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Background: Immunotherapy plus tyrosine kinase inhibitor (IO-TKI) has become the first-line management for 
metastatic renal cell carcinoma (RCC), despite the absence of biomarkers. Recently, pyrroline-5-carboxylate 
reductase 1 (PYCR1) and proline metabolism have been reported regulatory roles in the anti-tumor response. 
Methods: There were three cohorts enrolled: two from our institution (ZS-MRCC and ZS-HRRCC) and one from a 
clinical trial (JAVELIN-101). The PYCR1expression in each sample was evaluated by RNA sequencing. Flow 
cytometry and immunohistochemistry were performed to assess immune infiltration. Single-cell RNA-seq 
(scRNA-seq) data was used for cluster analysis of T cells and macrophages. Primary endpoints were set as 
response and progression-free survival (PFS). 
Results: Patients in the low-PYCR1 group had greater objective response rate (52.2% vs 18.2%) and longer PFS in 
both cohorts (ZS-MRCC cohort, P=0.01, HR=2.80; JAVELIN-101 cohort, P<0.001, HR=1.85). In responders, 
PYCR1 expression was decreased (P<0.05). In the high PYCR1 group, CD8+ T cells exhibited an exhausted 
phenotype with decreased GZMB (Spearman’s ρ=-0.36, P=0.02). scRNA-seq revealed tissue-resident memory T 
(Trm) (P<0.05) and tissue-resident macrophage (P<0.01) were decreased in samples with high PYCR1 expres
sion. A machine learning score was further built by random forest, involving PYCR1 and Trm markers. Only in 
the subgroup with the lower RFscore did IO+TKI show a favorable outcome, compared to TKI monotherapy. 
Conclusions: Immunosuppression and IO+TKI resistance were correlated with high PYCR1 expression. T cell 
exhaustion and dysfunction were also related with the expression of PYCR1. PYCR1 has the potential to be 
employed as a biomarker to discriminate between IO+TKI and TKI monotherapy as the optimal patient treatment 
strategy.   

Introduction 

RCC is a physiologically heterogeneous tumor with various tumori
genesis drivers, and >75% of RCC tumors are clear cell type in histology. 
The high-dose interleukin-2 (HDIL-2) and interferon-alpha (IFN-α) used 
to be the cornerstones of treatment for advanced diseases with generally 
poor outcomes in the majority of patients. Over the past two decades, we 
have witnessed a paradigm shift in the treatment of metastatic renal cell 
carcinoma (mRCC), with the advent of innovative therapeutic methods 
that have drastically improved survival. With the emergence of immune 
checkpoint inhibitors (ICIs) and anti-VEGF tyrosine kinase inhibitors 
(TKI), the therapy landscape for ccRCC has undergone a radical 

transformation. The current standard first-line treatment for advanced 
mRCC is the combination therapy of immunotherapy (IO) plus TKI [1]. 
There are four FDA-approved combinations therapy: pem
brolizumab+axitinib (KEYNOTE 426) [2], avelumab+axitinib 
(JAVELIN 101) [3], nivolumab+cabozantinib (CheckMate 9ER) [4], and 
pembrolizumab+lenvatinib (CLEAR) [5]. In mRCC, the IO+TKI 
improved overall survival and progression-free survival (PFS), and 
induced an exceptional durable response. However, a substantial pro
portion of patients continue to exhibit intrinsic resistance to IO+TKI or 
acquire acquired resistance, ultimately succumbing to the progression of 
mRCC. Consequently, there is an urgent need for the development of 
novel biomarkers for clinical decision-making to predict and improve 
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the prognosis of mRCC. 
In order to satisfy the higher energy and anabolic demands of 

persistent cell proliferation, cancer cells undergo metabolic reprog
ramming [6]. The reprogramming of metabolic pathways has shed light 
on the intricacy of cancer metabolism. Proline is a unique non-essential 
amino acid that plays important roles in protein structure and cellular 
stress response [7]. Pyrroline 5-carboxylate reductase 1 (PYCR1) is an 
essential enzyme for proline synthesis that is abundantly expressed in 
cancer stroma and CAFs. Previous studies have demonstrated that the 
activity of the proline dehydrogenase (PRODH) and PYCR1 enzymes 
might work as a cycle between the mitochondria and the cytosol, 
transferring proline as intermediates and redox equivalents [8]. It is 
likely that the activity of each of these enzymes depends on the cellular 
context and microenvironment. Mitochondrial proline synthesis, spe
cifically via PYCR1 activity, is crucial for hypoxia metabolism and sur
vival [9]. Reducing PYCR1 levels in tumor-associated fibroblasts (CAFs) 
is sufficient to inhibit tumor collagen synthesis, tumor growth, and 
metastatic spread resulting in ineffective drug delivery and immune cell 
recruitment [10]. 

In this study, we identified that elevated PYCR1 expression could 
become a potential biomarker for IO+TKI treatment response and PFS. 
We also found the correlation between elevated PYCR1 expression, 
vessels, and fibroblasts, as well as CD8+ T cells dysfunction, tissue- 
resident memory T cells, and resistant macrophages. Furthermore, we 
developed a random-forest model based on PYCR1 and Trm markers in 
RCC to predict the efficacy of IO+TKI versus TKI monotherapy. Our 
findings revealed the predictive function and immunologic correlations 
of PYCR1 and suggest that inhibiting PYCR1 may boost the efficacy of 
IO/TKI in RCC patients. 

Materials and methods 

Study cohorts and data collection 

ZS-HRRCC cohort: 43 patients with high-risk localized RCC were 
enrolled who underwent radical nephrectomy at Zhongshan Hospital, 
Fudan University from Jan 2020 to Dec 2021. Inclusion Criteria and 
exclusion Criteria were previously descrbied [11]. Three patients were 
excluded because of the unavailability of tissue samples or failure to 
meet sample quality control standards, clinical. 

ZS-MRCC cohort: Totally, 51 MRCC patients with TKI+IO combi
nation therapy were enrolled from January 2017 to December 2020. 
Inclusion Criteria and exclusion Criteria were previously descrbied [11]. 
Six patients were excluded due to the unavailability of tissue samples or 
loss of follow-up. Therapeutic response and disease progression were 
defined by the RECIST 1.1 criteria [12]. 

The JAVELIN-101 cohort was from a clinical trial that enrolled 726 
metastatic advanced RCC participants as previously reported by Robert 
J. Motzer et al [3,13]. 

The Cancer Genome Atlas (TCGA) project enrolled 530 clear cell RCC 
patients in the TCGA-KIRC cohort (https://xena.ucsc.edu/) [14]. 

RNA-seq and data processing 

The RNA of samples was extracted from resected primary RCC tis
sues. The sample preprocessing and library construction were previously 
described [11]. Further normalization of sequencing data was per
formed to read count and FPKM values. 

Hematoxylin & eosin (H&E) staining and immunohistochemistry 

Immunohistochemistry procedure and antibodies were performed as 
described before [11,15]. Slides were scanned with PANNORAMIC® 
250 Flash III DX (3DHISTECH Ltd.). The densities of targeted cells were 
calculated as the mean number of cells/mm2. The micro vessels were 
counted as the mean number of MVD/mm2. Three researchers were 

asked to quantify positive cells on six randomly selected fields. 

Flow cytometry 

The protocol and antibodies of flow cytometry were described pre
viously [11]. Briefly, after blocking Fc receptors, single-cell suspensions 
and white blood cells were stained for 30 min at 4 ◦C with fluorescently 
labeled membrane marker antibodies. Proteins were stained intracel
lularly using antibodies Intracellular Fixation & Permeabilization Buffer 
(Thermo Fisher Scientific). Flowjo v10.0 was used to analyze BD 
LSRFortessaTM X-20 (BD Biosciences) FACS data (Tree Star). 

In silico approaches 

The R program (https://www.r-project.org) was utilized for all bio
informatic analyses. The "forestplot" R package created the forest plots. 
The waterfall plot and heatmaps were calculated and plotted by the R 
packages "ComplexHeatmap" and "ggplot2." The random forest model 
was constructed with the "randomForestSRC" and "ggRandomForests" 
packages. 

scRNA-seq data analysis 

The scRNA-seq data was obtained from dataset GSE178481 in Gene 
Expression Omnibus (GEO). The analysis was carried out by "Seurat" R 
package [16]. nFeature_RNA > 200 & percent.mt < 12.5 & percent.rp <
60 & nFeature_RNA < 7500 & log10GenesPerUMI > 0.80 & 
nCount_RNA < 20000 were set as the quality control parameters. The 
subcluster analysis of T cells and macrophages was performed according 
to the previous study [17]. 

Statistical analysis 

The Kruskal-Wallis H test was used to compare continuous variables 
between groups. The categorical variables were used for the chi-square 
test. Spearman’s correlation analysis was utilized for quantitative cor
relation analysis. Kaplan-Meier analysis with log-rank regression was 
performed for survival analysis. Cox proportional hazard models were 
utilized for prognostic analysis. 

Results 

PYCR1 expression associated with response and prognosis of IO+TKI 
therapy 

The recommendations of EAU RCC guideline suggest IO+TKI com
bination therapy as the standard first-line treatment for mRCC. In clin
ical practice, however, our ZS-MRCC cohort demonstrated that mRCC 
patients had a variety of therapeutic responses (Fig. 1E–G). The 
expression of PYCR1 was elevated in RCC tissues compared to normal 
tissues (P<0.001, Fig. 1A), and was enhanced significantly in TNM stage 
IV and ISUP grade G4 (Fi. 1B and C). Although no significant difference 
in PFS was observed between PYCR1-low and PYCR1-high TxNxM1 RCC 
patients in the TCGA cohort (Fig. S1A), responders to IO+TKI exhibited 
significantly reduced PYCR1 expression (P<0.05, Fig. 1D). The therapy 
response was classified as complete response (CR), partial response (PR), 
stable disease (SD), or progressing disease (PD) based on RECIST 1.1 
criteria. Meanwhile, the proportion of responders (PR/CR) in the low- 
PYCR1 expression subgroup increased (52.2% vs 18.2%, Fig. 1F and G). 
This may be due to that the TCGA cohort comprise a large number of 
patients with earlier stages and the treatment was totally different at 
that time. Patients in our ZS-MRCC cohort with lower PYCR1 expression 
had longer PFS (P=0.01, Fig. 2B), which was verified in another cohort, 
Javelin 101 (P<0.001, Fig. 2C). The cutoff was set at 50%. Subse
quently, clinical and pathological variables, including age, histology, 
and IMDC group, along with the expression of PYCR1 were included in 
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Fig. 1. PYCR1 related with resistance to tyrosine kinase inhibitor (TKI) plus immunotherapy (IO) combination therapy in renal cell carcinoma (RCC). (A) 
Expression of PYCR1 in RCC and peritumor tissues. P values, Kruskal-Wallis H test. (B) and (C) Association between PYCR1 and TNM stage/ ISUO grade in RCC. P 
values, Kruskal-Wallis H test. (D) Expression of PYCR1 between responders and non-responders of TKI+IO combination therapy in the ZS-MRCC cohort. P values, 
Kruskal-Wallis H test. (E&F) Therapeutic response (E) and representative chest computed tomography (F) according to PYCR1 in the ZS-MRCC cohort under TKI+IO 
combination therapy. (G) Tumor best percentage change from baseline and PYCR1 expression in our ZS-MRCC cohort of TKI+IO combination therapy. *, P<0.05; **, 
P<0.01; ***, P<0.001; ns, not significant. 
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the Cox regression model. PYCR1 indicated poor prognosis indepen
dently for PFS (univariate: hazard ratio (HR) = 2.814, 95% confidence 
interval (CI) = 1.235-6.409, P = 0.014; multivariate: HR = 2.927, 95% 
CI = 1.262–6.790, P = 0.012; Fig. 2A). Collectively, our data suggested 
that the expression of PYCR1 could serve as an independent negative 
prognosticator for patients receiving IO+TKI therapy. 

PYCR1 was not associated with T cell infiltration 

As previously indicated, PYCR1 may influence the IO-TKI sensitivity. 
By H&E and immunohistochemistry, we sought to assess the TME ele
ments of mRCC samples (Fig. 3A). Fig. 3A shows the features ranked by 
the expression of PYCR1. TILs showed no significant difference between 
high and low PYCR1 samples (Figure S1B), and neither CD8+ T cells 
(Fig. 3B) nor CD4+ T cells (Fig. 3C) displayed a trend of difference. 
Subsequently, flow cytometry was applied to resected nephrectomy 
samples from our ZS-HRRCC cohort in order to verify the tumor- 
infiltrating T cells. RNA-seq was also used to determine the expression 
levels of PYCR1. In consistent with the results of IHC, the quantity of 
TILs, CD8+ T cells or CD4+ T cells did not differ with PYCR1 expression 
levels (Fig. 3D). 

PYCR1 correlated with dysfunction of T cells 

With the ability to recognize and respond to tumor-specific antigens, 
tumor-infiltrating lymphocytes are critical for antitumor immunity. 
However, the number of lymphocytes infiltrating the tumor is not al
ways correlated with the efficacy and resistance of immunotherapy or 
IO+TKI therapy, which may be attributed to the function level or 
exhausted state of T cells. Flow cytometry was used to further assess the 
functional state of tumor-infiltrating lymphocytes. The proportion of 
GZMB+CD8+ T cells was found to be inversely linked with PYCR1 
expression (Spearman’s = -0.36, P = 0.02 Fig. 3E), rather than CD4+ T 
cells (Fig. 3F). Moreover, both PD1+CD8+ T cells and PD1+CD4+ T cells 
were found strongly associated with PYCR1 expression (Spearman’s 
ρ=0.44, P<0.001, Fig. 3G & Spearman’s ρ=0.22, P=0.17, Fig. 3H). The 
results suggested the expression of PYCR1 was related with the function 
of T cells. 

Suppressive TME in RCC with elevated PYCR1 expression 

Suppressive TME results in malfunctioning T cells. In the current 
study, flow cytometry and immunohistochemistry were used to examine 

regulatory cells in the TME. Flow cytometry (P<0.05, Fig. 4A) and 
immunohistochemistry (P<0.05, Fig. 4A) demonstrated that the infil
tration of regulatory T cells was increased in samples with high PYCR1 
expression. Furthermore, CD34 (P<0.05, Fig. 4B) and αSMA (P<0.01, 
Fig. 4C) indicated that the micro vessels and fibroblasts were enriched in 
high PYCR1 samples. Additionally, KI67 was found to be positively 
correlated with PYCR1(Spearman’s =0.38, P=0.01, Fig. 4D). These re
sults suggested a probable association between PYCR1 expression and 
suppressive TME. The association between PYCR1 and suppressive 
molecules in RCC was investigated. PYCR1 and CXCL8 have a positive 
correlation (Spearman’s =0.29, P<0.001, Fig. 4E). Moreover, the 
expression of PYCR1 was significantly linked with extracellular matrix 
remodeling, MMP9 (Spearman’s =0.4, P<0.001, Fig. 4F). Besides, 
through GSEA analysis, we found that negative regulation of lympho
cyte activation, regulatory T cell differentiation, negative regulation of 
IL− 2 production, negative regulation of immune effector process, and 
negative regulation of immune response were enriched in high-PYCR1 
samples (Fig. 4G). 

Correlation between PYCR1 and somatic mutations in RCC 

A summary of the JAVELIN-101 cohort’s somatic mutations classi
fied by PYCR1 expression was performed. VHL (55%), PBRM1 (32%), 
SETD2 (25%), and BAP1 (16%) mutations were identified as prevalent 
mutations in mRCC. None of these was significantly related with PYCR1 
expression (Fig. S2A and S2B), suggesting that the poor prognosis of 
IO+TKI in high-PYCR1 patients may not be a result of these well-known 
mutations. 

Single-cell RNA-seq (scRNA-seq) showed that high PYCR1 tumors 
establish an immunosuppressive tumor microenvironment 

The scRNA-seq profiling (10x Genomics) of 16 samples from freshly 
resected primary ccRCC samples [18], in the GSE178481 cohort. After 
quality control, we obtained 118,957 cells, and samples were integrated 
using joint analysis of the heterogenous samples (Fig. 5A and 5B). Un
supervised clustering identified 18 distinct clusters, including immune 
cells, pericyte cells, endothelial cells, and epithelial cells (Fig. 5C). 
Overall, in line with the results of flow cytometry, high-PYCR1 samples 
did not show different immune infiltration modes compared to 
low-PYCR1 samples, with no significant change in cytotoxic T lym
phocytes, CD4+ T cells, Tregs, and macrophages (Fig. S3). Subsequently, 
subcluster analysis was performed according to previous sutdy [17], 

Fig. 2. PYCR1 related with prognosis of 
tyrosine kinase inhibitor (TKI) plus immu
notherapy (IO) combination therapy in 
renal cell carcinoma (RCC). (A) Univariate 
and multivariate Cox regression model was 
used to calculate HR and 95% CI. HR < 1 in
dicates better survival. The cutoff of PYCR1 
expression was the median value. (B) and (C) 
Progression-free survival (PFS) after TKI+IO 
therapy according to PYCR1 in the ZS-MRCC 
cohort (B) and Javelin 101 cohort (C) of TKI
+IO combination therapy. P value, Kaplan- 
Meier analysis, and log-rank test.   
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Fig. 3. Relationship between PYCR1 and tumor microenvironment in RCC. (A) Heatmap displaying tumor microenvironment components ranked by PYCR1 in 
the ZS-HRRCC cohort. (B) and (C) Representative images and quantification of tumor-infiltrating CD8+ T cells (B), and CD4+ T cells (C) sorted by PYCR1 level. P 
values, Kruskal-Wallis H test. (D) Representative images of flow cytometry and the association between CD8+ T cells or CD4+ T cells, and PYCR1 expression in the ZS- 
HRRCC cohort. (E–H) Representative images of flow cytometry and the association between GZMB+ CD8+ T cells (E), GZMB+ CD4+ T cells (F), PD1+ CD8+ T cells 
(G), or PD1+ CD4+ T cells (H), and the expression of PYCR1. ρ and P values, Spearman’s rank-order correlation. 
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identifying four clusters of CD4+ T cells, nine clusters of CTLs (Fig. 5D 
and S4), and three clusters of macrophages (Fig. 5F). We observed that 
tissue-resident memory T (Trm) (highly expressing XCL1) (P<0.05, 
Fig. 5E) and tissue-resident macrophage (expressing SEPP1) (P<0.01, 
Fig. 5I) were decreased in samples with high PYCR1 expression, rather 
than M1 macrophages (Fig. 5G), M2 macrophages (Fig. 5H) and another 

cluster of M2, M2 infiltrating TREM2+ cells (Fig. 5J). 

Risk model construction and contribution of components 

The therapeutic efficacy of TKI+IO varies between patients. TKI 
monotherapy is still an alternative first-line therapy for mRCC patients. 

Fig. 4. Suppressive microenvironment in RCC with elevated PYCR1 expression. (A) Flow cytometric gating strategy and Immunohistochemical quantification 
of regulatory T cells and its increase in high PYCR1 expression samples. P value, Wilcoxon signed-rank test. (B) Immunohistochemical quantification of CD34+, 
α-SMA+ and KI67+ cells association with PYCR1 expression. P value, Wilcoxon signed-rank test. ρ and P values, Spearman’s rank-order correlation. (E) and (F) 
Correlation between CXCL8 or MMP9 and PYCR1 expression. ρ and P values, Spearman’s rank-order correlation. (G) Gene-set enrichment analysis of high-PYCR1 vs. 
low-PYCR1 samples. Red dots represent pathways enriched in high- PYCR1 samples. *, P<0.05; **, P<0.01. 
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Fig. 5. Single-cell RNA-sequencing analysis of RCC samples. (A) and (B) Integrative analysis of scRNA-seq samples from 16 RCC samples, visualized using a 
common UMAP identified by 18 cell clusters (A) or by tissues (B). (C) Summary of tumor cell clusters, in each sample, sorted by PYCR expression level. (D) 
Subcluster analysis for T cells. (G) CD8+ XCL1+ tissue-resident memory T cells (Trm) were decreased in high-PYCR1 samples. (F) Subcluster analysis for macro
phages. (G) and (H) The quantity of subtypes of macrophages in high- and low-PYCR1 samples. *, P<0.05; **, P<0.01. 
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Therefore, it is required to develop a model capable of identifying 
whether a subgroup responds better or worse to IO-TKI therapy. 
Random forest, a well-known machine learning approach, was per
formed to conduct a predictive model. The expression levels of PYCR1 
and Trm markers, which are CD6, XCL1, XCL2, MYADM, CAPG, RORA, 
NR4A1, NR4A2, NR4A3, CD69, and ITGAE, were used as model pa
rameters. The variable importance of each parameter to the final 
random forest model was illustrated (Fig. 6A). Kaplan-Meier corrobo
rated the prognostic significance of RFscore in patients with avelu
mab+axitinib in the Javelin 101 cohort (P<0.001, Fig. 6C and D), rather 
than patients in the sunitinib arm. Univariate Cox regression was per
formed, showing that the low RFscore subgroup in the avelu
mab+axitinib arm exhibited a trend toward longer PFS than the 
sunitinib arm (HR 0.393, 95% CI 0.278–0.556; p<0.001, p-value for 
interaction<0.001, Fig. 6B), whereas high RFscore did not show prog
nosis value in therapy selection (HR 0.995, 95% CI 0.762–1.299, 
p=0.0.970, Fig. 6B). These results indicated that the RFscore could help 
to select low RFscore subgroup of mRCC patients with prolonged PFS by 
treated IO-TKI (6 months AUC=0.73, 12 months AUC=0.77, 18 months 
AUC=0.74, Fig. 6E). 

Discussion 

The PYCR1, which catalyzes the last step in proline synthesis, was 
determined to be essential for carcinogenesis by genomic screening. 
PYCR1 is one of the top five metabolic enzymes that are continuously 
overexpressed in 19 types of cancer, whereas it is significantly under
expressed or absent in normal tissues [19]. In silico analysis confirmed 
that PYCR1 was widely overexpressed in 22 cancer types from TCGA 
database, suggesting that disordered proline metabolism may be a 
general metabolic signature for most cancer types [20]. PYCR1 also 
promoted tumor cell development, and metastasis, and might be a 
biomarker for the prognosis of breast cancer, prostate cancer, hepato
cellular carcinoma, renal cell carcinoma, gastric cancer, and non-small 
cell lung cancer [20–25]. However, in the current study, we focused 
on the systemic management of advanced RCC. There was no statisti
cally significant trend for patients with low PYCR1 expression to have a 
longer OS than those with high PYCR1 expression. It did not match the 
result of the previous report [23]. The reason may be that most cases 
enrolled in the TCGA cohort were at an early stage without effective 
treatment at the time, although PYCR1 expression was associated with 
stage and grade (Fig. 1B and C). Importantly, PYCR1 was associated with 
IO+TKI therapeutic outcome and poor prognosis in ZS-MRCC and 
Javelin 101 cohorts undergoing IO+TKI combination therapy (Fig. 2B 
and C). 

In the past decade, the use of VEGFR-TKI has led to significant ad
vancements in the treatment of mRCC. Subsequently, the EAU revised its 
recommendations for first-line therapy to IO+TKI combinations. How
ever, the response rate to IO+TKI treatment varies from patient to pa
tient and is generally low (Fig. 1E–G). The PYCR1 expression has the 
potential to predict the prognosis of IO+TKI therapy. Furthermore, the 
RFscore, calculated by our model, which was based on PYCR1 and Trm 
markers, demonstrated predictive value for treatment selection between 
IO-TKI and TKI monotherapy, since only patients with a low-RFscore 
might benefit from IO-TKI (Fig. 6C–E). 

Cancer cells have a strong ability to survive under harsh microen
vironments, evade regulatory systems such as apoptosis, and withstand 
the immune system’s defenses. Cancer cells change their metabolism to 
sustain unrestrained proliferation and metastasis. Increasing number of 
reports suggest that the metabolism of non-essential amino acids plays a 
crucial role in TME [26]. In particular, the availability of proline regu
lates collagen production and maturation, as well as the development of 
cancer cell plasticity and heterogeneity [27]. In a recent investigation on 
lung cancer, an intriguing interaction between Proline metabo
lism/collagen production and microenvironment was revealed [28]. 
PYCR1 is an essential enzyme for proline synthesis and is abundantly 

expressed in stroma and CAFs [10]. These results indicated that the 
expression of PYCR1 may influence TME. In the present study, expres
sion of PYCR1 also correlated with CD8+ T cell dysfunction and 
exhaustion, as well as immune-suppressive factors (Figs. 3E–H and 
4A–C). 

The role of T cells in tumor immunity has been well-established. Trm 
can actively participate in cancer immunosurveillance and antitumor 
immunity due to their specific functions, which include tissue retention 
and a quick response to rechallenge [29]. Emerging evidence presented 
a correlation between responses to ICIs and Trm. [30] Trm showed early 
proliferation during anti–PD-1 treatment in the responder group and 
produced high IFN-γ in response to anti–PD-1 therapy [31,32]. This 
finding expands the potential clinical relevance of Trm detection as a 
biomarker of favorable therapeutic response to PD-1–blocking immu
notherapy. In the current study, we demonstrated that Trm was 
decreased in high PYCR1 samples, indicating the unfavorable outcome 
of IO+TKI (Fig. 5E). 

The current study has several limitations. The retrospective design 
might cause enrollment biases. Secondly, the sample size was limited, 
preventing further subgroup analysis. Future prospective validation 
studies with larger cohorts will be performed. We would like to inves
tigate the potential of PYCR1 as a target for therapy in mRCC in future 
animal models and clinical studies. 

Conclusions 

PYCR1 has the potential to serve as an indication of poor survival and 
IO-TKI response rate. PYCR1 expression correlated with CD8+ T cell 
dysfunction and exhaustion, as well as the reduced quantity of Trm. The 
machine-learning RFscore conducted by PYCR1 and Trm markers could 
suggest drug selection between IO-TKI versus TKI monotherapy in m 
RCC. 
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Fig. 6. An integrated risk score for IOþTKI benefit prediction(A) Construction and variables’ importance of the random forest score (RFscore) involving the 
expression of PYCR1 and Trm markers, including CAPG, CD6, MYADM, XCL2, ITGAE, NR4A1, XCL1, NR4A2, RORA, NR4A3, and CD69. (B) The benefit of IO+TKI vs. 
TKI monotherapy, according to the expression of the parameters of random forest model and the RFscore. The Cox regression model was used to calculate HR and 
95% CI. HR < 1 indicates a favorable outcome of IO+TKI. HR >1 indicates better survival of the TKI monotherapy. The cutoffs of the gene expression were median 
values. (B) Progression-free survival according to high- and low-RFscore in RCC treated by IO+TKI or TKI monotherapy. (D) Progression-free survival of high- or low- 
RFscore in patients with IO+TKI combination therapy. (E) The RFscore receiver operating characteristic (ROC) curve analyze for the PFS of IO+TKI. ***, P<0.001. 
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