
Single-cell transcriptomics reveals a low T cell infiltrating state mediated by 

fibroblasts in recurrent renal carcinoma 

Methods 

Human subject 

Two tumor tissues from patients diagnosed with local recurrent clear cell renal 

carcinoma (reRCC) in Sun Yat‐Sen University Cancer Center (SYSUCC) were used 

for scRNA-seq. Three perioperatively primary renal cell carcinoma (pRCC) tissues 

were obtained during nephrectomy and used for isolation and culture of CAFs. 

Formalin-fixed paraffin-embedded (FFPE) tissue blocks of pairwise primary and 

recurrent RCC were collected from 41 patients in Sun Yat‐Sen University Cancer 

Center(SYSUCC, n=21, Guangzhou, China), Peking University Third Hospital (n=11, 

Beijing, China), Shanghai Jiao Tong University affiliated Renji Hospital (n=3, 

Shanghai, China), The First Affiliated Hospital of Sun Yat‐Sen University (n=2, 

Guangzhou, China), The Third Xiangya Hospital of Central South University (n=2, 

Changsha, China), Nanfang Hospital, Southern Medical University(n=2, Guangzhou, 

China) as the validation cohort. 47 RCC patients who received immunotherapy in our 

center were included in the SYSUCC immunotherapy cohort. We defined 

progression-free survival (PFS) as no progression/relapse after immunotherapy use. 

The available clinical features of the SYSUCC immunotherapy cohort are 

summarized in supplementary table S1.  

DEGs and pathways analysis 

Differentially expressed gene analysis between pRCC and reRCC was conducted 

using ‘‘FindMarkers’’ function, implemented in the Seurat package, with log-scaled 

fold change > 0.5 and p value < 0.05 (Wilcoxon Rank Sum test). Pathways of DEGs 

in malignant cells were explored using HALLMARK gene sets and KEGG gene sets 

were utilized in pathways enrichment of DEGs in CD8+ T cells. 
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Samples collection and initial processing 

reRCC tissues were obtained from two patients diagnosed with local relapsed clear 

cell renal cell carcinoma in SYSUCC. Samples were directly obtained from the 

operating room during surgery.  We strictly referenced the methods described by 

Young et al.[1] when preparing our own single-cell suspension. Tissues were rinsed in 

HBSS (Gibco) until there was no visible blood then sliced into approximately 30 mm3 

pieces of tissue and 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). Sample dissociation solutions were filtered by a 70-μm cell strainer, washed 

with PBS, and live cells enriched using a Dead Cell Removal Kit (Miltenyi Biotec) as 

per manufactures instructions. The single-cell suspension was stained with 0.4% 

trypan blue (Thermo Fisher Scientific) to examine the concentration of live cells. Cell 

suspensions immediately proceed to single-cell library preparation.  

Library preparation and sequencing 

Cellular suspensions were loaded on a 10X Genomics GemCode Single-cell 

instrument that generates single-cell Gel Bead-In-EMlusion (GEMs). Libraries were 

generated and sequenced from the cDNAs with Chromium Next GEM Single Cell 

3’Reagent Kits v3.1. Single-cell transcriptomic amplification and library preparation 

were performed by Genedenovo Biotechnology Co., Ltd (Guangzhou, China) using 

single-cell 3′ v3 (10X Genomics). The libraries were then pooled and sequenced 

across six lanes on an Illumina NovaSeq 6000 system (Illumina, Inc., San Diego, 

California, US). Pre-processing of scRNA-seq fastq files was conducted using Cell 

Ranger v3.0.2 (10X genomics). scRNA-seq reads were aligned to the hg19 reference 

genome (ref-version 3.0.0), and the count matrix of cell barcodes by genes used for 

downstream analysis was generated using the Cell Ranger count function with 

parameter–expect-cells=3000. 

Public data Acquisition 
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The scRNA-seq count matrix of 2 pRCC and 3 adjacent normal kidney tissues 

described by Young et al.[1] were downloaded and used, as this is the first study 

characterizing pRCC using scRNA-seq. For the TCGA cohort, the expression matrix, 

along with the clinical information of the patients containing 539 tumor samples and 

72 normal samples were downloaded from The Cancer Genome Atlas (TCGA, 

https://portal.gdc.cancer.gov/) Kidney Renal Clear Cell Carcinoma (KIRC) dataset. 

The EPIC package (1.1.5) [2] was used to calculate the infiltration abundance of 

CD8+ T cells and CAFs in the TCGA cohort. 

Single-cell gene expression quantification and subcluster detection. 

Raw gene expression matrices were imported and processed using the Seurat R 

package (version 3.1.5) [3]. Low-quality cells were removed following 3 

measurements: 1) cells had either fewer than 200 or over 6000 unique molecular 

identifiers (UMIs), over 20,000 or less than 200 expressed genes or over 15% UMIs 

derived from the mitochondrial genome, or over 2.5% UMIs derived from the 

erythrocytic genome; 2) cells had an average expression level of less than 2 for a 

curated list of housekeeping genes[4]; 3) cells had a co-expression of EPCAM and 

PTPRC. 4) Doublets were detected by DoubletFinder R package (version 2.0.3) [5]for 

single sample and manually detected the doublets in re-clustering the cell types. 7 

seurat objects containing 2 reRCC and 2 pRCC and 3 normal samples were then 

merged, and batch effects were minimized using Harmony R package (version 1.0)[6]. 

Gene expression matrices of the remaining high-quality cells were normalized to the 

total cellular UMI counts. The normalized expression was scaled (scale. factor = 

10,000) by regressing out the total cellular UMI counts and percentage of 

mitochondrial gene. Highly variable genes (top 2000) 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 FindClusters function 

(dims.use = 1:20, resolution = 0.5). The tSNE analysis was used for dimension 
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reduction and visualization of gene expression[7]. 

CNV analysis 

Initial CNVs were estimated by the expression levels of genes within each 

chromosome region using the inferCNV R package[8]. The CNVs of epithelial cells 

were calculated by expression level from scRNA-seq data for each cell with a cutoff 

of 0.1. We further employed K-Means clustering in all epithelial cells to distinguish 

malignant and non-malignant epithelial cells based on CNV scores. The CNV score of 

each cell was calculated as quadratic means of (CNV region -1). Then, we 

distinguished malignant depended on the class of K-Means and cells distribution in 

groups. 

Pseudotime trajectory analysis 

The cell lineage trajectory of CD8+T was inferred using the Monocle2 R package[9]. 

We used the ‘‘differentialGeneTest’’ function to derive DEGs from each cluster and 

genes with a q-value < 0.01 were used to order the cells in pseudotime analysis. After 

the cell trajectories were constructed, we then identified the genes that varied 

according to pseudotime using the “differentialGeneTest” function in Monocle2 and 

used them to perform GO enrichment analysis. We used the average expression 

(measured by log2 (TPM + 1) of anti-apoptosis, pro- apoptosis related genes to define 

the anti-apoptosis and pro-apoptosis score for CD8+ T cells. The anti-apoptosis and 

pro-apoptosis related genes were listed in Supplementary Table S2.  

Isolation and culture of CAFs from RCC tissues.   

Briefly, primary RCC tissues were obtained from the operating room during 

nephrectomy. Tissues were rinsed in HBSS (Gibco) until there was no visible blood 

then sliced into approximately 30 mm3 pieces of tissue and 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). Sample dissociation solutions were 
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filtered by a 40-μm cell strainer and were neutralized with complete medium and 

centrifuged at 300g for 5 min. The cell pellet was suspended in Dulbecco's Modified 

Eagle Medium (DMEM) containing 10% selected fetal bovine serum (FBS) and 1 

ng/ml basic fibroblast growth factor (bFGF, R&D Systems, Minneapolis, MN), 100 

μg/ml penicillin, and 100 U/ml streptomycin (Invitrogen, NY, USA). The cells were 

grown in the culture dishes. After 48h, non-adherent cells were removed and washed 

twice with phosphate-buffered saline (PBS). Adherent fibroblasts were further 

incubated for 5-8 days until 80-90% confluence. Then, the mixed fibroblasts were 

labeled by α-SMA (Sigma, Cat: A2547, 1:100) and sorted by FACS to enrich CAFs. 

The CAFs were further expanded in the above medium (DMEM +10% FBS) and 

passage 5~10 CAFs were used in this study. 

IHC analysis 

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, 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 protocol of the manufacturer. The counts of CAFs, CD8+ T 

cells and the IHC score of Gal1was calculated by HALO software (Indicalab, New 

Mexico, USA). The antibodies were listed as follows: CD8A (Abcam, ab237710, 

1:1000); α-SMA (Sigma, Cat: A2547, 1:800); (Gal1, NSJ bioreagents, Cat: R31653, 

1:1000) 

Western Blotting.   

Western blotting was performed as previously described [7]. Briefly, the cells were 

lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5, 150mM NaCl, 1% NP-40, 0.5% 
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sodium deoxycholate, 0.1% SDS) and protease cocktail inhibitor Ι (Calbiochem, San 

Diego, CA). The cell lysates were separated on SDS-PAGE (10% or 12.5% 

polyacrylamide, EpiZyme, Shanghai) and transferred to polyvinylidene difluoride 

membranes (PVDF, Roche). The blots were blocked in TBST containing 5% skimmed 

milk and incubated with primary antibodies overnight at 4˚C. The membranes were 

washed with TBST 4×10 minutes and then incubated with secondary antibodies 

(Beyotime, Shanghai, China) for 1 h at room temperature. After three additional 

washes with TBST, immunoreactive bands were detected using enhanced 

chemiluminescence (Tanon, Shanghai, China), followed by exposure on ChemiDoc 

Touch Imaging System (BIO-RAD, Hercules, CA). The antibodies were listed as 

follows: CD8A (Abcam, ab237710, 1:1500); α-SMA (Sigma, Cat: A2547, 1:1000); 

(Gal1, NSJ bioreagents, Cat: R31653, 1:1000) 

Immunofluorescence co-staining of CD8A and TUNEL in murine tumors. 

Following excision from mice, tumor tissues were washed by PBS and fixed in 4 % 

paraformaldehyde overnight at room temperature, then embedded in the paraffin by 

standard procedures. Tissue blocks were sectioned at 4-μm thickness on a microtome, 

placed onto positively charged glass slides, and stained with H&E according to 

standard protocols. For immunofluorescence co-staining of CD8A, PANO 4-plex IHC 

kit (Panovue, 0079100020) was used. CD8A (Abcam, ab217344, 1:800) primary 

antibodies was incubated overnight at 4˚C, followed by horseradish peroxidase-

conjugated secondary antibodies incubation and tyramide signal amplification. The 

slides were microwave heat-treated after tyramide signal amplification operation. 

Nuclei were stained with 4-6-diamidino-2-phenylindole (DAPI). Then incubated with 

TUNEL (Beyotime, C1086) for an hour at 37 ˚C. Images were captured by a confocal 

laser microscope (OLYMPUS FV1000, Tokyo, Japan), and counts of CD8+ T cells 

and apoptotic CD8+ T cells were calculated by HALO software (Indicalab, New 

Mexico, USA). 

Mice and cell lines 
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Female BALB/c mice were purchased from Vital River (Beijing, China) and were 

maintained in specific pathogen-free conditions in the animal laboratory of SYSUCC. 

The murine cell line of renal cancer (Renca) was kindly provided by Professor Luo 

(Center for Precision Medicine, Sun Yat-sen University, Guangzhou, China), and the 

murine fibroblast line (NIH/3T3) was purchased from the National Collection of 

Authenticated Cell Cultures of China. Renal cancer-associated fibroblasts were 

isolated from human primary clear cell renal carcinoma as described previously.  

Establishment of stable Gal1 knocking fibroblasts  

Lentiviral vectors containing luciferase, Gal1 small hairpin (sh) RNA plasmid were 

purchased from Genechem Co., LTD (Shanghai, China) and prepared in accordance 

with standard protocols. Briefly, 3×106 293T cells were seeded in a 10 cm dish. After 

24 hours incubation, cells were transfected with shRNA or negative control plasmids 

by Lipofectamine 3000 (Invitrogen). We changed the medium to remove transfection 

reagents after 8 hours and virus was collected 36 hours later. NIH/3T3 cells and 

human CAFs were transduced with sh-Gal1 or sh-NC lentiviruses for 24 hours. After 

48 hours of lentivirus infection, cells were screened using puromycin (1 microg/ml) 

for 7 days to establish stably transduced cell lines. Cell lysates were prepared for 

protein extraction and then cell line with lower Gal1 protein expression was chosen 

(based on the Western blotting results) for further experiments.The shRNA target 

sequences for murine Gal1were: sh1: GTGTGTAACACCAAGGAAGAT and 

sh2:AGACGGACATGAATTCAAGTT. And The shRNA target sequences for human 

Gal1in were: sh1: GCCCACGGCGACGCCAACACC and sh2: 

GCTGCCAGATGGATACGAATT. 

Isolation of human CD8+ T cells 

Peripheral blood mononuclear cells (PBMC) from health donor were first isolated 

from buffy coat by density gradient centrifugation using Lymphocyte Separation 

Medium (Biosharp). CD8+ T cells were then isolated from PBMC using CD8 
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microbeads (Miltenyi Biotec), and purity was assessed by flow cytometry. Subsequent 

experiments were carried out after confirming CD8+ T cell population was >95% pure. 

For all the experiments, CD8+ T cells were cultivated with 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). 

CAFs and CD8+ T cells coculture system and flow cytometry analysis 

It was reported that stromal cell in extracellular matrix is able to directly kill 

susceptible T cells via Gal1[10]. To investigate whether CAFs could induce CD8+ T 

cells apoptosis and its potential regulators. We designed CAFs and CD8+ T cells 

coculture system according to previous study[10]. 5×105 CAFs in 2 ml of media were 

plated directly on solidified Matrigel (400 μl) in 6-well plates for 24 h, 3×106 CD8+ T 

cells were added to Matrigel solidified and allowed to bind the Matrigel for 6 h. 

Media with unbound cells was aspirated and collected for analysis, Matrigel was 

digested by incubation in 800 μl of dispase (Invitrogen) for 40 min at 37°C. Digested 

cells incubated in 1 ml 2.5% Trypsin for 2 min at 37°C, and passed over a 40-μm filter. 

Digested cells and unbound cells were washed twice with PBS. CD8+ T cells were 

then isolated using CD8 microbeads (Miltenyi Biotec) and then incubated with FITC 

Annexin V and PI at room temperature in the dark for 15 minutes. CD8+ T cells 

apoptosis was assessed by flow cytometry.  

In vivo experiments 

To evaluate CAFs decreased the infiltrated CD8+ T cells in the tumor via expressing 

Gal1, we used 4 - 6 weeks old female BALB/c mice. Mice were anesthetized and 

100μL of a single-cell suspension containing either Renca-luc (1×106 cells) with 

NIH/3T3 (Gal1-shNC) fibroblasts (1×106 cells), or Renca-luc (1×106 cells) with 

NIH/3T3 (shGal1) fibroblasts (1×106 cells) was injected into the right kidney cortex, 
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the renal orthotopic tumor were detected by luciferin (VivoGlo Luciferin, In Vivo 

Grade). Mice were sacrificed after 4 weeks by cervical dislocation under anesthesia, 

and tumors were harvested, and tumor volume were examined. 

To analyze whether Gal1 expressed in CAFs could hamper the efficacy of 

immunotherapy in vivo, Renca (1×106 cells) with NIH/3T3 (shNC) fibroblasts (1×106 

cells), or Renca (1×106 cells) with NIH/3T3 (shGal1) fibroblasts (1×106 cells) 

resuspended in 100 μl PBS were injected into the skin of the right flank of 4–6 weeks 

old male BALB/c mice[11]. Tumor growth was monitored every 3 days by measuring 

the length and width of the tumor. After tumors reaching approximately 50 mm3, anti-

PD1 (clone RMP1-14, BioXCell) was injected i.p. (200μg/mouse) every 2 days[12]. 

To investigate the Gal1 inhibitor OTX008 could increase the efficacy of 

immunotherapy, BALB/c mice were injected subcutaneously in the right flank with 

Renca (1×106 cells) and NIH/3T3 (shNC) fibroblasts (1×106 cells), when tumors 

reached 50 mm3, mice were randomly assigned to 4 groups, namely control (vehicle), 

OTX008 (Selleck, 10mg/kg/mouse/2 days, administered intraperitoneally)[13], anti-

PD1 (200μg/mouse /2 days, administered intraperitoneally) and OTX008 + anti-PD1. 

The tumor volume was calculated using the formula: 0.52 × Length × Width2. 

Statistical analysis  

The data were analyzed using GraphPad Prism software version 8 (GraphPad 

Software, San Diego, California, US). Comparisons between paired pRCC and reRCC 

were performed with the paired Wilcoxon test. Others were performed with unpaired 

Wilcoxon test. We constructed survival curves using the Kaplan-Meier method, and 

their equality was compared via log-rank test. The tumor growth in mice was 

measured using the method of a 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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Study approval 

This study was performed in accordance with the ethical standards of the Helsinki 

Declaration and the ethical guidelines for Medical and Health Research Involving 

Human Subjects[14]. Written informed consent was obtained for each of the 

participant patients.  All cases were de-identified and personal identifiable details 

were removed from their case descriptions to ensure anonymity. This study was 

approved and reviewed by the Ethics Review Board of Sun Yat-sen University Cancer 

Center. Mouse experiments were performed in a specific pathogen-free environment 

at the animal laboratory of the SYSUCC according to institutional guidelines, and all 

animal experimental protocols were approved and reviewed by the Ethics Review 

Committee for Animal Experimentation of SYSUCC. All experiments were 

performed in accordance with the guidelines and regulations indicated by these 

committees.   
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