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Abstract
The limited response rate of immunotherapy in upper tract urothelial carcinoma 
(UTUC) might be attributed to additional immunosuppressive mechanisms in vivo. 
As a promising immune checkpoint target, the expression and prognostic role of in-
doleamine 2,3-dioxygenase 1 (IDO1) in UTUC remains unknown. In this study, the 
expression and prognostic value of IDO1 was analyzed in 251 patients from 3 inde-
pendent cohorts. The least absolute shrinkage and selection operator (LASSO) Cox 
regression model was used to construct an IDO1-based immune classifier and exter-
nal validation was performed to further validate the classifier. RNA sequencing and 
immunofluorescence were used to explore the immune contexture of different risk 
groups stratified by classifier. We found that high IDO1 expression on tumor cells (TC) 
indicated a poorer overall survival and disease-free survival in all cohorts. Patients 
with high expression of IDO1 TC possessed increased infiltration of CD4+, CD8+ 
and Foxp3+ T cells. An immune classifier based on intratumoral CD8+ lymphocytes, 
IDO1 TC, and stromal PD-L1 expression status was developed, with its area under the 
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1  |  INTRODUC TION

UTUC is a relatively rare malignancy, comprising only 5%-10% of 
UCs.1,2 Sharing similar biological and pathological characteristics 
with UCB, UTUC is more aggressive than UCB, with 60% of UTUC 
initially diagnosed as muscle-invasive tumors, compared with 15%-
25% of UCB.3 Clinically, RNU with bladder cuff excision remains the 
gold standard treatment for UTUC. Accumulating evidence demon-
strates that neoadjuvant or adjuvant chemotherapy can contribute 
to prolonged survival in patients with high-risk UTUC.4,5 However, 
despite these multidisciplinary treatments, the 5-y OS is less than 
40% among cases of invasive disease.6

In the past decades, cancer immunotherapy targeting immune 
checkpoints has exhibited potential as a treatment strategy for sev-
eral malignancies.7 Notably, treatment against the PD-L1/PD1 axis 
has been the first- or second-line treatment for selected patients 
with advanced or metastatic UC.8,9 Previous studies have demon-
strated that the ORR of UTUC seems higher than that of UCB.10 
However, only 21%–39% of patients can benefit from this treat-
ment.11 Additional immunosuppressive mechanisms might exist in 
patients with UTUC.

As a promising candidate target for immunotherapy, IDO1 can 
inhibit the proliferation and activation of T cells or NK cells by me-
tabolizing the essential amino acid tryptophan into KYN, thereby 
participating in shaping the suppressive immune environment.12 In 

concert with the PD-L1/PD1 pathway, IDO1 is upregulated across 
different types of malignancy and therefore contributes to the 
negative regulation of the tumor-associated immune nature.13,14 
Moreover, IDO1 expression may increase after anti-PD1 immuno-
therapy, suggesting that IDO1 represents a compensatory inhibi-
tory pathway for immune escape.15 Small–sample-size retrospective 
studies on UC have suggested that IDO1 expression inversely af-
fects the oncologic outcomes of UCB.16 To our knowledge, due to 
the relative rarity of UTUC, few studies have attempted to explore 
the expression and prognostic role of IDO1 in UTUC.

In the current study, we investigated the expression pattern and 
prognostic role of IDO1 in UTUC using 3 independent cohorts. In 
addition, we developed and validated an IDO1-based immune clas-
sifier, which could provide additional prognostic information and in-
troduce personalized treatment for UTUC.

2  |  MATERIAL S AND METHODS

2.1  |  Study population

The design of our study is presented in Figure 1. This study includes 
251 consecutive patients with UTUC who underwent RNU. Patients 
with distant metastasis at diagnosis, concomitant with other malig-
nant diseases, incomplete clinical information, missing pathological 

the Science and Technology Planning 
Project of Guangdong Province 
(no. 2017B020227007); Project 
Supported by Guangdong Province 
Higher Vocational Colleges & Schools 
Pearl River Scholar Funded Scheme (for 
Tianxin Lin); Guangdong Provincial Clinical 
Research Center for Urological Diseases 
(no. 2020B1111170006)

curves (AUCs) values for overall survival at 5 y being 0.79 (95% confidence interval 
[CI] 0.65-0.93) in the discovery cohort, 0.75 (95% CI 0.58-0.92) and 0.78 (95% CI 0.65-
0.92) in the internal and external validation cohorts, respectively. The high-risk group 
stratified by the immune classifier was associated with immunosuppressive contex-
ture, accompanied by enhanced CD8+ T cells exhaustion patterns. Our IDO1-based 
immune classifier can provide a superior accuracy for survival prediction and lead to 
individual stratification of UTUC immune subtypes.
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F I G U R E  1  Design of the study. 
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tissue sections, or unscorable tissue sections and patients lost to 
follow-up were excluded from this study. Here, 173 consecutive pa-
tients at Sun Yat-sen Memorial Hospital from March 2009 to January 
2019 were divided randomly into the discovery cohort (n = 104) and 
the internal validation cohort (n  =  69). The 78 patients at Peking 
University First Hospital from January 2009 to March 2014 were 
set as an external validation cohort.

Clinicopathological data, including gender, age and tumor char-
acteristics were collected. Pathological staging was determined in 
accordance with the tumor-node-metastasis staging system indi-
cated in the 7th edition of the American Joint Committee on Cancer, 
and tumor grade was assessed under the 2004 World Health 
Organization classification. The primary endpoint of this study 
was OS, which was defined as the period from the date of surgery 
to death. The secondary endpoint was DFS, which was measured 
from the date of surgery to the date of cancer progression or death. 
Patients who were alive without documented clinical/radiographic 
disease recurrence were censored on the date of the last follow-up. 
This retrospective analysis was approved by the ethics committee of 
Sun Yat-sen Memorial Hospital and Peking University First Hospital, 
and written informed consent was obtained from each enrolled 
patient.

2.2  |  Immunohistochemistry

Formalin-fixed paraffin-embedded tissue was sliced into 4-μm 
sections, and IHC was conducted as previously described.17 After 
deparaffinization, endogenous peroxidase inactivation, rehydra-
tion, antigen retrieval, and blocking non-specific binding in IHC, 
the sections were incubated using primary antibodies against 
human IDO1 (1:400, Clone D5J4E, Cell Signaling Technology), PD-
L1 (1:400, Clone SP142, Spring Bioscience), CD4 (1:400, Clone 
23, Sino Biological Inc), CD8 (1:400, Clone D8A8Y, Cell Signaling 
Technology), and Foxp3 (1:100, Clone 236A/E7, Abcam), KYN 
(1:50, Clone 11F9, Santa Cruz). Following the incubation of the cor-
responding secondary antibody, the sections were visualized using 
3,3′-diaminobenzidine tetrahydrochloride with the Envision System 
(Dako) and hematoxylin counterstain.

2.3  |  Evaluation of immunohistochemical staining

The tissue sections were examined by 3 independent pathologists 
blinded to the clinicopathological and survival data. The specimens 
were evaluated for PD-L1 and IDO1 expression in TC and IC. The 
IDO1 expression levels were assigned the following scores: (0, no 
expression; 1, weak expression; 2, moderate expression; or 3, strong 
expression). The percentage of positive cells (0%-100%) was deter-
mined using the following formula: “expression level × proportion of 
stained cells” ranging from 0 to 3. IDO1 staining in TC and IC were 
also evaluated separately; if staining area was ≥ 0.01, positive stain-
ing was considered. The percentages of PD-L1+ in TC or IC were 

estimated and were regarded as negative or positive if they were 
<1% or ≥1% in TC, or if they were <10% or ≥10% in IC, respectively. 
The immunoreactivity of KYN was semiquantitatively estimated and 
was graded as 0 (no expression), 1 (weak expression), 2 (moderate 
expression), or 3 (strong expression). The tumor samples were con-
sidered competent for KYN production when the IHC score was ≥1. 
The density levels of CD4+, CD8+, and Foxp3+ TILs were measured 
in 5 representative high-power fields for each specimen (×400 mag-
nification, 0.07 mm2 per field). For the subsequent statistical analy-
ses, the expression status of IDO1, PD-L1, CD4, CD8, and Foxp3 
were recorded as dichotomous (high vs low) variable using X-tile 
software to calculate the optimal cutoff (Yale University, USA).

2.4  |  Multiplexed immunofluorescence

Multiplexed IF was performed using OPAL-4-color reagents (Perkin-
Elmer) in accordance with the instruction provided by the manu-
facturer. Antigen retrieval was conducted by immersing the tissue 
sections in citrate buffer in a microwave oven. The sections were 
blocked with 5% bovine serum albumin and incubated with the 
first primary antibody: IDO1 (1:3000, Clone D5J4E, Cell Signaling 
Technology); PD-L1 (1:2000, Clone SP142, Spring Bioscience); CK 
(1:1000, Clone AE1/AE3, Zhongshan Golden Bridge Bio-technology); 
CD8 (1:2000, Clone D8A8Y, Cell Signaling Technology); TIM3 (1:500, 
Clone D5D5R, Cell Signaling Technology); LAG3 (1:1000, Clone 
D2G4O); PD1 (1:500, Clone EH33, Cell Signaling Technology); VISTA 
(1:2000, Clone D5L5T, Cell Signaling Technology). IF staining was 
performed for panel 1: TIM3, LAG3, and CD8; panel 2: PD1, VISTA, 
and CD8, and panel 3: IDO1, PD-L1 and cytokeratin (CK) on 3 serial 
slides. The sections were further incubated with the secondary anti-
body for another period of 30 min at room temperature. After being 
washed 3 times in Tris-buffered solution with Tween, the tissue sec-
tions were incubated with the Opal Working Solution to generate 
the Opal signal (10 min at room temperature). Microwave treatment 
was then performed, followed by the second marker staining. After 
the last microwave treatment, the slides were stained with DAPI and 
then protected with coverslips. The IF staining was scanned using 
Phenochart 1.0.12 software. For quantification purposes, the infil-
trated T cells per mm2 were counted manually (average of 5 images 
at a ×400 magnification).

2.5  |  Transcript data

We retrospectively performed expression profiling of 29 available 
fresh tumor specimens from Peking University First Hospital (from 
January 2017 to December 2017) by high throughput sequenc-
ing. The backgrounds of the patients are shown in Table  S3. The 
data were normalized and transformed into fragments per kilo-
base of exon model per million mapped fragments. We integrated 
CIBERSORT to estimate immune infiltration and hierarchical clus-
tering to explore the association between tumor stratification and 
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immunosuppressive TME. Furthermore, we identified pathways that 
were upregulated and downregulated among groups by running a 
GSEA, significant pathways were identified with a strict cutoff of 
P <  .05 and an FDR less than 0.25. The involved signatures and gene 
sets were defined from previous studies and evaluated as the pri-
mary expression levels of the related genes.17-19

2.6  |  Statistical analysis

Correlations analyses were conducted using chi-square test for cat-
egorical variables and two-sided t test or Wilcoxon rank-sum test for 
continuous variables, as appropriate. Associations between paramet-
ric and nonparametric variables were evaluated using the Pearson cor-
relation and the Spearman correlation, respectively. The log-rank test 
was used to compare survival differences based on immune marker ex-
pression. The Cox proportional-hazards model was used for multivari-
ate analysis by including all statistically significant covariates (P < .1) 
from the univariate Cox model. The LASSO logistic regression model 
was used to construct an IDO1-based classifier and time-dependent 
ROC curves and AUCs at 5  y were generated to assess prognostic 
accuracy. All analyses were performed using the R programming lan-
guage (v.3.5.0), GSEA (v.4.1.0) and SPSS Statistics 25 (SPSS Inc, IBM). 
A P-value < .05 was considered statistically significant.

3  |  RESULTS

3.1  |  Patient characteristics

The baseline clinicopathologic characteristics of the discovery and 
validation cohorts are summarized in Table 1. In total, 251 patients 
were enrolled into this study, with 104 patients in the discovery 
set, 69 patients in the internal validation set and 78 patients in the 
external validation set. For all patients, the median OS time was 
34 mo (IQR: 15-60 mo), and the median DFS time was 24 mo (IQR: 
11-51 mo). By the end of follow-up, 60 (23.9%) patients had died, 
and 100 (39.8%) patients had experienced disease progression. As 
shown, IDO1 was detected in both TC and IC with a predominant 
cytoplasmic staining pattern (Figure  2A-D). Overall, 90 patients 
(35.8%) presented with IDO1 expression in TC, whereas 204 pa-
tients (81.2%) presented with IDO1 expression in IC.

3.2  |  IDO1 expression predicts poor clinical 
outcomes in patients with UTUC

We subsequently explored the prognostic value of IDO1 expres-
sion. We applied Kaplan-Meier curves and the log-rank test strati-
fied by IDO1 TC and IC expression. By using X-tile software, the 
IDO1 expression pattern was determined as high if staining score 
>0.3 or low if staining score ≤0.3 in TC; the pattern was considered 
high if staining score >0.8 or low if staining score ≤0.8 in IC. In 

the discovery cohort, higher expression of IDO1 TC was associated 
with worse OS (P = .003) and DFS (P = .013) (Figure 3A). However, 
no significant differences in OS and DFS were found between high 
and low expression groups of IDO1 IC (Figure 3B). Similar results 
were confirmed in the internal and external validation cohorts 
(Figure  S1). Moreover, multivariate analysis indicated that high 
IDO1 TC expression was an independent prognostic factor for OS 
in the discovery set (HR = 2.51, 95% CI: 1.15-5.50; P =  .022), the 
internal validation set (HR = 4.48, 95% CI: 1.68-11.99; P =  .003), 
and the external validation set (HR  =  10.07, 95% CI: 2.74-36.97; 
P = .001; Tables 2, S1, S2). When stratified by clinical factors (age, 
sex, tumor location, tumor size, and TNM stage) for subgroup analy-
sis, IDO1 TC expression remained a clinically and statistically signif-
icant prognostic indicator for predicting OS (Figure S2). Therefore, 
these findings suggested that high IDO1 TC expression can poten-
tially contribute to the progression and poor prognosis of UTUC.

3.3  |  IDO1 expression was associated with T cells 
infiltration in UTUC

To explain the prognostic value of IDO1, we further evaluated the 
potential effect of IDO1 TC on immune contexture of UTUC. Firstly, 
we assessed the density of IC, including the CD4+, CD8+, and Foxp3+ 
T cells between the groups with high and low IDO1 TC expression 
levels. With regard to TIL, the patients with high IDO1 TC expression 
exhibited higher infiltration of Foxp3+ Tregs (P < .001), CD8+ T cells 
(P = .004), CD4+ T cells (P = .044), as well as a higher Foxp3+/CD8+ 
ratio (P = .001) (Figure 4A). Subgroup analysis based on CD8+ TIL re-
vealed that IDO1 TC expression was associated with poor prognosis 
in the CD8 TIL-high subgroup, whereas no difference was observed 
in the CD8 TIL-low group (P =  .003, 0.24, respectively; Figure 4B-
D;). Then, we found that the patients with high IDO1 TC expression 
exhibited higher KYN expression levels (P  =  .032; Figure  S4A,B). 
Conclusively, these results indicated that IDO1 expression could po-
tentially impact T cells infiltration in UTUC.

3.4  |  IDO1 expression was irrelevant to the 
expression of PD-L1

Considering the potential of double-blockade of IDO1 and PD-L1, 
we measured the expression of PD-L1 in UTUC patients from the 
Sun Yat-sen Memorial Hospital cohorts. With cutoff values of 1% 
and 10% in TC and IC, the positive rates of PD-L1 expression were 
42.2% and 39.3%, respectively. Notably, high positivity of PD-L1 
expression in IC (≥10%) was associated with poor OS and DFS, but 
no significant difference in survival was found between the groups 
with high and low PD-L1 expression levels in TC (≥1% or <1%) 
(Figure 5A,B).

With regard to the co-expression pattern of IDO1 in TC and PD-
L1 in IC, 72 patients (41.6%) were defined as both IDO1 and PD-L1 
negative; only 25 patients (14.5%) exhibited positive expression of 
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both IDO1 and PD-L1; no significant correlations between IDO1 TC 
and PD-L1 IC expression were found (P = .51; Figure 5C,D). Notably, 
33 patients (19.1%) exhibited positive expression of IDO1 in the PD-
L1-negative subgroup, which suggested the existence of distinct im-
mune evasion pathways in UTUC (Figures 5E, S3).

3.5  |  Construction and validation of the IDO1-
based immune classifier

Accumulating evidence has suggested that the combined evalu-
ation of immune checkpoints (ICK) and TIL could classify immune 

phenotypes that provide risk stratification with enhanced accuracy, 
as well as predict the response to immunotherapy.20-22 Therefore, 
we attempted to develop an immune classifier based on CD4, CD8, 
Foxp3, IDO1, and PD-L1 expression in UTUC. On the basis of the 
LASSO analysis in the discovery set, we identified 3 features as piv-
otal factors: CD8 TIL, PD-L1 IC, and IDO1 TC (Figure 6A,B). Then we 
calculated a risk score for each patient based on the immune signa-
ture status: risk score = (0.1102876 × CD8 TIL status) + (0.5486195 
× PD-L1 IC status) + (0.4498736 × IDO1 TC status).

All patients were further dichotomized into high-risk and low-
risk groups using X-tile software. Kaplan-Meier survival analysis 
indicated a significant difference in OS between the discovery, 

Variables
Total 
(n = 251)

Discovery set 
(n = 104)

Internal 
validation set 
(n = 69)

External 
validation set 
(n = 78)

Age (y, median, IQR) 65 (58-73) 65 (58-72) 64 (57-75) 66 (59-73)

< 65 123 (49.0%) 52 (50.0%) 35 (50.7%) 36 (46.1%)

≥ 65 128 (50.9%) 52 (50.0%) 34 (49.3%) 42 (53.8%)

Gender

Female 99 (39.4%) 27 (26.0%)) 22 (31.9%) 50 (64.1%)

Male 152 (60.5%) 77 (74.0%) 47 (68.1%) 28 (35.8%)

Side

Left 129 (51.3%) 55 (52.9%) 38 (55.1%) 36 (46.1%)

Right 122 (48.6%) 49 (47.1%) 31 (44.9%) 42 (53.8%)

Location

Pelvic 149 (59.3%) 60 (57.7%) 41 (59.4%) 48 (61.5%)

Ureter 102 (40.6%) 44 (42.3%) 28 (40.6%) 30 (38.4%)

Tumor size (cm)

< 3 100 (39.8%) 36 (34.6%) 18 (26.1%) 42 (53.8%)

≥ 3 151 (60.1%) 68 (65.4%) 51 (73.9%) 36 (46.1%)

Multifocality

Unifocal 199 (79.2%) 87 (83.7%) 58 (84.1%) 54 (69.2%)

Multifocal 52 (20.7%) 17 (16.3%) 11 (15.9%) 24 (30.7%)

TNM stage

I-II 136 (54.1%) 61 (58.7%) 31 (44.9%) 44 (56.4%)

III-IV 115 (45.8%) 43 (41.3%) 38 (55.1%) 34 (43.5%)

Tumor grade

Low 73 (29%) 19 (18.3%) 6 (8.7%) 48 (61.5%)

High 178 (70.9%) 85 (81.7%) 63 (91.3%) 30 (38.4%)

Adjuvant therapy

No 199 (79.2%) 81 (77.9%) 46 (66.7%) 72 (92.3%)

Yes 52 (20.7%) 23 (22.1%) 23 (33.3%) 6 (7.6%)

IDO1 TC

Negative 161 (64.1%) 65 (62.5%) 50 (72.5%) 46 (58.9%)

Positive 90 (35.8%) 39 (37.5%) 19 (27.5%) 32 (41.0%)

IDO1 IC

Negative 47 (18.7%) 19 (18.3%) 15 (21.7%) 13 (16.6%)

Positive 204 (81.2%) 85 (81.7%) 54 (78.3%) 65 (83.3%)

Abbreviations: IC, immune cells; IDO1, indoleamine 2,3 dioxygenase 1; TC, tumor cells.

TA B L E  1  The clinicopathologic 
characteristics of the discovery, internal, 
and external validation sets
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F I G U R E  2  Immunohistochemical staining of IDO1 in UTUC. A, Positive and negative IDO1 expression on tumor cells is presented. B, 
Immune cell are positive or negative for IDO1. Photographs are shown at ×100 or ×400 magnification. IDO1, indoleamine 2,3-dioxygenase 
1; UTUC, upper tract urothelial carcinoma

F I G U R E  3  Tumor IDO1 expression predicts poorer prognosis in patients with UTUC. Kaplan-Meier curves of overall survival and disease-
free survival according to expression of IDO1 TC (A) and IDO1 IC (B) expression status in the discovery cohort. Log-rank test was applied to 
Kaplan-Meier curves. IDO1, indoleamine 2,3-dioxygenase 1; UTUC, upper tract urothelial carcinoma; TC, tumor cells; IC, immune cells
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internal validation, and external validation cohorts (P  <  .001, 
P  =  .04, P  <  .001, respectively; Figure  6C-E). We used time-
dependent ROC analysis to explore the prognostic discrimination 
capability of the signature. The AUCs for 5-y OS was 0.79 (95% CI 
0.65-0.93) in discovery cohort, 0.75 (95% CI 0.58-0.92), and 0.78 
(95% CI 0.65-0.92) in the internal and external validation cohorts, 
respectively. Moreover, the classifier exhibited a higher prognos-
tic accuracy for 5-y OS than for the TNM stage and any other 
clinicopathological risk factors (Figure 6F-H). All aforementioned 
findings indicated that the immune classifier was also a powerful 
predictor for OS.

3.6  |  The IDO1-based classifier reveals 
immunosuppressive contexture of UTUC

As the IDO1-based classifier might reflect the distinct immune con-
texture, we analyzed the distribution of IC infiltrates in different 
subgroups stratified by the classifier. The densities of CD8+ T cells 
and Tregs were significantly higher in the high-risk subgroup (low 
risk, n = 14; high risk, n = 15; Figure 7A).

Moreover, we hypothesized that high-risk tumors could coun-
teract and impair the anti-tumor function of T cells by express-
ing ICK, and subsequently validated its determining capacity by 

TA B L E  2  Univariate and multivariate analyses of prognostic factors associated with overall survival in discovery set

Variables

Univariable analysis Multivariable analysis

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

Age (≥65 vs. <65) 0.96 (0.44-2.07) .91

Gender (male vs. female) 0.93 (0.39-2.20) .86

Tumor location (ureter vs. pelvis) 0.82 (0.37-1.81) .63

Side (right vs. left) 1.45 (0.67-3.15) .34

Tumor size (≥3 cm vs. <3 cm) 0.79 (0.36-1.74) .56

Tumor multifocality (multifocal vs. unifocal) 0.27 (0.06-1.15) .08

Pathologic stage (III-IV vs. I-II) 4.15 (1.74-9.93) .001 3.61 (1.50-8.73) .004

Pathologic grade (high vs. low) 3.84 (0.90-16.32) .07

Adjuvant chemotherapy (yes vs. no) 0.38 (0.09-1.62) .19

IDO1 (high vs. low) 3.07 (1.41-6.67) .005 2.51 (1.15-5.50) .022

Abbreviations: CI, confidence interval; HR, hazard ratio.
The number in bold indicates statistically significant (P < .05).

F I G U R E  4  Tumor IDO1 expression was associated with immunoevasive contexture in UTUC. A, Relationship among densities of CD4+ 
T cells, CD8+ T cells, Foxp3+ Tregs and ratio of Foxp3+/CD8+ based on IDO1 TC expression levels using the unpaired t test. B-D, Kaplan-
Meier curves of overall survival for IDO1 TC, and the combination of IDO1 TC with CD8+ T cells infiltration. Log-rank test was applied to the 
Kaplan-Meier curves. *P < .05; **P < .01; ***P < .001. UTUC; upper tract urothelial carcinoma; IDO1, indoleamine 2,3-dioxygenase 1; TC, 
tumor cells; TIL, tumor-infiltrating lymphocytes



    |  859ZHONG et al.



860  |    ZHONG et al.

hierarchical clustering. The transcript data confirmed that T cells 
that infiltrated into the high-risk subgroup presented an exhausted 
phenotype with elevated expression levels of PD1, VISTA, CTLA-4, 
TIM3, LAG3, TIGIT, BTLA, and GITR (Figure 7B). Using multiplexed 
immunofluorescence analysis, we further confirmed that patients 
in the high-risk group possessed higher infiltration of exhausted 
CD8+ T cells (TIM3+CD8+ T cells: P  =  .006; LAG3+CD8+ T cells: 
P  =  .036; PD1+CD8+ T cells: P  <  .001; and VISTA+CD8+ T cells: 
P  =.023; Figure  7C,D). Given these findings, we performed GSEA 
using our transcript data. Consistently, GSEA with gene sets featur-
ing exhausted CD8+ T cells and Tregs showed that these genes were 

markedly overrepresented in the high-risk group for UTUC (P < .001, 
P = .016, respectively; Figure 7E).

4  |  DISCUSSION

In this study, we comprehensively analyzed the prognostic value of 
IDO1 in 3 independent cohorts. Our data emphasized that IDO1 
TC expression was associated with a poor prognosis for UTUC. 
We also developed and validated an IDO1-based immune classifier, 
which could reflect the immune contexture and provide improved 

F I G U R E  5  Tumor IDO1 expression was irrelevant to PD-L1. A, B, Kaplan-Meier curves of overall survival and disease-free survival in 
patients with PD-L1 TC and PD-L1 IC. C, Immunofluorescence staining for co-expression of IDO1 TC and PD-L1 IC (original magnification: 
×100). D, Statistical results of correlation between IDO1 TC and PD-L1 IC expression using the χ2 test. E, Proportion analysis for IDO1 TC 
and PD-L1 IC in 4 different expression compartments. IDO1, indoleamine 2,3-dioxygenase 1; PD-L1, programmed cell death protein 1-ligand 
1; TC, tumor cells; IC, immune cells

F I G U R E  6  Construction and validation of the IDO1-based immune classifier. A, LASSO coefficient profiles of the 10 immune features. 
B, Selection of the tuning parameter (λ). The LASSO logistic regression model was used with penalty parameter tuning that was conducted 
by 10-fold cross-validation based on minimum criteria. C-E, Kaplan-Meier curves for overall survival between the immunoscore high and 
low-risk groups in different cohorts. F-H, Time-dependent ROC curves and AUCs at 5 y were used to assess the prognostic accuracy of 
the immune classifier compared with the TNM staging and immune signatures alone in different cohorts. AUCs, area under the curves; 
IC, immune cells; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic; ST, stromal infiltrating 
lymphocytes; TC, tumor cells; TIL, tumor-infiltrating lymphocytes
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prognostic prediction for UTUC. To our knowledge, this study is the 
first to investigate the prognostic role of IDO1 in UTUC and we de-
veloped the first immune-based prognostic model for UTUC.

IDO1 expression has been interrogated in multiple cancers and 
its role in tumor progression and metastasis has previously been re-
ported. IDO1 could serve as a prognostic biomarker for poor onco-
logic outcomes,23-25 but opposite findings have been reported.26,27 
Specifically, IDO1 can be expressed in both TC and IC, but the con-
tribution of cell specificity to disease progression remains unclear. 
In the current study, we identified IDO1 TC expression as an inde-
pendent risk factor for poor prognosis, but not IDO1 IC expression 
in UTUC. Accordingly, the role of IDO1 TC as a determinant may be 
strengthened, and it may be used as a therapeutic target for UTUC. 
In stark contrast, PD-L1 expression on IC is as important as, if not 
more important than, its expression on TC in terms of prognostic 
and ICK response prediction in cancers.28-30 This is also the case in 
UTUC as our data showed. As ICK on immune cells and tumor cells 
could independently attenuate anticancer immunity, this would be a 

good reason for combining IDO1 on TC and PD-L1 on IC for thera-
peutic targeting and prognostic prediction in cancer.

The immunosuppressive role of IDO1 has been well established, 
considering that it can facilitate CD8+ T cell dysfunction and Treg 
differentiation, forming an immune-privileged position to facilitate 
tumor immune escape.23,31,32 A consistent finding in the current 
study was that IDO1 TC expression was strongly associated with 
increased infiltration of Foxp3+ Tregs and the Foxp3+/CD8+ ratio 
in UTUC. In addition, we found that IDO1 TC was significantly asso-
ciated with increased CD8+ TIL, which is also indicated in other tu-
mors.33-36 This phenomenon suggested a potential T–cell-mediated 
IDO1 enhancement in cancer. Our data also showed that IDO1 TC 
expression displayed significant prognostic value in the CD8+ TIL-
high group instead of the CD8+ TIL-low group. These observations 
implied a tight connection between IDO1 TC and CD8+ TIL, which 
were the main targets of anti-PD1/PD-L1 therapies. IDO1 TC might 
be one of the crucial factors contributing to the adaptive resistance 
of ICK inhibitors in UTUC.

F I G U R E  7  The IDO1-based immune classifier reflects different immune contexture between UTUC tumors. A, Densities of immune cells 
infiltration in low-risk (n = 14) and high-risk (n = 15) subgroups. B, Heatmap shows the percentages of ICK according to the stratification of 
our immune classifier. C, Representative multiplexed immunofluorescence images show different expression patterns of 4 common ICK in 
subgroups of UTUC (TIM3, LAG3, PD1, and VISTA; original magnification: ×200). D, Using a t test to show the association between different 
groups and ICK expression on CD8+ T cells. E, Enrichment of genes related to exhausted CD8+ T cells and regulatory T cells in the high-
risk group of UTUC. *P < .05; **P < .01; ***P < .001. BTLA, B and T lymphocyte associated; CTLA-4, cytotoxic T-lymphocyte-associated 
protein-4; GITR, glucocorticoid-induced tumor necrosis factor receptor; IC, immune cells; ICK, immune checkpoints; IDO1, indoleamine 
2,3-dioxygenase 1; LAG3, lymphocyte activation gene-3; PD1, programmed cell death 1; TC, tumor cells; TIGIT, T cell immunoreceptor with 
Ig and ITIM domains; TIL, tumor-infiltrating lymphocytes; TIM3, T cell immunoglobulin domain and mucin domain-3; UTUC, upper tract 
urothelial carcinoma; VISTA, V-set immunoregulatory receptor
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IDO1 has been currently evaluated as a dual blockage target in 
several solid tumors including UCB and non–small-cell lung cancer 
(NCT03832673, NCT02298153, and NCT03361865). Our prelimi-
nary data here emphasized that IDO1 expression on TC, together 
with PD-L1 expression on IC, were associated with immunoevasive 
TME in UTUC and therefore correlated with poor prognosis. Their 
irrelevant roles in tumor evasion and their distinct distributions in 
cell subsets provided a strong rational for dual blockage of PD-L1 
and IDO1 in patients with UTUC.

Previous studies have characterized the immune subtypes of 
tumors using PD-L1/PD1 expression and density of TIL, including 
the adaptive immune resistance, immunological ignorance, toler-
ance, and intrinsic induction.37 The combination of IDO1 expres-
sion and CD8+ TIL has been found to act as a prognostic biomarker 
for cancer survival.20,38 Considering the irrelevant role of IDO1 
expression in the PD-L1 axis, we developed an immune classifier 
including the infiltration of cytotoxic T cells, and IDO1 and PD-
L1 expression to categorize patients with UTUC into high-risk and 
low-risk groups with large differences in OS. On the basis of the 
3 immune variables, our immune classifier exhibited clear immu-
nological relevance and robust prognostic power. This advantage 
could lead to an individualized risk stratification and treatment 
strategy for UTUC.

This study has several limitations. First, the retrospective nature 
of the study remained inevitably selection bias. Second, although 
the study was moderate in size for the rare disease, a larger sample 
size is needed to externally confirm the findings. Finally, the current 
immune classifier only included the CD8 TIL, IDO1 TC, and PD-L1 
IC in UTUC. In the future, a more comprehensive classifier incorpo-
rating more immune cell types and other immune checkpoints might 
improve the prognostic value.

In conclusion, IDO1 TC expression created a profound immuno-
suppressive TME and therefore resulted in poor prognosis in UTUC. 
Moreover, we developed and validated an IDO1-based immune clas-
sifier, which might add prognostic value to the current clinical stag-
ing system. Together, our findings emphasized the potential role of 
IDO1 as a target for combined immunotherapy in UTUC.
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