthma group compared to the
control group. Immunotherapy partly, but significantly, reversed
the asthma-induced changes (Table 3). In addition, levels of Treg
mRNA were decreased and levels of Th17 mRNA were increased
in asthmatic mice compared to controls, and these changes were
also partly, but significantly, blocked by immunotherapy (Table 4).
Furthermore, inhibition of tryptophan metabolism blocked, and
the addition of KYN restored, the changes in Treg and Th17 cell
number in the lung and spleen caused by immunotherapy
(Table 3).

Tryptophan metabolites reduce lung inflammation and
airway hyperreactivity in an AlT-suppressed asthma
model

Asthma-induced lung inflammation was also decreased by immu-
notherapy (Figure 2). After immunotherapy, the inflammation

Table 1. Comparison of serum OVA-specific IgE and inflammatory cytokines in BALF between groups in high dose OVA AIT.

Control (n = 6) Asthma (n = 6) OVA-AIT (n = 6) OVA-AIT+1-MT (n = 6) OVA-AIT+1-MT+KYN (n = 6) p-value
IL-5(pg/mL) 18.67 + 4.15 537.57 + 28.53* 73.58 £ 9.15*t 259.65 + 16.27*tt 83.48 + 6.02*1§ <0.001
IL—10(pg3/mL) 165 + 6.45 97.38 + 9.07* 228.83 + 18.54*t 233.73 £ 10.05*t 230.75 * 16.14*t <0.001
IgE(x10° ng/mL) 157.87 + 13.85 707.73 £ 35.43* 422 £ 14.11%t 42792 + 8%t 429.95 + 7.13*t <0.001
IL-17A(pg/mL) 21.03 +£3.24 87.45 + 4.2* 34.75 £ 4.55*%t 59.97 £ 3.76*t% 38.72 = 4.61*t§ <0.001
IL-6(pg/mL) 16.05 = 3.13 70.03 £ 5.35* 29.58 + 3.59*t 42.21 + 2*%tt 29.29 + 2.66*t§ <0.001
* p < .05, significantly different from control group
t p < .05, significantly different from asthma group
¥ p < .05, significantly different from OVA-AIT group
§p < .05, significantly different from OVA-AIT+1-MT group
Table 2. Comparisons between groups in cell numbers of total, eosinophils, lymphocytes, and neutrophils in BALF.
OVA-AIT
Control (n = 6) Asthma (n = 6) (n=26) OVA-AIT+1-MT (n = 6) OVA-AIT+1-MT+KYN (n = 6) p-value
Total (x10%/L) 75.67 £ 6.65 208.17 + 8.5% 128.17 £ 11.48*t 152.17 + 8.23*t+ 127 + 7.54*t§ <0.001
Eosinophils (x108/L) 26.5 + 2.81 79.33 £ 6.98* 50 £+ 3.9% 62 + 3.74*t% 50.5 £ 6.25*t§ <0.001
Lymphocytes (x10°/L) 24.33 £ 8.96 100.33 + 4.84* 65.67 + 5.24*t 66.33 + 5.01*F 62.5 + 4.55*t <0.001
Neutrophils (x10°/1) 9+2 55 £ 6.45* 53.33 £ 3.5% 53.33 £ 4.27* 51.67 £ 4.63* <0.001

* p < .05, significantly different from control group

t p < .05, significantly different from asthma group

¥ p < .05, significantly different from OVA-AIT group

§p < .05, significantly different from OVA-AIT+1-MT group
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Table 3. Comparisons between groups in Treg cells and RORyt+ T cells of spleen and lung.

OVA-AIT+1 OVA-AIT+1

Control (n = 6) Asthma (n = 6) OVA-AIT (n = 6) -MT (n = 6) -MT+KYN (n = 6) p-value
Spleen
Foxp3 + T cell/CD4 + T cells 1272 £ 1.15 475 + 0.08* 8.42 + 0.31*t 6.33 + 0.28*t+ 8.36 + 0.53*t <0.001
RORyt+T cell/CD4 + T cells 1.46 £ 0.12 6.98 + 0.2* 2.57 + 0.24*t 4.94 + 0.38*t+ 2.6 + 0.14*t§ <0.001
Lung
Foxp3 + T cell/CD4 + T cells 8.89 + 0.16 4.24 + 0.09* 7.04 + 0.55*t 534 + 0.3*t# 6.63 + 0.09*t§ <0.001
RORyt+T cell/CD4 + T cells 1.75 £ 0.12 5.07 + 0.19* 272 £ 0.14%% 3.39 + 0.05%t# 2.85 + 0.15*t§ <0.001

* p < .05, significantly different from control group

t p < .05, significantly different from asthma group

¥ p < .05, significantly different from OVA-AIT group

§p < .05, significantly different from OVA-AIT+1-MT group

Table 4. Comparison between groups in mRNA-Foxp3/B-actin and mRNA-RORyt/
B-actin of lung.

Control Asthma OVA-AIT
(n=6) (n=16) (n=6) p-value
mMRNA-Foxp3/p- 595+ 0.23 2.18 + 0.07* 3.18 + 0.08*t <0.001
actin
mMRNA-RORyt/B- 0.46 = 0.04 3.06 + 0.09* 1.75 + 0.14*t <0.001
actin

* p < .05, significantly different from control group
t p < .05, significantly different from asthma group

beside the bronchus and blood vessels was improved significantly.
In asthmatic mice, eosinophils and neutrophils were found in the
lung interstitium and alveolar space; also noted were mucus plug
in the bronchial lumen, infiltration of inflammatory cells, conges-
tion and edema of the vascular wall, and necrosis and shedding of
epithelial cells in the bronchus (Figure 2(c)). In addition, a mucus
plug was seen in the bronchial lumen, inflammatory cells were
noted in the bronchus, the vascular wall showed congestion and
with edema, and necrosis and shedding of epithelial cells were
observed. In the OVA-AIT group (Figure 2(b)), inflammation was
decreased compared to that seen in the asthma group. In the
healthy control group, the bronchus, alveoli, and blood vessels
were clear and no inflammation was present (Figure 2(a)). In
asthmatic mice with immune tolerance, the inflammation was
attenuated significantly as compared to the asthma group, with
much fewer infiltrated eosinophils and neutrophils (Figure 2(b)).
Inflammation was worse in the OVA-AIT-1-MT group than in
the OVA-AIT group (Figure 2(d)), but the inflammation in the
OVA-AIT-1-MT-KYN group was markedly attenuated compared
to the OVA-AIT group (Figure 2(e)). Furthermore, asthma-
induced AHR was significantly decreased by immunotherapy at
all methacholine doses (Figure 3). Changes in tryptophan meta-
bolism had no effect on the immunotherapy-induced decrease in
AHR (Figure 3).

Discussion

In the current study, we found that tryptophan metabolism can
reduce lung inflammation and attenuate airway hyperreactivity in
an OVA-induced asthma mouse model. We demonstrated the
main mechanism by which tryptophan metabolism affects immu-
nomodulation function, by inducing Treg cell differentiation and
reducing the expansion of Th17 cells through the KYN signal
pathway. Meanwhile, Taber et al.* reported that inhibition of

tryptophan metabolism during AIT reversed the AIT effect on
eosinophilia and Th2 cytokines, but had no effect on AHR or
OVA-specific IgE.20 However, Taber did not examine the effect of
tryptophan metabolites on AIT-induced changes in Treg/Th17
balance or on airway histology. In the present study, we clearly
demonstrated that tryptophan metabolites generated by IPO dur-
ing immunotherapy are crucial in the regulation of allergen-
induced allergic airway Treg/Th17 balance in this mouse model.
Our data appear to provide the first report connecting tryptophan
metabolites to antigen-specific immunotherapy for asthma, pro-
viding direct evidence of a novel molecular mechanism of AIT
through tryptophan metabolite-regulated Treg/Th17 balance.

On the other hand, the presentation of antigens to pulmonary
dendritic cells (DC) increases the activity of the IDO contained
in these cells.'"'* An increased number of tryptophan metabo-
lites would then enter the intercellular space and shift the
maturation of precursor T cells toward the Treg, rather than
the Th17, lineage.''? Thus, our results imply that an allergen-
DC might initiate an increase in IDO production of tryptophan
metabolites as the mechanism partly responsible for the AIT-
induced increase in Tregs, the decrease in airway inflammation,
and the decrease in inflammatory mediators of Th2 and Th17.
Although many studies have examined the IDO activation of
Treg cells,'* 2 most have not considered this issue in the context
of allergen-specific immunotherapy for asthma.

The results leave questions, however, as to why IL-10,
OVA-specific IgE, and AHR levels were not affected in the
tryptophan metabolite-induced immunotherapy model and
what mechanisms might underlie the AIT-induced decrease
in AHR. In addition, tryptophan metabolites did not potenti-
ate the reduction of IgE levels by means of suboptimal immu-
notherapy. These data demonstrate that immunotherapy
differentially regulates the pathways leading to allergen-
induced airway inflammation, increased serum IgE levels,
and increases airway responsiveness, indicating the presence
of multiple mechanisms. In addition, these data support ear-
lier observations that allergen-specific IgE levels and the
development of AHR can be dissociated from the induction
of eosinophilic airway inflammation in mouse models.**
Moreover, because blocking tryptophan metabolism inhibited
the AIT-induced increase in Tregs, one would expect it also to
inhibit the increase in the Treg-produced cytokine, IL-10, but
it did not. However, IL-10 is produced by both activated Treg
cells and activated regulatory B (Breg) cells during the induc-
tion of tolerance, and a Breg effect might mask any effect on
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Figure 2. Representative histological images of the indoleamine 2,3 dioxygenase (IDO) inhibitor, 1-methyl tryptophan (1-MT), and the tryptophan metabolite,
kynurenine (KYN), on the allergen-specific immunotherapy (AIT). Representative lung sections stained with hematoxylin and eosin (H&E) from the indicated group: (a)
control, (b) treated with ovalbumin (OVA) plus AIT, (c) asthma, (d) stimulated with OVA + AIT then 1-MT, (e) stimulated with OVA + AIT, then 1-MT + KYN. Data
represent mean + SEM of 2 independent experiments with n > 3 mice per experiment.

Treg-produced IL-10. IgE release is inhibited by IL-10 com-
bined with transforming growth factor beta (which we did not
measure),” and this combined action may have obscured any
tryptophan metabolite effect on IgE levels.

The mechanisms by which IDO-mediated tryptophan metabo-
lites regulate the immunotherapy-induced suppression of eosino-
philia and TH2 cytokines are not yet known. Because IL-10 levels
were not changed after combined treatment with immunotherapy
and IDO inhibitors, a shift from a TH2 to a TH1 response is
probably not at play. Therefore, one or more subsets of regulatory
T cells and Th17 cells are implicated, because we here demon-
strated a role for IDO in the generation of these two cell types.
Moreover, human studies clearly demonstrated that allergen
immunotherapy is associated with an increased number of cyto-
kine-producing Treg cells.”**” However, the IDO-dependent
effect of immunotherapy is selective for allergic inflammatory
responses, but not for IgE and AHR, which suggests the presence
of multiple regulatory mechanisms. Another explanation for the

differential regulation of asthma manifestations by immunother-
apy might be that each requires a different level of immunosup-
pression or is differentially dependent on a memory T-cell
response.

The effect of IL-17 during induction of OV A-related asthma
differs from its effect during AIT for this condition. The loss of
Th17 cells blocks the development of AHR, but not that of airway
inflammation.”® Injecting an antibody to IL-17 during AIT blocks
both the AIT-induced decrease in AHR and the AIT-induced
decrease in eosinophilia.” IL-17 also has a direct effect on airway
smooth muscle and increases its contractility by increasing myosin
light chain kinase phosphorylation.”*>** Of the other two media-
tors we examined whose influence on the AIT-induced ameliora-
tion of AHR should be studied further, IgE levels are known are to
be correlated with AHR, airway eosinophilia, and airway inflam-
mation in asthma. However, IgE is not required for these changes
in AHR- or inflammation-related parameters, because these
changes still occur after allergen challenge in IgE-deficient
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Figure 3. Effect of tryptophan metabolite on airway hyper-reactivity.

mice.”* TL-10 is an essential part of the AIT pathway to decrease
AHR, but mice treated with an IL-10 receptor blocker during AIT
show no AlT-related decrease in AHR, and no decrease in IgE,
eosinophils, or IL-5."

The fact that patients with allergic airway disease often
demonstrate increased IgE, Th2-type cytokines, and eosinophi-
lic inflammation makes it difficult to evaluate the interrelation-
ship or importance of each factor in the induction of airway
inflammation and AHR. Previous studies reported that pooling
of data was possible for methacholine PC20 for three studies
which showed a symptom (nonspecific AHR) score of 0.74
(95% CI 0.17, 1.66), showing no clear evidence of benefit for
AIT.”® However, subcutaneous immunotherapy, but not sub-
lingual immunotherapy, improved quality of life and decreased
allergen-specific AHR.*> According to these studies and our
data, we suggest that IPO-dependent AIT for allergic asthma
may has a major effect in allergen-specific AHR, but not in
nonspecific AHR. Certainly, whether tryptophan metabolites
regulate allergen-specific AHR merits further investigation.

Despite the general success of currently available asthma
drugs, there are several reasons to pursue new ones. However,
to date, there is no effective preventive strategy for asthma or
a known cure.”** Unfortunately, the effects of inhaled corti-
costeroids on asthma rapidly disappear when the drug is
discontinued.** Moreover, current asthma drugs generally do
not reverse or slow down most of the long-term remodeling
changes that occur in various cell types in the airway.* Treg and
Th17 cells correlated with the degree of asthmatic airway

remodeling.”® According to these findings, we suggest that
tryptophan metabolites regulated Treg/Th17 balance may pro-
vide the clue in the treated-strategy of asthma patients in future.

In this study, we investigated the relationship of trypto-
phan metabolites and 1-MT/KYN in allergen immunotherapy.
Future studies may need to further investigate the immuno-
modulation effects on 1-MT/KYN in sensitization or chal-
lenge stage in an OVA-induced asthma model or in asthma
patients, prior to establishing relevant clinical trials.

Conclusion

Our results show AIT regulates the Treg/Th17 balance and
decreases airway inflammation in mice with OVA-induced allergic
asthma. Further, tryptophan metabolites regulating the Treg/Th17
balance is one of novel mechanisms involved in tolerance induc-
tion during AIT-suppressed airway inflammation. Moreover,
these novel mechanisms could provide the basis for the develop-
ment of new therapies in the treatment of asthma patients.
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Supplementary Table 1. Comparison of serum OV A-specific IgE and
inflammatory cytokinesin BALF between groupsin high dose OVA AIT

Control (n=6) Asthma(n=6) OVA-AIT (n=6) p-vaue

IL-5 (pg/mL) 19.23+3.27 516.28+21.18* 74.71#6.13*t  <0.001
INF-y(pg/mL) 98.55+17.63 202.33+12.66* 180.73+28.98* <0.001
IL-10 (pg/mL) 155.17+8.75  80.67+34.55* 230.50+9.44*t <0.001

IgE (x10°ng/mL) 156.72+11.14 711.16£33.95*  422+6.60*T <0.001
IL-17A (pg/mL) 20.37+4.02 95.10+2.90* 35.0245.00*t  <0.001

IL-6 (pg/mL) 8.02+1.80  30.62+2.86*  17.98+1.88*t  <0.001

* p<0.05, significantly different from control group

T p<0.05, significantly different from asthma group
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