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1. Method

1.1 Clinical data and meta-analysis

After approval by the Institutional Review Board, the data of 1102 RCC patients who underwent

radical nephrectomy between January 1, 2000, and December 31, 2020, were analyzed for gender

differences. Overall survival was defined as the time from the date of radical nephrectomy to the date

of death due to any cause or censored at the date of the last follow-up. As previously described(1), a

meta-analysis was conducted on immunotherapy for metastatic RCC. Lastly, the data from five

randomized controlled trials were included(2-6), and the main characteristics and results of these

studies were summarized in Supplementary Table 1A and Supplementary Figure 1A.

1.2 Single-cell data acquisition and screening criteria

Publicly available single-cell RNA-seq datasets were downloaded from the Genotypes and

phenotypes (phs002065, phs002252), Sequence Read Archive (SRP308561) and European Genome-

phenome Archive (EGAS00001002325)(7-10). Datasets included in this study had to meet the

following criteria: (1) involved primary RCC; (2) provided unnormalized count data; (3) were

generated using the 10x Genomics Chromium platform; (4) came from untreated RCC patients. Sex-

related genes (XIST, RPS4Y1) were used to identify sex groups in each sample (Supplementary

Figure 1C). Finally, we obtained 165,326 cells from 19 patients (19 tumors and 17 adjacent normal

kidney tissues) from 4 datasets (Supplementary Figure 1B and Supplementary Table 1B).

1.3 Single-cell data quality control and subcluster detection

To unify the upstream analysis process of each dataset, scRNA-seq fastq files were downloaded

and processed using Cell Ranger v5.0.1 (10x genomics). Raw gene expression matrices were

imported and processed using the Seurat R package (version 4.1.0). Low-quality cells were removed

the following 4 measurements: 1) cells that had either fewer than 200 or over 5000 unique molecular

identifiers (UMIs), over 20,000 or less than 300 expressed genes or over 15% UMIs derived from the

mitochondrial genome, or over 2.5% UMIs derived from the erythrocytic genome; 2) cells with an
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average expression level of less than 2 for a curated list of housekeeping genes; 3) cells co-

expressing EPCAM and PTPRC. 4) Doublets were detected by DoubletFinder R package (version

2.0.3) for a single sample and manually detected the doublets in re-clustering the cell types.

Dissociation-induced genes were regressed to avoid effects on the clustering, and batch effects

were minimized (lambda = 1.5) using the Harmony R package (version 1.0) (11). After normalized

to the total cellular UMI counts, the gene expression matrices were scaled (scale. factor = 10,000) by

regressing the total cellular UMI counts and percentage of mitochondrial genes. Highly variable

genes (top 3000) were extracted using the Seurat “FindVariableGenes” function. Then, we

performed principal component analysis (PCA) analysis using high variable genes, and significant

PCs (top 20) were selected to perform dimension reduction. Clusters were found using the

“FindClusters” function (dims.use = 1:20, resolution = 0.5). The Uniform Manifold Approximation

and Projection (UMAP) analysis was used for dimension. We defined 8 major lineages epithelial cell,

endothelial cell, myeloid cell, fibroblast, T cell, B cell, NK cell, and proliferating cell. Then, after re-

clustering epithelial cells, T-cells and myeloid cells, several subclusters were produced for biological

differences analysis.

1.4 Differential gene expression analysis and gene set enrichment analysis

We used the “FindMarkers” function to derive differentially expressed genes (DEGs) from each

cluster, and genes with a p-value < 0.01 and average log2 fold change ≥0.25 were retained (Table

S2A, S3A and S4A). Gene set enrichment analysis (GSEA) was performed to analyze different

pathways in different subclusters on some gene signatures(12). Gene set variation analysis (GSVA)

was also performed to estimate pathway activity scores for single cells(13). Then, the differential

activities of pathways were calculated using the limma R package (version 3.46.0)(14). All gene

signatures used in this study are shown in Supplementary Table S2B, S3B and S4B. Single-sample

gene set enrichment analysis (ssGSEA) was conducted to calculate the androgen receptor activity

score and T-cell exhaustion score for each cell(15).

1.5 Pseudotime trajectory analysis

The cell lineage trajectory of CD8+ T cell and macrophage was inferred using the Monocle2 R

package(16). We used the ‘‘FindMarkers’’ function to identify DEGs from each cluster and genes
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with a p-value < 0.01 were used to order the cells in pseudotime analysis. We used the average

expression (measured by log2 (TPM + 1) of exhaustion- and dysfunction-related genes to define the

exhaustion and pro-dysfunction score for CD8+ T-cells. We analyzed the exhaustion and dysfunction

scores along with pseudotime in CD8+ T-cells and anti-inflammatory and pro-inflammatory scores

along with pseudotime in macrophages.

1.6 Multiplex immunofluorescence (MxIF) assay and image analysis

Formalin-fixed paraffin-embedded (FFPE) slides of sixty patients were collected for MxIF to

assess the infiltration of CD8+ T-cells. The FFPE slides were sequentially stained with antibodies

specific for CD3 (CD3 cells, ab16669, Abcam), CD8 (T-cells, ab217344, Abcam), PD1 (ab237728,

Abcam), and pan-cytokeratin (tumor cells, ab7753, Abcam). The nuclei were highlighted using 4′,6-

diamidino-2-phenylindole (DAPI). Image analysis was performed using the HALO software (version

3.3; Indicalab, New Mexico, USA), including tissue segmentation, cell segmentation and

phenotyping to assign each cell to a phenotypic category (Supplementary Table S3C).

The CD3 immunofluorescence slides were scanned at ×10 magnification, and we marked the

boundary between tumor and stroma using the HALO software. According to the spatial location of

CD3 positive cells and tumor cells, patients were divided into three groups: infiltrated, excluded and

desert. The number of CD3+ cells was calculated by the average of 10 representative fields of view at

a magnification of 200×. A tumor was categorized as “desert” when its average CD3+ cells were

lower than 10 cells in an area of the tumor and peritumor region. A tumor was categorized as

“infiltrated” when its average CD3+ cells were greater than 10 cells in an area of the tumor and

peritumor region. A tumor was categorized as “excluded” when its average CD3+ cells were lower

than 10 cells only in an area of the tumor(17).

1.7 Flow cytometry (FCM)

Human primary RCC tissues were obtained from the operating room during nephrectomy. After

rinsing in HBSS (Gibco) and cut into small pieces, tissues were digested for 30 min at 37°C with

agitation in a digestion solution containing 25µg/ml Liberase TM (Roche) and 50µg/ml DNase

(Sigma) in RPMI (Gibco). At the same time, mouse tumors were mechanically disrupted using the

Tumor Cell Isolation Kit (Miltenyi, Cat: 130110187) according to the manufacturer’s instructions.
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Tissue dissociation fluid was passed through 70 μm filters to prepare single-cell suspensions, and

excess red blood cells were removed using Red Blood Cell Lysis Buffer. For cytokine production

experiments, the cells were re-stimulated by the Leukocyte Activation Cocktail kit (BD Pharmingen,

550583) for 8 hours at 37°C. After being washed twice with PBS, single cells were stained at 4°C

with APC-CY7 fixable viability dye (BD Pharmingen, Cat:565388) for 15 min. FcR block was

incubated with the samples for 20 min, and extracellular surface markers were subsequently added.

All intracellular staining was performed with the Cytofix/Cytoperm Soln Kit (BD Pharmingen,

554714). All samples were acquired on a cytoFLEX flow cytometer and analyzed on FlowJo

(version 10.8.1). The fluorochrome-conjugated antibodies included in the T cell exhaustion panel are

listed in Supplementary Table S3D.

1.8 Human CD8+ T-cells culture

Peripheral blood mononuclear cells (PBMC) from healthy donors were first isolated from a

buffy coat by density gradient centrifugation using Lymphocyte Separation Medium (Biosharp).

CD8+ T-cells were isolated from PBMC using EasySep Mouse CD8+ T Cell Isolation Kit (Stemcell

Technologies). Subsequent experiments were carried out after confirming CD8+ T cell population

was >95% pure. For all the experiments, CD8+ T-cells were cultivated with the X-VIVO medium

(LONZA) supplemented with 10% fetal bovine serum (FBS) at the density of 1.5 × 106 cells per ml

per cm2 with additional interleukin-2 supplement (100 IU/mL, Miltenyi Biotec.) and ImmunoCult™

Human CD3/CD28 T Cell Activator (10μl/mL, InvivoGen).

1.9 CD8+ T cell cytotoxicity assay

For the cytotoxicity study, lymph nodes from OT-I mice were mechanically dissociated, and OT-I

CD8+ T-cells were isolated using the EasySep Mouse CD8+ T Cell Isolation Kit (Stemcell

Technologies). OT-I CD8+ T-cells were cultured in complete RPMI medium [containing 10% FBS +

1× GlutaMax (Gibco), 100 U/mL penicillin-streptomycin, 1 mM sodium pyruvate and 50 μmol/L 2-

mercaptoethanol]. OT-I CD8+ T-cells were stimulated with SIINFEKL (10 ng/mL) and IL-2 (10

ng/mL) for 5 days to generate cytotoxic T-cells. Renca cells were transfected with a lentiviral vector

(LV)-mCherry-OVA and fluorescence-activated cell sorting was used to select stable Renca-

mCherry-OVA cell lines. OT-I CD8+ T-cells were co-cultured with Renca-mCherry-OVA at a ratio of
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1:1, with or without dihydrotestosterone (DHT, CATO Research Chemicals Inc.) for 8 hours. The co-

cultured cells were evaluated with a crystal violet staining solution, and the cells were counted using

ImageJ (version 1.8.0). FCM of 7-AAD was also used to evaluate the apoptosis of Renca-mCherry-

OVA.

1.10 Immunohistochemistry (IHC) and Enzyme-linked immunosorbent assay (ELISA)

We collected tissue-embedded wax and serum from RCC patients receiving immunotherapy at

our hospital for IHC and ELISA. After deparaffinization, slides were hydrated in alcohol and

endogenous peroxidase activity was quenched for 30 min in 10% hydrogen peroxide. Antigen

epitope retrieval was induced by microwave heating. To examine the expression pattern of candidate

antibodies in RCC tissues, the sections were immunostained with primary antibodies for 1 hour at

37°C. Then, enzyme-labeled goat anti-mouse/rabbit IgG polymer (Cat: PV-6000, ZSGB-BIO,

Beijing) was added and incubated at room temperature for 20 minutes. The signal was detected using

DAB (ZSGB-BIO, Beijing) following the manufacturer’s protocol. The IHC score of Gal1 was

calculated by the HALO software (Indicalab, New Mexico, USA). The antibodies used were: PD1

(human, ab52587, Abcam); CD8 (human, ab217344, Abcam); PD1 (mouse, ab214421, Abcam);

GrzmB (mouse,46890S, CST); IFNγ (mouse, DF6045, Affinity Biosciences); and TNFα (mouse,

ab34674, Abcam). All serums were stored in Bio-bank after collection at our hospital. Plasma

testosterone concentration was determined using a testosterone ELISA kit (RUIXIN biotech, Cat:

RXJ105886H) according to the manufacturer’s recommendations.

1.11 In vivo experiments

BALB/c mice were purchased from Vital River (Beijing, China) and were maintained in

specific pathogen-free conditions in the animal laboratory at our hospital. The murine cell line of

renal cancer (Renca) was kindly provided by Professor Luo (Center for Precision Medicine, Sun Yat-

sen University, Guangzhou, China). Renca were cultured in a complete RPMI medium [containing

10% FBS, 0.1mM NEAA, 100 U/mL penicillin-streptomycin, 1 mM sodium pyruvate, and 2 mM L-

glutamine]. In the subcutaneous tumorigenesis, Renca (1×106 cells) resuspended in 100 μL PBS

were injected into the right side of the skin of 4 weeks male or female BALB/c mice. Tumor surface
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area (0.52 × Length × Width2) was measured using an electronic caliper starting 8 days post-

implantation.

To explore the effect of androgen on tumor growth, BALB/c mice with subcutaneous tumors

were divided into four groups: male (normal), female (normal), male (castration), and female

(androgen). Besides, male BALB/c mice with subcutaneous tumors were divided into four other

groups to explore the effects of androgen receptor inhibitors (ARi) on tumor growth: control (PBS),

ENZ (enzalutamide), anti-PD1, and ENZ+anti-PD1. For the castration group, male mice were

anesthetized with isoflurane and placed on a surgical pad. A 1-2 mm surgical incision was made

below the scrotum. After the left and right testis were exposed, the spermatic cord was ligated, and

the testis was removed. For the androgen group, slow-releasing pellets with DHT (1.5 mg per mouse)

were injected into female mice at 5 weeks of age. For enzalutamide experiments, mice were treated

daily with either vehicle control or enzalutamide (Beyotime, SC0074) through oral gavage (25 mg/kg)

starting on 8 days post Renca subcutaneous injection. Anti-PD1 (clone RMP1-14, BioXCell) was

injected i.p. (200μg/mouse) every 2 days.

1.12 Statistical analysis

The data were analyzed using the GraphPad Prism (version 8; San Diego, California, US) and R

(version 4.1.0; Auckland, New Zealand) software. Comparisons between males and females were

performed using the unpaired paired Wilcoxon test. We constructed survival curves using the

Kaplan-Meier method, and their equality was compared via the log-rank test. The tumor growth in

mice was measured using the method of repeated-measures ANOVA. All data are presented as means

± standard deviations (SDs). * p < 0.05, ** p < 0.01, *** p < 0.001. Statistical significance was set at

p-values less than 0.05.
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