
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Laura Mandik-Nayak,
Lankenau Institute for Medical
Research, United States

REVIEWED BY

Maria Laura Belladonna,
University of Perugia, Italy
Alexander J. Muller,
Lankenau Institute for Medical
Research, United States

*CORRESPONDENCE

Nan Bi
binan_email@163.com
Luhua Wang
wlhwq@yahoo.com

SPECIALTY SECTION

This article was submitted to
Cancer Immunity
and Immunotherapy,
a section of the journal
Frontiers in Immunology

RECEIVED 29 March 2022
ACCEPTED 05 July 2022

PUBLISHED 10 August 2022

CITATION

Wu L, Wang D, Chen Y, Qian M, Xu X,
Zhang T, Bi N and Wang L (2022)
Dynamic change of IDO1 activity
predicts survival in patients with
unresectable stage III NSCLC and
chemoradiotherapy.
Front. Immunol. 13:906815.
doi: 10.3389/fimmu.2022.906815

COPYRIGHT

© 2022 Wu, Wang, Chen, Qian, Xu,
Zhang, Bi and Wang. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 10 August 2022

DOI 10.3389/fimmu.2022.906815
Dynamic change of IDO1
activity predicts survival in
patients with unresectable
stage III NSCLC and
chemoradiotherapy

Linfang Wu1, Daquan Wang2, Yanhua Chen3, Mingmin Qian3,
Xin Xu1, Tao Zhang1, Nan Bi1* and Luhua Wang4*

1Department of Radiation Oncology, National Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, 2Department of radiation Oncology, State Key Laboratory of Oncology in South
China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center,
Guangzhou, China, 3Key Laboratory of Mass Spectrometry Imaging and Metabolomics (Minzu
University of China), National Ethnic Affairs Commission, Beijing, China, 4Department of radiation
Oncology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital
and Shenzhen Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Shenzhen, China
Objective:High activity of Indoleamine 2,3-dioxygenase1 (IDO1) in lung cancer

patients converts tryptophan (Trp), which is the essential amino acid for T-cell

metabolism, to kynurenine (Kyn) and consequently suppresses anti-tumor

immune responses. We aimed to track the dynamics of IDO1 activity in stage

III non-small cell lung cancer (NSCLC) patients who received first-line

radiotherapy (RT) and explore its association with survival outcomes.

Materials and methods: Systemic IDO1 activity was calculated by Kyn : Trp

ratio. Plasma levels of Kyn and Trp in 113 thoracic RT-received stage III NSCLC

patients were measured by high-performance liquid chromatography before

the initiation of RT. The dynamic change of IDO1 activity was followed in 24

patients by measuring the Kyn : Trp ratio before, during, and after RT

administration.

Results: In 24 patients with dynamic tracking of plasma IDO1 activity, there

were no significant alterations observed among the three time points

(Friedman test, p = 0.13). The changing pattern of the Kyn : Trp ratio was

divided into four groups: decreased consistently during RT, first increased, then

decreased, increased consistently, first decreased then increased. Patients

whose Kyn : Trp ratio kept decreasing or first increased then decreased were

defined as the good-change group. The good-change status was identified as

an independent positive factor for overall survival (OS) and progression-free

survival (PFS) (p = 0.04; p = 0.01) in multivariate analysis among evaluated

parameters. Patients with good change showed significantly superior local

control than the bad-change group (p = 0.01, HR = 0.22). In 113 stage III NSCLC
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patients with pre-radiation Kyn : Trp ratio, a trend that high baseline IDO1

activity was associated with short OS was observed (p = 0.079).

Conclusion: Favorable change in IDO1 activity during RT was associated with

superior OS, PFS, and local control. IDO1 activity is a promising biomarker for

prognosis in stage III NSCLC patients.
KEYWORDS

radiotherapy, immune suppression, non-small cell lung cancer (NSCLC), radio-
resistance, indoleamine 2,3-dioxygenase (IDO)
Introduction
Lung cancer is the leading cause of cancer death in China,

85% of which is non-small cell lung cancer (NSCLC) (1, 2).

Unresectable stage III NSCLC accounts for nearly one-third of

NSCLC, and definitive chemoradiotherapy (CRT) following

consolidated immunotherapy is the standard of care (SoC) for

this group of patients (3). Radiotherapy (RT) not only plays a

crucial role in increasing the local control of tumors by directly

damaging the double strands of deoxyribonucleic acid (DNA),

but also upregulates the antitumor immune response by

releasing more tumor neoantigen and activating CD8+ T cells

in the tumor microenvironment (TME) (4). Indoleamine 2, 3-

dioxygenase 1(IDO1) is the key rate-limiting enzyme in Kyn

pathway that converts circulating tryptophan (Trp) into

kynurenine (Kyn) and its activity can be reflected by Kyn :

Trp ratio in serum (5, 6). Trp is the essential amino acid for

immune cell proliferation and Trp depletion results in T-cell

apoptosis (7). Kyn, on the other hand, serves as a ligand of the

aryl hydrocarbon receptor (AhR) and their binding can promote

T regulatory cell differentiation, directly inhibiting antitumor

immune responses (8). Trp downstream metabolites including

Kyn, kynurenic acid and xanthurenic acid exert cytotoxic effects

on CD8+ tumor-infiltrating lymphocytes and inhibit the

proliferation of T and natural killer cells (9). Research has

shown that increased IDO1 activity is detected in NSCLC

patients and is associated with poorer survival (10). IDO1

activity also predicts the efficacy of chemotherapy or

immunotherapy in lung cancer patients (11, 12). Kong is the

first to report that reduced levels of Kyn : Trp ratios were

observed during RT in stage III inoperable NSCLC patients but

restored 3 months after RT completion. And the favorable

change (low post/pre Kyn) and favorable baseline (low pre-RT

Kyn : Trp ratio) predicted longer overall survival (OS) (13).

Kong validated this result in early-stage NSCLC and pointed out

that comparing with stereotactic body radiotherapy (SBRT),

conventionally fractionated 3-dimensional conformal
02
radiotherapy(3DCRT) caused more rising of absolute Kyn

levels after RT, which indicated SBRT might have less

immunosuppressive effect than 3DCRT (14). Another relevant

study showed that pre-RT Kyn : Trp ratios and post/pre Kyn :

Trp ratios were independent predictive factors for progression-

free survival (PFS) and OS in all stage RT-received NSCLC

patients (15). A single-arm Phase II trial involving induction

chemotherapy followed by concurrent CRT in stage III NSCLC

patients reported that the mean Kyn : Trp ratio increased after

induction therapy or CRT and the study correlated the post-

induction chemotherapy increase in IDO1 activity with worse

OS (12).

Based on the aforementioned research, we assumed that RT

exerts an effect on IDO1 activity. It is interesting that RT-

mediated downregulation of Kyn : Trp levels is restored after

RT, but the relevant mechanism is unclear yet. A study has

established that the classical interferon-g(IFN-g) mediated Janus

kinase (JAK)/signal transducer and activator of transcription 1

(STAT1) signaling can be activated by RT. STAT1 has a dual

function in the TME of radioresistant cells by either protecting

radiation-induced damage or mediating tumor cell apoptosis,

which associates STAT1 with radio-resistance (16). Intriguingly,

IFN-g signaling through JAK/STAT1 is also the primary

mechanism for inducing IDO1 (17). Research reported that

IDO1 is important for supporting lung cancer development,

consistent with its role in inducing T cell tolerance (18).

Preclinical studies demonstrated that IFN-g resulting IDO1/

aryl hydrocarbon receptor (AhR) dependent p27 induction

could prevent STAT1 signaling, thus suppressing the process

of tumor cell death and activating tumor dormancy program

(19). Tumor cell dormancy refers to tumor cells in the

equilibrium state when they remain unedited and proliferate

poorly so that they can escape immune control (20). Even

though the interplay between the RT-IFN-g/JAK/STAT1 and

IFN-g/IDO1-p27/STAT1 was unclear yet, we hypothesized that

high levels of IDO1 activity at baseline promote tumor

outgrowth through immune escape, while the persistent high

levels of IDO1 activity during RT resulted in radio-resistance by
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eliciting tumor-dormancy rather than STAT1-mediated tumor

cell apoptosis. We explored the changing pattern of Kyn : Trp

ratio and Trp pathway metabolites during RT and correlated

them with OS, PFS, and local recurrence-free survival (LRFS) in

RT-received unresectable stage III NSCLC patients.
Materials and methods

Follow-up and treatment

This study was approved by the Institutional Review Board

of the National Cancer Center, Chinese Academy of Medical

Sciences and Peking Union Medical College (IRB No. NCC-

000302). All patients provided written informed consent before

therapy. Patients who were pathologically diagnosed with

unresectable stage III NSCLC as per the American Joint

Committee of Cancer (AJCC) 8th edition cancer staging

manual between January 2013 and December 2017 at our

institution were prospectively included. All patients underwent

thoracic intensity-modulated radiotherapy (IMRT). X-rays at 6

MV were used, with a median total dose of 60 Gy (28–67 Gy) in

30 (13–33) fractions. Etoposide/cisplatin and paclitaxel/

carboplatin regimens were primarily used in concurrent CRT

or sequential CRT. Patients were evaluated weekly during RT

and followed up 1 month after the last irradiation, then every 3

months for 2 years, and then every 6 months for another 3 years.

Routinely, follow-up includes blood tests, computed

tomography (CT) of the chest and abdomen (enhanced

requested if without contraindications), bone scans, and brain

magnetic resonance imaging (MRI). The median follow-up

period was 63.0 months.
Sample and clinical data collection

The plasma of patients was collected before the initiation of

RT, four weeks after RT initiation, right after the completion of

RT and stored at −80 °C. At the end of the follow-up, 24 patients

with dynamic monitoring at the three time points and 89

patients with pre-RT plasma were included. Clinical data,

including age, gender, smoking, histology, clinical stage,

Eastern Cooperative Oncology Group Performance Status

Scale (ECOG-PS), biologically effective dose (BED), and

treatment patterns were collected.
Measurements of plasma Trp and Kyn

The plasma Trp and Kyn were quantified by the liquid

chromatography-tandem mass spectrometry (LC-MS/MS)

method. Plasma samples were collected and stored at −80 °C

until analysis. Eighty microliters of plasma samples were
Frontiers in Immunology 03
deproteinized by 240 µl of frozen acetonitrile and 8 µl of

internal standard solution, vortex mixed, and centrifuged at

10,000 rpm for 5 min. All the clean upper layers were

centrifugally concentrated. Before injection into the

chromatographic system, 80 µl of 2% acetonitrile solution was

added to each sample, and the samples were filtered through a

96-well plate for analysis. Five microliters of clean upper layer

were injected into a chromatographic system. LC-MS/MS was

performed using a high-performance liquid chromatography

coupled to tandem mass spectrometry (HPLC-MS/MS) system

(QTRAP™ 6500, AB SCIEX, USA) equipped with a HSS T3

column (2.1 × 100 mm, 1.8 µm), with the column temperature at

35 °C. The mobile phase consisted of a solution of 0.1% aqueous

formic acid (A) and 100% acetonitrile (B); elution was

performed at a flow rate of 250 µl/min, using an elution

gradient. The detector was set in the positive ion mode. The

instrument was set in the multiple reaction monitoring (MRM)

mode. Data were acquired by the Analyst 1.6.1 Software. Raw

data were processed with Multiquant® 2.2 software (AB SCIEX,

USA) and the data was calibrated using the Norm ISWSVR

program in Python 3.6.
Primary endpoints and statistical analysis

The OS was defined as the time from the start of RT to death.

PFS was defined as the time from the start of RT to the date of

progression or death. LRFS was defined as the time from the start of

RT to the date of local/regional recurrence or death. Patient and

tumor characteristics were compared using the ?2-test or Fisher’s

exact test. TheOS, PFS, and LRFS were estimated using the Kaplan–

Meier method. The roles of different treatment regimens and the

baseline characteristics in survival were explored using log-rank

tests. A comparison of Trp metabolites between the different age

groups was performed using the Mann–Whitney U test. Levels of

IDO1 activity at three time points were compared using the

Friedman test. The X-tile was used to find the best cutoff value

(22). A Cox proportional hazards regression analysis was used to

identify significant variables associated with prognosis. All P-values

are two-sided, and P <0.05 was considered to indicate statistical

significance. Statistical analysis was performed using IBM SPSS

Statistics, version 25.0 (IBM Corp., Armonk, NY, USA) and

GraphPad Prism (version 8.0.2).
Results

Patient characteristics

A total of 113 stage III patients with qualified plasma samples

and follow-up were enrolled in the analysis. As shown in Table 1,

themedian age of the population was 62 years (range, 35–80). There

were 15 (13.2%) females. Ninety-seven (85.8%) of the patients
frontiersin.org
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received chemotherapy during the course, and 107 (94.6%) of them

received a radiation dose of no less than 50 Gy.
Pre-RT Trp pathway metabolites
summary

Table 2 details the plasma concentrations of Trp and its

main downstream metabolites—Kyn between different age
Frontiers in Immunology 04
groups (original data about the concentrations of Kyn and Trp

was provided in the Supplementary Table 1). The median age of

the whole cohort was 62, which was used as the cutoff point to

dichotomize patients. The median value of the calculated Kyn :

Trp ratio was 0.07 in the whole population, and patients aged

over 62 had significantly higher IDO1 activity than those aged

less than 62 years old (p = 0.032). The distributions of T stage

and N stage were also compared between these two groups, and

no significance was observed (T stage, p = 0.375; N stage, p

= 0.195).
Dynamics of IDO1 biomarkers during RT
and survival outcomes

Twenty-four patients with available plasma at three time

points were analyzed. Of the 24 patients, only three patients were

females, and two patients never smoked. The median age was 59

years old, and 87.5% (21/24) of the patients received

chemoradiotherapy, with most patients (87.5%) having a BED

of no less than 70 Gy. Analysis by using the Friedman test

showed that mean Kyn : Trp ratios did not change significantly

during RT, as it is depicted in Figure 1A (p = 0.132). The levels of

Trp and Kyn also remained relatively stable during RT. We then

described the changing patterns of the Kyn : Trp ratio and

associated them with survival outcomes. According to the

dynamics of Kyn : Trp ratio at three time points, patients were

divided into four groups respectively: decreased consistently

during RT(mid-RT:pre-RT <1 and post-RT:mid-RT <1), first

increased then decreased(mid-RT:pre-RT >1 and post-RT:mid-

RT <1), increased consistently(mid-RT:pre-RT >1 and post-RT:

mid-RT >1), first decreased then increased(mid-RT:pre-RT <1

and post-RT:mid-RT >1) (Figures 1B–E). Figure 2A presents

survival curves of the four groups, and patients with decreasing

IDO1 activity during RT yielded the best OS, while the patients

with increasing activity showed worse outcomes. Based on that,

patients whose Kyn : Trp ratio kept decreasing or first increased

then decreased were stratified as the good-change group and the

rest as the bad-change group. The median OS was 52.1 months

in the good-change group and 19.8 months in the bad-change

group, respectively. The good-change group correlated

significantly with OS (HR = 0.32, 95% CI, 0.09–1.23; p =

0.014; Figure 2B), PFS (HR = 0.26, 95% CI, 0.06–1.12; p =

0.002; Figure 2C) and LRFS (HR = 0.22, 95% CI, 0.02–2.00; p =
TABLE 2 Comparisons of pre-RT serum concentrations between different age group in stage III non-small cell lung cancer patients (N = 113).

All (N = 113) Age ≤62 (N = 61) Age >62 (N = 52) p-value

Tryptophan (mmol/L) 26.70 ± 5.73a 26.53 ± 6.17 26.89 ± 5.22 0.867

Kynurenine (mmol/L) 2.05 ± 0.93 1.84 ± 0.73 2.29 ± 1.08 0.031

Kyn/Trp ratio (×100) 7.71 ± 3.18 7.07 ± 2.64 8.47 ± 3.60 0.032
fronti
aMedian ± SD.
TABLE 1 Patient baseline characteristics.

Variables N = 113

Sex

male 98

female 15

Age(years)

≥62 61

<62 52

ECOG-PS

0–1 63

≥2 50

Smoking history

never 21

current or former smoker 92

Clinical stage (8th)

IIIA 26

IIIB 64

IIIC 23

PET-CT

Yes 48

No 65

Histology

Squamous 76

non-squamous 37

Treatment patterns

CCRT 54

SCRT 43

RT alone 16

BED

≥70 86

<70 27
ECOG-PS, Eastern Cooperative Oncology Group Performance Status; CCRT, concurrent
chemoradiotherapy; SCRT, sequential chemoradiotherapy; RT, radiotherapy; BED,
biologically effective dose.
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0.011; Figure 2D). This stratification was not relevant to distant

metastasis-free survival (DMFS) (p = 0.849; Figure 2E). The

good-change group was recognized as an independent

prognostic factor in the univariate and multivariate analyses

for OS (p = 0.021; p = 0.036; Table 3) and PFS (p = 0.005; p =

0.014; Table 4). We also analyzed the combined predictive value

of the baseline and changing pattern. Patients were divided into

high-baseline groups and low-baseline groups using the median

Kyn : Trp value at pre-RT as the cutoff point. Then a chi-square

test was performed to evaluate the correlation between the pre-

RT level of IDO1 activity and the subsequent changing pattern.

The result showed that pre-RT IDO activity was not significantly

different between the good-change group and the bad-change

group (p = 1.000). Then patients were further divided into four

groups according to high or low Kyn : Trp baseline and good or

bad Kyn : Trp changing pattern. Results revealed that the p value

was not significant to predict OS or PFS in univariate analysis,

respectively (P = 0.246; P = 0.216). Other parameters, including

gender, smoking status, or treatment regimen, did not show a

prognostic value for OS or PFS.
Pre-RT IDO1 biomarkers and survival
outcomes

The median OS and PFS of 113 patients were 30.6 (95% CI,

25.30–35.90) and 15.4 (95% CI, 12.00–18.91) months, respectively.
Frontiers in Immunology 05
Using X-tile method, we found that patients with a Kyn : Trp ratio

less than 0.09 showed a trend for better OS (HR = 0.66, 95% CI,

0.40–1.110; p = 0.076; Figure 3). As shown in Table 5, three other

parameters with a p-value less than 0.15 from univariate analysis,

including gender, clinical stage, and histology, were also included in

the later multivariate analysis. The p value of IDO1 activity

remained non-significant in the multivariate analysis (p = 0.138).

Gender difference presented a prognostic ability for OS in univariate

analysis (p = 0.040) but the significance was not observed in

multivariate analysis (p = 0.148).
Discussion

This study demonstrated that patterns of IDO1 dynamic

change during RT were significantly associated with OS, PFS,

and LRFS in stage III NSCLC patients. The favorable changing

patterns were defined as IDO1 activity consistently decreasing or

first increasing then decreasing during RT. Our study reported

that the changing pattern of Kyn : Trp ratios, which represented

immune status during RT, was correlated with prognosis,

particularly local control, in unresectable stage III NSCLC

patients from the Asian population. Relevant or similar studies

are summarized in Table 6 (5, 12–14, 23).

According to Table 6, despite the fact that different studies

drew conflicting conclusions, most studies associated the

dynamics of IDO1 activity with survival outcomes. As is
A B

D E

C

FIGURE 1

Dynamic change of IDO1 activity during radiotherapy at three time points (before the initiation of radiotherapy, two weeks after the initiation of
radiotherapy and after the last irradiation). (A) All 24 patients with dynamic tracking during radiotherapy; (B) patients with constantly increasing
IDO1 activity (mid-RT:pre-RT >1 and post-RT:mid-RT >1); (C) patients with IDO1 activity firstly increasing then decreasing (mid-RT:pre-RT >1
and post-RT:mid-RT <1); (D) patients with constantly decreasing IDO1 activity (mid-RT:pre-RT <1 and post-RT:mid-RT <1); and (E) patients with
IDO1 activity firstly decreasing then increasing (mid-RT:pre-RT <1 and post-RT:mid-RT >1).
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illustrated in a previous study, RT can alter IDO1-mediated

immune activity and the combined favorable change (low post/

pre Kyn) and favorable baseline (low pre-RT Kyn : Trp ratio)

were predictive of longer OS in both early stage and locally
Frontiers in Immunology 06
advanced NSCLC patients (13, 14). Thus, we aimed to

investigate the changing pattern of Kyn : Trp ratio and Trp

pathway metabolites during RT and correlate them with survival

outcomes. Compared with the previous four studies, which all
A B

D

E

C

FIGURE 2

Twenty-four patients were divided into four groups according to the dynamics of Kyn : Trp ratio at three time points during radiotherapy.
Patients were stratified into good-change group and bad-change group according to the survival outcomes in previously defined four groups.
Good-change group includes patients with IDO1 activity decreasing constantly (mid-RT:pre-RT <1 and post-RT:mid-RT <1) or first increasing
then decreasing (mid-RT:pre-RT >1 and post-RT:mid-RT <1) during RT; Bad-change group includes patients with IDO1 activity increasing
constantly (mid-RT:pre-RT >1 and post-RT:mid-RT >1) or first decreasing then increasing (mid-RT:pre-RT <1 and post-RT:mid-RT >1) during RT.
(A) Comparison of overall survival in four groups; (B) Comparisons of overall survival in good-change and bad-change group; (C) Comparisons
of progression-free survival in good-change and bad-change group; (D) Comparisons of local recurrence-free survival in good-change and
bad-change group; and (E) Comparisons of distant metastasis-free survival in good-change and bad-change group.
TABLE 3 Univariate and Multivariate analyses of OS in patients with dynamic monitoring of IDO activity (n = 24).

Variable Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Gender (female vs. male) 0.19 (0.024–1.43) 0.105

Smoking (yes vs. no) 2.40 (0.32–18.20) 0.397

Clinical stage (IIIA vs. IIIB–IIIC) 0.46 (0.11–1.99) 0.297 0.76 (0.16–3.61) 0.725

Histology (squamous vs. non-squamous) 2.11 (0.82–5.43) 0.119 2.00 (0.76–5.26) 0.163

IDO activity change (good vs. bad) 0.27 (0.09–0.82) 0.021 0.29 (0.09–0.92) 0.036

BED (<70 vs. ≥70) 0.61 (0.17–2.14) 0.436

Treatment (CCRT vs. SCRT or RT alone) 0.82 (0.32–2.09) 0.681
fronti
CCRT, concurrent chemoradiotherapy; SCRT, sequential chemoradiotherapy; RT, radiotherapy; Good-change group refers to patients with IDO1 activity decreasing constantly or first
increasing then decreasing during RT; Bad-change group refers to patients with IDO1 activity increasing constantly or first decreasing then increasing during RT; BED, biologically effective
dose.
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tracked the dynamics of IDO1 activity during RT in NSCLC

patients (12–15), our study designed different monitoring time

points and supported the hypothesis that changing patterns of

IDO1 activity during RT were significantly associated with

survival outcomes. More importantly, patients with favorable

dynamics of Kyn : Trp ratio yielded significantly lower local/

regional recurrence, indicating that the benefit of OS might be

attributed to RT-related local control. Our finding also

supported our previous hypothesis that sustainable growth of

IDO1 activity during RT might be correlated with radio-

resistance through IFN-g/JAK/STAT1 pathway thus resulted in

poor local control, though validated experiment required in the

future. In all RT-received stage III patients, we did not find a

significant correlation between pre-RT Kyn : Trp ratio levels and

survival outcomes. However, a trend that higher pre-RT IDO1

activity was predictive of poorer OS was shown. This result was

consistent with earlier reports (5, 12). Moreover, our data found

that patients aged over the median age of the whole cohort had

significantly higher Kyn : Trp ratios and Kyn levels. This was in

accordance with previous research illustrating that the Kyn : Trp

ratio was higher in over 68-year-old patients (68 as the median
Frontiers in Immunology 07
age of the study population) (5). Older people have a higher Kyn

: Trp ratio and Kyn in plasma can be explained by

immunosenescence, which refers to a process where functional

competence of the immune system gradually declines with aging

(24). Some studies documented that Kyn : Trp ratio was

considered as a biomarker for aging and age-related tissue

damage can lead to inflammation, acting as a stimulus for Kyn

pathway (25, 26).

The PACIFIC study shifted the SoC for stage III NSCLC

patients and the survival benefit with consolidation durvalumab

is probably related to the control of extra-thoracic diseases

(occult micro-metastases) (27). Despite advances in reducing

the risk of distant metastasis, several historical attempts have

failed to improve local control and survival. NRG/RTOG0617

trial tried to optimize local control by increasing the RT dose to

74 Gy, beyond the standard 60–66 Gy once-daily fraction RT.

Nevertheless, the results showed that the high-dose group was

not better than the standard-dose group and even led to a higher

incidence of treatment-related grade ≥3 dysphagia and

esophagitis (28, 29). A secondary study of RTOG0617

demonstrated that higher radiation doses to the immune cells
TABLE 4 Univariate and Multivariate analyses of PFS in patients with dynamic monitoring of IDO activity (n = 24).

Variable Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Gender (female vs. male) 0.57 (0.13-2.46) 0.448

Smoking (yes vs. no) 1.30 (0.30-5.72) 0.725

Clinical stage (IIIA vs. IIIB–IIIC) 0.55 (0.16–1.88) 0.337 0.90 (0.24–3.39) 0.881

Histology (squamous vs. non-squamous) 2.06 (0.82–5.17) 0.125 1.76 (0.67–4.61) 0.250

IDO activity change (good vs. bad) 0.19 (0.06–0.60) 0.005 0.22 (0.06–0.73) 0.014

BED (<70 vs. ≥70) 0.43 (0.12–1.50) 0.184

Treatment(CCRT vs. SCRT or RT alone) 0.87 (0.36–2.13) 0.763
fronti
CCRT, concurrent chemoradiotherapy; SCRT, sequential chemoradiotherapy; RT, radiotherapy; Good-change group refers to patients with IDO1 activity decreasing constantly or first
increasing then decreasing during RT; Bad-change group refers to patients with IDO1 activity increasing constantly or first decreasing then increasing during RT; BED, biologically effective
dose.
FIGURE 3

A total of 113 unresectable stage III patients with pre-radiation detection of IDO1 activity and overall survival.
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correlated with worse OS and LPFS due to radiation-induced

immunosuppression (30), which complied with previous studies

showing that IDO1 activity remained at low levels in the middle

phase of RT but increased after higher doses (13). Other

attempts, including post-CCRT surgical resection or alteration

of the RT scheme from once daily to twice daily, failed because

PFS only improved marginally at the expense of quality of life

(31). Our research showed that the dynamics of IDO1 activity

during RT predicted LRFS and was related to radio-resistance,

which shed light on the current dilemma and inspired a new

strategy for combination therapy. On one hand, IDO1 activity in

plasma was easily available with minor harm to the human body,

so it could serve as a convenient biomarker for prognosis and

efficacy. On the other hand, considering increasing levels of Kyn

: Trp ratio, correlated with shorter LRFS, combining IDO1

inhibitors with radiotherapy and immunotherapy might be a

promising tactic to decrease the risk of local recurrence in the

future. Preclinical studies suggested that the addition of IDO1

blockade into local RT reduced tumor growth, decreased

regulatory T cells, and even reversed T-cell exhaustion in the
Frontiers in Immunology 08
TME with good tolerance (32, 33). The experiment in the Lewis

lung cancer mouse model also revealed that a double treatment

regimen consisting of IDO1 inhibitor 1−methyl−tryptophan

(1MT) and 10 Gy RT generated a synergistic effect and was

more effective than either treatment alone (33). A phase I trial,

which combined IDO1 inhibitor indoximod either with

temozolomide or with radiation in children with progressive

malignant brain tumors, reported that this combination was well

tolerated with good quality of life (34). The study by Wang

mentioned that differences in RT techniques or factions also play

a role in shaping IDO1 activity and immune status (14). A

higher kyn/trp ratio could predict resistance to anti-PD-1

treatment in NSCLC patients (11, 35). Clinical trials are

ongoing to explore the poss ib i l i ty of concurrent

immunotherapy and radiotherapy (KEYLYNK-012).

Therefore, a large-scale prospective study is needed to find the

possibility and optimal scheme for triple-regimen therapy. It is

worth noting that the high expression of indoleamine 2,3-

dioxygenase 2 (IDO2), an analog of IDO1, has been reported

to significantly correlate with high PD-L1 levels and poor
TABLE 5 Univariate and Multivariate analyses of OS in stage III non-small cell lung cancer patients (n = 113).

Variable Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Gender (male vs. female) 2.16 (1.04–4.48) 0.040 1.76 (0.82–3.81) 0.148

Age (<62 vs. ≥62) 0.90 (0.58–1.38) 0.62

Smoking (yes vs. no) 1.48 (0.83–2.62) 0.184

Clinical stage (IIIA–IIIB vs. IIIC) 0.68 (0.40–1.13) 0.136 0.67 (0.40–1.13) 0.135

Histology (squamous vs. non-squamous) 1.48 (0.92–2.36) 0.103 1.34 (0.82–2.20) 0.241

Pre-radiation K/T ratio ∗ 100 (<9 vs. ≥9) 0.66 (0.42–1.05) 0.079 0.70 (0.44–1.12) 0.138

BED (<70 vs. ≥70) 1.01 (0.60–1.71) 0.959
fronti
BED, biologically effective dose.
TABLE 6 Select studies of indoleamine 2,3 dioxygenase IDO in non-small cell lung cancer.

Year Study Stage Sample size Sample
source

Dynamic
tracking

Outcomes

2010 Yuzo et al. All N =1 23 Serum
kyn/trp

No Not significantly associated with prognosis

2013 Creelan
et al.

III N=33 Serum
kyn/trp

Yes Post-induction chemotherapy increase in K/T ratios associated with worse OS and PFS

2018 Wang et al. III N = 110 Serum
kyn/trp

Yes Baseline K/T ratios and changes levels of Kyn after radiotherapy significantly
associated with OS

2020 Wang et al. I–II N = 56 Serum
kyn/trp

Yes Kyn levels after radiotherapy
significantly associated with OS

2020 Zhu et al. All N = 104 Serum
kyn/trp

Yes Both Pre-radiation and post/pre K/T ratios associated with PFS and OS

2021 Mandarano
et al.

I–III N = 180 Serum
kyn/trp

No Not significantly associated with prognosis

2022 Our study III N = 113 (Baseline);
N = 24 (With
dynamics)

Serum
kyn/trp

Yes Of 113 patients, no significant association with OS; of 24 patients with dynamic
tracking, the changing patterns of K/T ratios during radiotherapy significantly
associated with OS and PFS
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prognosis in NSCLC patients, indicating it will be another

innovative target in the future (36, 37).

Our study has some limitations. Firstly, this study was

conducted in a single center with a small sample size, indicating

that the power of statistical analysis was not ideally sufficient with

inherently introduced bias. Secondly, the starting time point for

plasma collection was designed to be pre-RT, so the baseline levels

of IDO1 activity in patients who had undergone induction

chemotherapy were unknown and not considered. Besides, not

all patients included in our study had definitive thoracic

radiotherapy, though 94.6% (107/113) of the whole cohort had

received an RT dose of no less than 50 Gy. Last but not least, using

the Kyn : Trp ratio to measure IDO1 activity was only an indirect

way since there are two other known enzymes, IDO2 and

tryptophan-2,3-dioxygenase (TDO), that can catalyze the same

Trp metabolic reaction. In particular, IDO2 activity status has

been genetically linked to radio-responsiveness in pancreatic

cancer patients (38). Although IDO1 was reported to be the

most potent enzyme in the reaction (39), the interpretation of

data in our study could be confounded by these other factors.

To conclude, this study demonstrated that favorable

dynamics of IDO1 activity during RT were associated with

superior OS, PFS, and local control. IDO1 activity is a

promising biomarker for prognosis, and IDO1 inhibitors could

play a role in multidisciplinary therapy in the future.
Data availability statement

The data presented in the study are deposited in the

Metabolights repository, accession number(MTBLS5267).
Ethics statement

The studies involving human participants were reviewed and

approved by the National Cancer Center, Chinese Academy of

Medical Sciences and Peking Union Medical College. The

patients/participants provided their written informed consent

to participate in this study.
Frontiers in Immunology 09
Author contributions

LiW and LuW contributed to conception and design of the

study. TZ and XX organized the database. NB performed the

statistical analysis. LiW wrote the first draft of the manuscript.

YC, MQ, LiW, and NB wrote sections of the manuscript. All

authors contributed to manuscript revision, read, and approved

the submitted version.
Funding

This work was supported by the National Natural Sciences

Foundation Key Program (81872474); the Capital’s Funds for

Health Improvement and Research (2020-2-4022); and the

Sanming Project of Medicine in Shenzhen (No. SZSM201612063).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.906815/full#supplementary-material
References

1. Rosell R, Karachaliou N. Large-Scale screening for somatic mutations in lung
cancer. Lancet (London England) (2016) 387(10026):1354–6. doi: 10.1016/S0140-
6736(15)01125-3

2. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics
in China, 2015. CA: Cancer J Clin (2016) 66(2):115–32. doi: 10.3322/caac.21338

3. Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.
Durvalumab after chemoradiotherapy in stage III non-Small-Cell lung cancer. N
Engl J Med (2017) 377(20):1919–29. doi: 10.1056/NEJMoa1709937

4. Shang S, Liu J, Verma V, WuM,Welsh J, Yu J, et al. Combined treatment of
non-small cell lung cancer using radiotherapy and immunotherapy: challenges
and updates. Cancer Commun (Lond) (2021) 41(11):1086–99. doi: 10.1002/
cac2.12226

5. MandaranoM, Orecchini E, Bellezza G, Vannucci J, Ludovini V, Baglivo S, et al.
Kynurenine/Tryptophan ratio as a potential blood-based biomarker in non-small cell
lung cancer. Int J Mol Sci (2021) 22(9):4403–17. doi: 10.3390/ijms22094403

6. Pandey JP. Prognostic immune markers in non-small cell lung cancer–letter.
Clin Cancer Res (2011) 17(24):7835. doi: 10.1158/1078-0432.CCR-11-2103

7. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol (2004) 4(10):762–74. doi: 10.1038/
nri1457
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.906815/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.906815/full#supplementary-material
https://doi.org/10.1016/S0140-6736(15)01125-3
https://doi.org/10.1016/S0140-6736(15)01125-3
https://doi.org/10.3322/caac.21338
https://doi.org/10.1056/NEJMoa1709937
https://doi.org/10.1002/cac2.12226
https://doi.org/10.1002/cac2.12226
https://doi.org/10.3390/ijms22094403
https://doi.org/10.1158/1078-0432.CCR-11-2103
https://doi.org/10.1038/nri1457
https://doi.org/10.1038/nri1457
https://doi.org/10.3389/fimmu.2022.906815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wu et al. 10.3389/fimmu.2022.906815
8. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield
CA. An interaction between kynurenine and the aryl hydrocarbon receptor can
generate regulatory T cells. J Immunol (Baltimore Md: 1950) (2010) 185(6):3190–8.
doi: 10.4049/jimmunol.0903670

9. Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB.
Tryptophan-derived catabolites are responsible for inhibition of T and natural
killer cell proliferation induced by indoleamine 2,3-dioxygenase. J Exp Med (2002)
196(4):459–68. doi: 10.1084/jem.20020121

10. Huang JY, Larose TL, Luu HN, Wang R, Fanidi A, Alcala K, et al.
Circulating markers of cellular immune activation in prediagnostic blood sample
and lung cancer risk in the lung cancer cohort consortium (LC3). Int J Cancer
(2020) 146(9):2394–405. doi: 10.1002/ijc.32555

11. Botticelli A, Mezi S, Pomati G, Cerbelli B, Cerbelli E, Roberto M, et al.
Tryptophan catabolism as immune mechanism of primary resistance to anti-PD-1.
Front Immunol (2020) 11:1243. doi: 10.3389/fimmu.2020.01243

12. Creelan BC, Antonia S, Bepler G, Garrett TJ, Simon GR, Soliman HH.
Indoleamine 2,3-dioxygenase activity and clinical outcome following induction
chemotherapy and concurrent chemoradiation in stage III non-small cell lung
cancer. Oncoimmunology (2013) 2(3):e23428. doi: 10.4161/onci.23428

13. Wang W, Huang L, Jin JY, Jolly S, Zang Y, Wu H, et al. IDO immune status
after chemoradiation may predict survival in lung cancer patients. Cancer Res
(2018) 78(3):809–16. doi: 10.1158/0008-5472.CAN-17-2995

14. Wang W, Huang L, Jin JY, Pi W, Ellsworth SG, Jolly S, et al. A validation
study on IDO immune biomarkers for survival prediction in non-small cell lung
cancer: Radiation dose fractionation effect in early-stage disease. Clin Cancer Res
(2020) 26(1):282–9. doi: 10.1158/1078-0432.CCR-19-1202

15. Zhu Y, Jiang C, Liu Y, Li Y, Wu H, Feng J, et al. Association between IDO
activity and prognosis in patients with non-small cell lung cancer after
radiotherapy. Ann Trans Med (2020) 8(18):1169. doi: 10.21037/atm-20-5634

16. Liu S, Imani S, Deng Y, Pathak JL, Wen Q, Chen Y, et al. Targeting IFN/
STAT1 pathway as a promising strategy to overcome radioresistance. OncoTar
Ther (2020) 13:6037–50. doi: 10.2147/OTT.S256708

17. Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young HA. Indoleamine
2,3-dioxygenase production by human dendritic cells results in the inhibition of T
cell proliferation. J Immunol (Baltimore Md: 1950) (2000) 164(7):3596–9. doi:
10.4049/jimmunol.164.7.3596

18. Smith C, Chang MY, Parker KH, Beury DW, DuHadaway JB, Flick HE, et al.
IDO is a nodal pathogenic driver of lung cancer and metastasis development.
Cancer Discov. (2012) 2(8):722–35. doi: 10.1158/2159-8290.CD-12-0014

19. Liu Y, Liang X, Yin X, Lv J, Tang K, Ma J, et al. Blockade of IDO-kynurenine-
AhR metabolic circuitry abrogates IFN-g-induced immunologic dormancy of
tumor-repopulating cells.Nat Commun (2017) 8:15207. doi: 10.1038/ncomms15207

20. Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, et al. Adaptive
immunity maintains occult cancer in an equilibrium state. Nature (2007) 450
(7171):903–7. doi: 10.1038/nature06309

21. Li A, Barsoumian HB, Schoenhals JE, Caetano MS, Wang X, Menon H, et al.
IDO1 inhibition overcomes radiation-induced “Rebound immune suppression” by
reducing numbers of IDO1-expressing myeloid-derived suppressor cells in the
tumor microenvironment. Int J Radiat Oncol Biol Physics (2019) 104(4):903–12.
doi: 10.1016/j.ijrobp.2019.03.022

22. Camp RL, Dolled-Filhart M, Rimm DL. X-Tile: a new bio-informatics tool
for biomarker assessment and outcome-based cut-point optimization. Clin Cancer
Res (2004) 10(21):7252–9. doi: 10.1158/1078-0432.CCR-04-0713

23. Suzuki Y, Suda T, Furuhashi K, Suzuki M, Fujie M, Hahimoto D, et al.
Increased serum kynurenine/tryptophan ratio correlates with disease progression
in lung cancer. Lung Cancer (Amsterdam Netherlands) (2010) 67(3):361–5. doi:
10.1016/j.lungcan.2009.05.001

24. Salminen A. Immunosuppressive network promotes immunosenescence
associated with aging and chronic inflammatory conditions. J Mol Med (Berlin
Germany). (2021) 99(11):1553–69. doi: 10.1007/s00109-021-02123-w
Frontiers in Immunology 10
25. Sorgdrager FJH, Naudé PJW, Kema IP, Nollen EA, Deyn PP. Tryptophan
metabolism in inflammaging: From biomarker to therapeutic target. Front
Immunol (2019) 10:2565. doi: 10.3389/fimmu.2019.02565

26. Bürkle A, Moreno-Villanueva M, Bernhard J, Blasco M, Zondag G,
Hoeijmakers JH, et al. MARK-AGE biomarkers of ageing. Mech Ageing Dev
(2015) 151:2–12. doi: 10.1016/j.mad.2015.03.006

27. Pujol JL. Durvalumab induces sustained survival benefit after concurrent
chemoradiotherapy in stage III non-Small-Cell lung cancer. J Clin Oncol (2022) 40
(12):1271-127 Jco2200204. doi: 10.1200/JCO.22.00204

28. Bradley JD, Hu C, Komaki RR, Masters GA, Blumenschein GR, Schild SE,
et al. Long-term results of NRG oncology RTOG, 0617: Standard- versus high-dose
chemoradiotherapy with or without cetuximab for unresectable stage III non-
Small-Cell lung cancer. J Clin Oncol (2020) 38(7):706–14. doi: 10.1200/
JCO.19.01162

29. Bradley JD, Paulus R, Komaki R, Masters G, Blumenschein G, Schild S, et al.
Standard-dose versus high-dose conformal radiotherapy with concurrent and
consolidation carboplatin plus paclitaxel with or without cetuximab for patients
with stage IIIA or IIIB non-small-cell lung cancer (RTOG, 0617): a randomised,
two-by-two factorial phase 3 study. Lancet Oncol (2015) 16(2):187–99. doi:
10.1016/S1470-2045(14)71207-0

30. Jin JY, Hu C, Xiao Y, Zhang H, Paulus R, Ellsworth SG, et al. Higher
radiation dose to the immune cells correlates with worse tumor control and overall
survival in patients with stage III NSCLC: A secondary analysis of RTOG0617.
Cancers (2021) 13(24):6193-6207. doi: 10.3390/cancers13246193

31. Eberhardt WE, Pöttgen C, Gauler TC, Friedel G, Veit S, Heinrich V, et al.
Phase III study of surgery versus definitive concurrent chemoradiotherapy boost in
patients with resectable stage IIIA(N2) and selected IIIB non-Small-Cell lung
cancer after induction chemotherapy and concurrent chemoradiotherapy
(ESPATUE). J Clin Oncol (2015) 33(35):4194–201. doi: 10.1200/JCO.2015.62.6812

32. Monjazeb AM, Kent MS, Grossenbacher SK, Mall C, Zamora AE, Mirsoian
A, et al. Blocking indolamine-2,3-Dioxygenase rebound immune suppression
boosts antitumor effects of radio-immunotherapy in murine models and
spontaneous canine malignancies. Clin Cancer Res (2016) 22(17):4328–40. doi:
10.1158/1078-0432.CCR-15-3026

33. Liu M, Li Z, Yao W, Zeng X, Wang L, Cheng J, et al. IDO inhibitor
synergized with radiotherapy to delay tumor growth by reversing T cell exhaustion.
Mol Med Rep (2020) 21(1):445–53. doi: 10.3892/mmr.2019.10816

34. Johnson TS, Aguilera D, Al-Basheer A, Cooksey RM, Eaton BR,
Esiashvili N, et al. Pdct-06. radio-immunotherapy using the ido-inhibitor
indoximod in combination with re-irradiation for children with progressive
brain tumors in the phase 1 setting: an updated report of safety and tolerability
(nct02502708). Neuro-Oncology (2017) 19(suppl_6):vi185–vi. doi: 10.1093/
neuonc/nox168.750

35. Botticelli A, Cerbelli B, Lionetto L, Zizzari I, Salati M, Pisano A, et al. Can
IDO activity predict primary resistance to anti-PD-1 treatment in NSCLC? J Trans
Med (2018) 16(1):219. doi: 10.1186/s12967-018-1595-3

36. Torre-Bouscoulet L, Muñoz-Montaño WR, Martıńez-Briseño D, Lozano-
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