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Introduction: A primary impediment to the efficacy of immune checkpoint inhibitors is the lack of biomarkers for therapeutic
responses and prognosis. Although patients with clear cell renal cell carcinoma (ccRCC) could be precisely selected for targeted
therapy based on somatic mutations, it remains controversial to choose the suitable patients with a high response rate to immune
checkpoint inhibitors (ICIs). The immune-dependent roles of tumor suppressor PTEN in the formation of tumor immune microenvir-
onment remain elusive.

Methods: We comprehensively analyzed the genomic and transcriptomic data from multiple ccRCC datasets, including bulk-RNA
sequencing and single-cell RNA sequencing data. In vitro, immunoblotting, qRT-PCR, and RNA sequencing were conducted in ccRCC
cell lines upon PTEN depletion. Gene ontology and gene set enrichment analysis were performed to screen the critical pathway and
molecules in response to PTEN deletion. Immunohistochemistry staining and further bioinformatic analysis were used to validate our data.
Results: Based on multi-omics analysis of public datasets of renal cancer, the frequently mutated or deleted PTEN was found to be
correlated with a suppressive tumor immune microenvironment in ccRCC. Furthermore, we depleted PTEN via CRISPR-Cas9 in Caki-1
cells, which led to the upregulation of multiple neutrophil chemokines, particularly CXCL1, CXCL2, CXCLS5, CXCL6, and CXCLS. The
roles of neutrophil chemokines and neutrophil markers were further validated and investigated for the association with prognosis in vitro,
clinical samples, and the publicly available databases. The expression of CXCL1, CXCLS, and neutrophil markers, SI00A9 and BCL2A1,
were significantly associated with a poor immunotherapy-related prognosis in public dataset of renal cancer patients receiving ICls treatment.
Conclusion: These results add a new layer to understanding the association between PTEN status and the role of neutrophil
infiltration in ccRCC. Moreover, our findings propose low expression of PTEN as candidate factor of resistance to anti-PD-1-based
immunotherapy in ccRCC.
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Introduction

The incidence of kidney cancer represents the sixth cancer in males and tenth in females, accounting for 5% and 3%
of all malignancies in human.' The clinical management of kidney cancer has dramatically changed over the past two
decades. To date, beyond surgical resection, including radical nephrectomy, systemic therapy for clear cell renal cell
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carcinoma (ccRCC), the most common histologic subtype of kidney cancer, has expanded with the approval of new
tyrosine-kinase inhibitors (TKIs), inhibitors of mTOR signaling, and immune-checkpoint inhibitors (ICIs).> Notably,
the development of ICIs targeting the programmed death-1/programmed death ligand 1 (PD-1/PD-L1) pathways has
the potential to enable long-term survival in patients with kidney cancer, where anti-PD-1-based therapies are now
standard-of-care options in both the first-line and second-line strategies.” However, the remarkable response to
immunotherapy varies across patients with advanced ccRCC.> Thus, screening out potentially immunotherapy-
responsive patients based on molecular features is critical.

Patients with ccRCC frequently possess characteristic loss of chromosome arm 3p (encoding VHL) and mutations of
histone methyltransferase genes (including SETD2 and MLL3) and PI3K-AKT-mTOR pathway genes (including PTEN,
MTOR, and PIK3CA).* Notably, the PI3K-AKT-mTOR regulates multiple aspects of ccRCC, including cell proliferation,
angiogenesis, proliferation, metabolism, and migration. Targeting the mTOR signaling pathway with small molecular
inhibitors is a promising and essential strategy for ccRCC.> In addition, among all these frequently mutated genes, VAL
and PTEN are the most potent tumor suppressors, where the loss of PTEN significantly activates the PI3BK—AKT-mTOR
signaling. In glioblastoma, PTEN mutations were associated with an immunosuppressive microenvironment in patients
with poor response to ICIs.® Nevertheless, the mechanism of how PTEN mutations in tumor cells alter the immune
microenvironment and affect the response to ICIs remains elusive.

The tumor microenvironment plays critical roles in carcinogenesis, pathophysiology, and therapy.” Emerging
evidence indicated that neutrophils, the most dominant immune cells in the blood of a human, play vital and multiple
roles in cancer.® Neutrophils with CXCR2 expression can be attracted to tumor tissues via chemokine CXCLI,
CXCL2, CXCLS3, and cytokine CXCL8.” It is well acknowledged that persistent neutrophil infiltration is a hallmark
of chronic inflammation and contributes to tissue damage. In addition to the context of inflammation and tumor
initiation, neutrophils can also facilitate tumor progression by suppressing the function of the T cell function in the
tumor microenvironment.'® Controversially, many studies also suggested the anti-tumor effects of infiltrating neu-
trophils through direct cytotoxicity, secretion of proteases, nitric oxide, reactive oxygen species, and modulation of
other immune cells."''* More importantly, neutrophil chemokines secreted by ccRCC were reported to build a barrier
for preventing lung metastasis.'* Nevertheless, the regulation of neutrophil infiltration in ¢ccRCC and its role in the
prognosis and immune therapy are still unclear.

Above all, to precisely select patients with responses to IClIs, it is crucial to illustrate the molecular links between
genomic features and the immune microenvironment in ¢ccRCC. In this study, we comprehensively integrate the
single-cell RNA sequencing (sc-RNA-seq) data, bulk-RNA sequencing data, and genomic information of ccRCC. The
frequently mutated tumor suppressor PTEN was found to be correlated with a suppressive tumor immune micro-
environment. Depletion of PTEN in vitro dramatically increased the expression of multiple neutrophil chemokines,
which were further confirmed in vitro, clinical samples, and publicly available databases. In keeping with that, the
expression of neutrophil markers in ccRCC, validated by sc-RNA-seq, was significantly associated with a poor
prognosis and response to the ICIs. In conclusion, our study provides insight into the association between genomic
alternation and neutrophil infiltration, which indicated a poor prognosis and therapeutic response of ICIs in ccRCC.
Molecular targeting of the PI3K-AKT-mTOR signaling pathway could synergistically affect ccRCC patients with
PTEN mutation.

Materials and Methods
Cell Culture and Reagents

Cell lines were obtained from American Type Culture Collection and detected for mycoplasma contamination. Human
renal cell carcinoma cell line (Caki-1) was cultured in McCoy’s SA medium (Gibco, 16600082) containing 10% fetal
bovine serum (FBS, 10100147, Gibco, Rockville, Maryland, United States), 100 unit/mL penicillin, and 100 mg/mL
streptomycin. Cells were incubated in a humidified incubator with 5% CO, at 37°C.
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Plasmids Constructs

According to the gene sequence of human PTEN (NM _000314), the sgRNA target sequences were designed (#1: 5°-
CTACCTGTTAAAGAATCATC-3’; #2:5’- AACTTGTCTTCCCGTCGTGT-3’; #3: 5’AATCCAGATGATTCTTTAAC-3’),
synthesized and purified by PAGE. The single-stranded DNA oligo was cloned into the Lenti-CAS9-sgRNA-tag vector
(puromycin GV392). The correct plasmids after ligation were transformed with Top10 competent cells, and positive clones
were obtained by PCR and sequenced to obtain an overexpression lentiviral plasmid expressing sgRNA with the correct
sequence.

Retroviral Transduction

To generate renal cancer cells with stable depletion of indicated genes, lentiviral sgRNA packaging and infection of cell
lines were performed according to the protocol described previously.'” In brief, lentiviral constructs were co-transfected
with the pPCMVdR8.91 (Delta 8.9) plasmid containing gag, pol, and rev genes and the VSV-G envelope-expressing
plasmid into 293T cells. Transfection with jetPRIME (101000046, Polyplus Transfection, Illkirch, France) was per-
formed based on the manufacturer’s instructions. The supernatant was harvested and filtered with a 0.45 mm syringe
filter post-transfection at 48 hours and 72 hours. The medium containing virus was used for infecting ccRCC cell lines in
the presence of Polybrene (4 mg/mL). Infected cells were selected using 2 ug/mL puromycin dihydrochloride hydrate
(A610593-0025, Sangon Biotech, Shanghai, China) for three days.

The High Throughput RNA Sequencing

Total RNA was extracted from control CAKI cells infected with or without the indicated lentiviral sgRNA vectors against
PTEN using the RNeasy Mini Kit (74106, Qiagen, Hilden, Germany). The library was constructed from 300 to 500 ng of
total RNA according to the manufacturer’s instructions of Illumina’s TruSeq Stranded Total RNA kit. Then the libraries
were loaded onto Illumina HiSeq 3000 (Illumina, San Diego, CA, United States) for 2x75 base pair paired-end read
sequencing. The raw data were generated using bcl2fastq software for subsequent downstream analysis. Quality
confirmed RNA-Seq reads from each library were aligned and mapped with HISAT2. FeatureCounts was employed
for gene-level abundance estimation. The RNA-seq data generated by this article are available in the NCBI Sequence
Read Archive repository with the following SRA accession number: PRINA874209.

Reverse Transcription and qRT-PCR

RNA was extracted using QTAGEN RNeasy mini kit, according to the manufacturer’s instructions (74104, Qiagen). For
each sample, 1 pg total RNA was reverse transcribed using the iScrip Reverse Transcription Supermix (1708841,
Bio-Rad Laboratories, Richmond, CA, USA). The generated ¢cDNA template was mixed with primers for CXCLI,
CXCLI, CXCLS, CXCL6, CXCLS, MT24, RSPO3, AGFG2, ABCBI, ALDHIAI, GAPDH (Supplementary Table S1), as
well as ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme, Nanjing, China), and the real-time RT-PCR reaction
was conducted with the gTOWER?® Real-Time PCR Detection System (Analytikjena, Jena, Germany). Data quantitation

was performed using the comparative CT (AACT) method, with GAPDH gene expression as an endogenous reference.

Immunoblotting Analysis

Renal cancer cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP40) supplemented with
phenylmethylsulfonyl fluoride (PMSF) (Sigma, Taufkirchen, Germany) and protease inhibitors (Complete Mini, Roche
Biochemicals, IN, United States). The cell lysates were centrifuged at 12,000 g for 10 min at 4°C. The protein
concentrations were measured with the Bradford Protein Assay Kit (Beyotime, Shanghai, China). According to the
manufacturer’s instructions, protein lysis was resolved by SDS-PAGE and immunoblotted with indicated antibodies. The
antibodies used in the immunoblot assay are listed as follows: rabbit monoclonal antibody against PTEN (1:2000
dilution, #9188, Cell Signaling Technology, Beverly, MA, United States); mouse monoclonal antibody against VHL
(1:2000 dilution, ab140989, Abcam, Cambridge, MA, United States); rabbit monoclonal antibody against GAPDH
(1:5000 dilution, #2118, Cell Signaling Technology).
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Tissue Microarray Analysis

A tissue microarray (TMA) containing kidney tumor tissues from 159 ccRCC patients was provided by the Department
of Pathology, The First Affiliated Hospital of Shandong First Medical University. In brief, from each corresponding
paraffin block, two 2.0-mm cores were made. All the samples collected prior to targeted therapy or immunotherapy were
stained with antibodies against CXCL1 (1:400 dilution, #12335-1-AP, Proteintech, United States) and S100A9 (1:400
dilution, #26992-1-AP, Proteintech, United States). The protocol for immunohistochemistry (IHC) staining was described
as previously.'® Briefly, the universal secondary protocol and the 3,3’-Diaminobenzidine (DAB, ZLI-9019, ZSGB-Bio,
Beijing, China) were used to amplify the signaling. Next, to quantify the IHC staining, the numerical value for overall
intensity (Score A) is based on a 4-point system: 0, 1, 2, and 3 (for none, weak, medium, or strong staining). A 5-point
system determines the numerical value for staining proportion (Score B): no stain = 0; <25% cells stained = 1; 25-50%
cells stained = 2, 50-75% cells stained = 3; all cells stained = 4. Multiply of scores A and B give the total score (IHC
score). All cores in the TMA were scored twice by two independent investigators. Furthermore, the slides were discussed
together before a final score was made.

Datasets Used for Analysis
We collected datasets from six independent studies in the Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/), The Cancer Genome Atlas (TCGA) program (https://gdc.cancer.gov/), and Genotype-Tissue

Expression (GTEx) project (https://gtexportal.org/home/). The expression profile of mRNA in cell lines derived from

renal tissues was obtained from the Omics data from the Cancer Cell Line Encyclopedia (CCLE, https://depmap.org/

portal/download/). Two single-cell RNA sequencing (scRNA-seq) studies (GSE152938, GSEGSE171306) on renal
cancer were obtained from the GEO database.'”'® The scRNA-seq data of normal kidneys were obtained from the
Tabula Sapiens Single-Cell Dataset.'® The RNA profiles of Checkmate-009, Checkmate —010, and Checkmate-025 were
obtained from the Tumor Immune Dysfunction and Exclusion (TIDE) database (http://tide.dfci.harvard.edu/).>’ The
batch effects normalized mRNA data of pan-cancer atlas (n = 11,060) were downloaded from XENA (https://xenabrow

ser.net/), which were handled by the “RSEM” pipeline and log2 transformed. Ethical approval was waived by the
institutional ethics committee because data are obtained from public databases, and all the patients are de-identified.

Analysis of Single-Cell RNA Sequencing Data
Three independent studies (GSE152938, GSEGSE171306, and the Tabula Sapiens Single-Cell Dataset) of single-cell
transcriptome profiles were integrated by the Seurat R package (http://satijalab.org/seurat/). The standard Seurat work-

flow was performed with the pooled scRNA-seq data from 10X Genomics using the R software (version 4.1.3) package
Seurat (version 4.2.1).2' Briefly, quality control before analysis on each case was performed on “nFeature RNA”,
“nCount RNA”, “percent mt”, “percent ribo”, and “percent_hb” in each cell. Samples with less than 3 cells and/or less
than 300 detected genes per cell, as well as percent_mito < 5, percent_ribo > 3 and percent_hb < 0.1, were excluded from
further analysis. Doublets were identified and filtered by R package DoubletFinder(v3), with 4% doublets expected.?
Integration anchors were identified in the list of samples using the Canonical Correlation Analysis (CCA) method to
integrate multiple samples.”> For clustering, principal component analysis (PCA), T-distributed Stochastic Neighbor
Embedding (t-SNE), and Uniform Manifold Approximation and Projection (UMAP) were performed for dimension
reduction. Furthermore, marker genes of each respective cluster were identified by the function of ‘FindAllMarkers’ and
the package of ‘SingleR’ previous to manual annotation.**

Analysis of Differentially Expressed Genes

The mRNA expression profile from four bulk-RNA sequencing studies (TCGA-KIRC) was included to analyze
differentially expressed genes (DEGs). The open-source Limma R package was used for analysis, linear models, and
differential expression of the indicated dataset.”” An empirical Bayesian method was conducted to estimate the fold
change between the PTEN-low group and the PTEN-high group identified by the mRNA expression levels of PTEN. The
adjusted P-value for multiple testing was calculated using the Benjamini—-Hochberg correction. The genes with an
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absolute log2 fold change more remarkable than two were identified as DEGs between the two groups. Gene Ontology
(GO) and Gene Set Enrichment Analysis (GSEA) were conducted with the DEGs using the R package ClusterProfiler
(v4.0) and visualized by GseaVis (https:/github.com/junjunlab/GseaVis).*

Copy Number Variation and Mutation Burden

All available somatic mutation data were downloaded from the TCGA database in the form of TCGA project mutation
annotation files (MAF format). The mutations outside coding regions and silent mutations were filtered out to obtain
nonsynonymous counts. Variant numbers and types in each case were calculated, analyzed, and visualized using the MAF
files from the TCGA website via the R package maftools.?’

Statistics

All data were analyzed using GraphPad Prism software (version 9.0.0, San Diego, CA, United States). Data were shown
as means = SD (Error bars represent standard deviation). Student’s f¢-test determined the significance levels for
comparison between samples with only two groups. One-way ANOVAs followed by Fisher’s least significant difference
was applied to test the differences between multiple groups for continuous variables. All images are representative of
results from three independent experiments unless otherwise stated. P > 0.05 was considered not significant(ns). The
statistical significance computed by the Wilcoxon rank-sum test or z-test is annotated by the number of stars (*P < 0.05,
**P < 0.01, ***P < 0.001).

Results

The Cellular Constitution and Communications in Renal Cell Carcinoma

Since the outcome of systematic therapy, especially the anti-PD1-based immunotherapeutic strategies, largely depends on
the tumor immune microenvironment, we comprehensively explored the constitution of renal cell carcinoma with scCRNA-
seq data (Figure 1A). In keeping with previous findings, the myeloid immune cells, including macrophages and myeloid-
derived suppressor cell (MDSC) increased in ccRCC compared with normal kidney tissues (Figure 1B and C). Lymphoid
immune cells, particularly CD8" T and CD4 ‘T cells, also increased in infiltration in cancer (Figure 1B and C). Significantly,
the epithelial cells could be divided into four clusters according to the transcriptomic space (Figure 1A and B). As MDSC,
type 2 macrophages (M2), and Tregs play a pivotal role in the immunosuppressive environment, we next explore the
interaction between the epithelial clusters and the primary immunosuppressive cells. Compared with the normal kidney, the
interaction numbers between epithelial and MDSC and M2 significantly increased in ccRCC (Figure 1D).

The Association of PTEN Expression and the Tumor Immune Microenvironment

To explore the potential links between genomic alternation and the tumor immune microenvironment, we first explore the
mRNA expression of top-ranked mutated genes in ccRCC. Here, in the ccRCC cohort of TCGA, we found that the top 20
mutated genes could be classified into several pathways (Figure 1E). Notably, PTEN, mTOR, and PIK3CA, key regulators
in the PI3K-AKT-mTOR pathway, were frequently mutated in ccRCC (Figure 1E). Notably, genomic alterations of
PTEN frequently occurred in ccRCC including mutation, deletion, or gain of copy number (Figure 1E, Supplementary
Figure 1A). To further verify its expression in cancer cells, the scRNA-seq analysis found that the expression of PTEN,
but not other frequently mutated genes, could be detected in both epithelial cells, mesenchymal cells and immune cells in
ccRCC (Figure 1F). In addition, the deletion or mutation of PTEN leads to a significant decrease of mRNA expression in
ccRCC (Supplementary Figure 1B and C). Next, we sought to understand whether the expression of PTEN was
associated with immune states in ccRCC. The patients in ccRCC cohort of TCGA were classified into PTEN low and
PTEN high groups, according to the mRNA expression of PTEN (Figure 1G, Supplementary Table S2). However, the

overall immune scores between the two groups were not significantly different (Figure 1H). Nevertheless, the infiltration
of CD8"T cells, follicular CD4 T cells, Tregs, NK cells, and mast cells were significantly altered in between the indicated
groups (Figure 1I). Gene ontology enrichment analysis indicated that the humoral immune response was the most
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Notes: *: P < 0.01; *: P < 0.001; **: P < 0.0001.

Abbreviations: ns, not significant.

significantly enriched signaling pathway. Overall, these analyses suggested that the expression levels of PTEN were
associated with the tumor immune microenvironment in ccRCC.

Depletion of PTEN Leads to the Upregulation of CXC Chemokines

It should be noted that the expression levels of PTEN could be covered up by mesenchymal cells or immune cells in the bulk
RNA sequencing dataset. In that case, to further explore the immune regulator role of PTEN in PTEN mutated cells, we
depleted PTEN with specific sgRNAs in the PTEN wildtype Caki-1 cell lines, which had relatively high levels of PTEN
expression at mRNA and protein levels among all kidney cell lines (Supplementary Figure 1D-G). Then the RNA in Caki-1
cells infected with sgRNA targeting Control or PTEN was sequenced, followed by bioinformatic analysis (Figure 2A). As
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Figure 2 The high throughput RNA sequencing analysis of Caki-1 cells with or without the depletion of PTEN. (A) Heatmap of the differentially expressed genes in Caki-|
cells infected with sgRNA targeting Control or PTEN. The Red indicates genes that have significant increases in the indicated group. Blue dots show genes that have significant
decreases in the indicated group. (B and C) Volcano plot (B) and MA plot (C) of the differentially expressed genes (DEGs) in Caki-1 cells infected with sgRNA targeting
PTEN. The Red dots show genes that have significant increases in the PTEN-depleted group. Blue dots show genes that have significant decreases in the PTEN-depleted group.
(D) Gene ontology analysis-enrichment plots the gene sets of biological processes in Caki-| cells infected with sgRNA targeting PTEN. (E) CBNplot of the Class|-MHC
mediated antigen processing and presentation pathway. (F) Gene Set Enrichment Analysis (GSEA) of five signaling pathways related to neutrophil chemotaxis and cellular
response to chemokine based on the DEGs in Caki-| cells with or without PTEN depletion. (G) GSEA analysis of neutrophil migration and T cell migration signaling pathway
based on the DEGs in Caki-1 cells with or without PTEN depletion.

a potent tumor suppressor in human cells, the genomic depletion of PTEN leads to significant alternation of transcriptomic
profile (Figure 2A and B). Volcano plot of differential expression genes after PTEN depletion indicated that CXC
chemokines, including CXCLS5, CXCL6, and CXCLS, were significantly increased (Figure 2B). Moreover, when the
expression levels of differential genes were taken into consideration, CXCLI, CXCL6, CXCL5, CXCLS8, and MT2A were
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the top 5 most significantly increased genes upon PTEN depletion (Figure 2C). Gene ontology enrichment analysis
indicated that the Class | MHC-mediated antigen processing and presentation was one of the most significantly enriched
signaling pathways (Figure 2D and E). In keeping with previous findings, depletion of PTEN leads to activation in ribosome
biogenesis and metabolic processes (Supplementary Figure 2, Supplementary Table S3). GSEA analysis suggested that the

neutrophil migration and chemotaxis were significantly enriched in the PTEN deletion group, while the T cell migration
pathway was dominantly enriched in the wildtype group (Figure 2F and G, Supplementary Figure 2). As a result, it is

plausible that the CXC chemokines mediated neutrophil infiltration could participate in the formation of tumor immune
microenvironment upon PTEN depletion.

The CXC Chemokine Family Was Upregulated in the Clear Cell Subtype of Renal Cell

Carcinoma

Next, we sought to validate the results from our mRNA sequencing in ccRCC cell lines in vitro. As previously described,
three sgRNA targeting PTEN were transfected into Caki-1 cells with CRISPR-Cas9, which was further confirmed by
immunoblotting (Figure 3A). As the first constructs (sgPTEN #1) led to the most significant depletion of PTEN, it was
selected for the following qRT-PCR to test the differentially expressed genes based on RNA sequencing (Figure 3B). The
PCR results were highly consistent with the differential analysis with limma package (Figure 2B and C). Briefly, CXCLI,
CXCL2, CXCLS5, CXCl6, CXCLS, and MT2A were dramatically increased upon PTEN depletion (Figure 3B). As the
papillary ccRCC (pRCC) has distinct genomic features and driver force, we next explore whether the increased of CXC
chemokines was a generous characteristic of all subtypes of RCC (Figure 3C and D). In addition to ccRCC, patient 4
(RCC_P4, GSM4630030) was pathologically confirmed as chromophobe RCC (chRCC), and patient 1 (RCC _Pl1,
GSM4630027) was papillary RCC (pRCC, Figure 3C). Importantly, CXCLI was exclusively overexpressed in ccRCC
samples, but not pRCC or chRCC samples (Figure 3D). Also, in ccRCC cohort of TCGA, the CXCL!I and CXCL2 were
significantly upregulated in groups with low expression of PTEN (Figure 3E and F).

Neutrophil Marker Were Correlated with the Upregulated Neutrophil Chemokines

Upon PTEN Deletion in ccRCC

Notably, the neutrophil chemokines upregulated upon PTEN deletion, including CXCL1, CXCL2, CXCLS5, CXCL6, and
CXCLS, play a critical role in attracting and activating neutrophil granulocytes, the most abundant immune cells in
human blood. Hence, we sought to explore whether these CXC chemokines were correlated with the infiltration of
neutrophil granulocytes in ccRCC. To this end, we found that the expression of CXCL1 was positively correlated with
CXCL2, CXCL5, and CXCL6 in 32 kidney cell lines from the CCLE database, suggesting the general transcription
regulation in RCC. Significantly, the classic neutrophil marker SI00A9 was not correlated with CXCL1 in ccRCC cell
lines (Figure 4A). However, in TCGA datasets with bulk-RNA sequencing dataset of ccRCC tissues, the expression of
CXCL1 was highly correlated with the abundance of multiple neutrophil markers, particularly S100A8, S100A9,
S100A11, and S100A12 (Figure 4B). In addition, in normal kidney tissues with bulk-RNA sequencing, the mRNA
levels of CXCL1 were also positively correlated with neutrophil markers (Figure 4C). To extend these findings, the
correlation between CXCL1/CXCL2/CXCLS5/CXCL6/CXCLS and S100A9 was further analyzed across 33 cancer types
from TCGA (Supplementary Figure 3A-F). There was a remarkable positive correlation between the indicated genes in

most cancer types (Supplementary Figure 3A—F). Furthermore, we found that the infiltration of neutrophil granulocytes

might be correlated with a poor prognosis in ccRCC (Figure 4D and E). The infiltration of neutrophil granulocytes could
be predicted by the expression of specific marker S1I00A11, or a ten-genes signatures (SI00AS, S100A9, S100A11,
S100A12, ADGRG3, BCL2A1, SLC25A37, IL1R2, MMP9, and NFE4), both of which significantly associated with poor
overall survival and disease-free survival (Figure 4D and E).

Neutrophil Marker Genes Were Correlated with a Poor Prognosis of ccRCC
To further confirm the role of neutrophil marker genes in the prognosis of ccRCC, eighty-four marker genes that were
explicitly overexpressed in renal cell carcinoma were comprehensively analyzed with the univariate cox analysis
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Notes: *: P < 0.05; ** P < 0.01; **& P < 0.001; *¥<=: P < 0.0001.

Abbreviations: ns, not significant.

(Figure 5A). Except for KCNJ15, most of the neutrophil marker genes were correlated with an increased hazard ratio in
ccRCC (Figure 5A). With the above eighty-four marker genes, a LASSO regression analysis was performed (Figure 5B).
Ten-time cross-validation for tuning parameter selection in the LASSO Cox regression model showed that BCL2A1,
CEBPB, CXCLS, ILIRN, MCEMPI1, NAMPT, RGS2, S100A9, SELL, and SLC25A37 were the top 10 with significance
(Figure 5C). With these significant marker genes, a ten-genes signature was constructed to predict the survival time of
ccRCC patients (Figure 5D and E). In keeping with previous findings, the expression of the ten-genes signature was
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Figure 4 The correlation between the CXC chemokines in ccRCC and the role of neutrophil related genes in ccRCC prognosis. (A) The correlation analysis of the CXCL/
mRNA levels and indicated genes (CXCL2, CXCL5, CXCL6, and S100A9) of the 32 cell lines derived from the human kidney in CCLE database. (B) The correlation analysis of
the CXCLI mRNA levels and indicated genes (CXCL2, CXCL5, CXCL6, and SI00A9) of the 414 renal cancer tissues in TCGA database. (C) The correlation analysis of the
CXCLI mRNA levels and indicated genes (CXCL2, CXCL5, CXCLé, and SI00A9) of the 28 normal kidney tissues in GTEX database. (D) Comparison of the overall survival
(left) and disease-free survival (right) of clear cell renal cell carcinoma between the SI00A/[ I-low and SI00A[ | -high groups. (E) Comparison of the overall survival (left) and
disease-free survival (right) of clear cell renal cell carcinoma between the neutrophil signatures-low and neutrophil signatures-high groups.

significantly correlated with the overall survival but not the disease-free survival in the context of 50% cutoff (Figure 5D)
and 25% cutoff (Figure 5E).

The Role of Chemokines and Neutrophil Marker Genes in Response to Anti-PDI -

Based Immunotherapy

A subset of MDSC, namely polymorphonuclear MDSC (PMN-MDSC), are histologically functional neutrophils that can
suppress immune responses to cancer. With the scRNA-seq dataset, we found that the MDSCs in ccRCC and normal
kidney were mainly the subpopulation of PMN-MDSC (Figure 6A and B). To further confirm previous findings at protein
levels, we performed immunohistochemistry staining for CXCL1 and S100A9 in 159 primary human ccRCC samples
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Figure 5 Development of prognostic signature with neutrophil marker genes in TCGA cohort. (A) Results of the univariate cox analysis of the neutrophil marker genes and
the OS in TCGA-KIRC cohort. (B) LASSO coefficient profiles of the eighty-four marker genes of neutrophil granulocytes. (C) Ten-time cross-validation for tuning
parameter selection in the LASSO Cox regression model. (D-E) Comparison of the overall survival (left) and disease-free survival (right) of clear cell renal cell carcinoma
between the neutrophil signatures-low and neutrophil signatures-high groups with the cutoff value of 50% (d) and 25% (E).

and found there was a positive correlation between CXCL1 and S100A9 (Figure 6C-E, Supplementary Tables S4-S6).

Our results above demonstrate that high expression of CXCL1 in tumor cells might shape a suppressive tumor immune

microenvironment through the attraction of neutrophils, which might lead to resistance to PD-1/PD-L1 blockade therapy.
In keeping with the notion, we found that ccRCC patients with high expression of CXCL1, CXCLS, or the neutrophil
markers, especially SI00A9 and BCL2A1, displayed a worse overall survival than patients with low expression of

indicated genes when all patients were treated with anti-PD-1 therapy from CheckMate-009, CheckMate-010, and
CheckMate-025 (Figure 6F and G). Notably, the expression of CXCL8/BCL2A1/S100A9 was not significantly associated
with the progression-free survival of renal cancer (P = 0.3 for CXCLS, P = 0.1 for BCL2A1, and P = 0.37 for SI00A9,
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Figure 6 The validation of neutrophil marker genes in our ccRCC cohort, and its role in the prognosis of anti-PD | -based immunotherapy. (A and B) Density plot visualizing
the expression of selected genes upregulated among different subpopulations in the normal kidney (A) and renal cell carcinoma tissues (B). Correlation between the
immunohistochemistry scores between CXCLI and SI00A9 in renal cell carcinoma cohort. (C) Quantification of CXCLI and SI00A9 staining intensities were performed
by semi-quantitative scoring. R?=0.2315, n = 159, r =, p < 0.0001; correlation coefficients were calculated using the Pearson test; two-sided p-value was given. (D)
Representative images from IHC staining for low CXCLI| expression and low SI00A9 expression in human renal cell carcinoma patients. (E) Representative images from
IHC staining for high CXCLI expression and high SI00A9 expression in human renal cell carcinoma patients. (F and G) Kaplan-Meier plots showing the integrated survival
time of three independent CheckMate trials with anti-PD-| therapy based on CXCLI (F) or SI00A9 (G) expression levels. Two-sided Log rank test.

Figure S3H-J). Together, this evidence indicated that the neutrophil markers and chemokines play a role in the prognosis
of immunotherapy in renal cancer patients.

Discussion
In this study, we comprehensively analyzed the genomic and transcriptomic data from multiple ccRCC datasets, and
found that PTEN was correlated with a suppressive tumor immune microenvironment. Furthermore, depletion of PTEN
in vitro dramatically increased the expression of neutrophil chemokines, including CXCL1, CXCL2, CXCL5, CXCLS6,
and CXCLS8, which were further confirmed both in vitro, clinical samples, and the publicly available databases.
Significantly, these biomarkers were associated with a poor prognosis in ccRCC patients receiving anti-PD1-based
immunotherapy. Taken together, our data highlighted the potential association between genomic alternation of PTEN and
neutrophil-mediated immune suppression, which could serve as novel evidence for individualized therapy in ccRCC.
The constitution of immune microenvironment in ccRCC is closely associated with clinical outcomes.”® Emerging
evidence suggests that tumor-infiltrating neutrophils can regulate cancer progression, instead of being inert bystanders,
which causes endure inflammation similar to “wounds that do not heal”.>’ In addition to defending against microbial infection,
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neutrophils display remarkable plasticity in cancer development and progression, providing novel unexplored opportunities
for cancer treatment.®'® The recruitment and activation of neutrophils in the tumor microenvironment are mediated by
chemokines, cytokines, lipid, or growth factors that produced via cancer cells or cancer-associated fibroblasts.* Swati and
colleagues reported that GM-CSF expressed by mesothelioma cells suppresses the T-cell function through enhancing the
release of reactive oxygen species (ROS) from neutrophils.>’ Furthermore, a critical neutrophil chemokine, CXCLI, was
closely associated with tumor progression and poor survival in lung adenocarcinoma.** Several theories have been proposed
on the regulation of the secretory mediators in cancer, including the epithelial to mesenchymal transition (EMT), autophagy,
and extracellular vesicles.*® Nevertheless, the molecular upstream regulation of these neutrophil chemokines in cancer cells,
especially the genomic driving force, remains unclear.

The association between tumor-infiltrating neutrophils and the prognosis of renal cancer has been reported recently.** Of
note, the higher neutrophil-to-lymphocyte ratio (NLR) correlated with the worse outcomes in locally advanced ccRCC.**
Although these studies provide supportive evidence for the pro-tumor role of neutrophils in ccRCC, little is known about the
underlining mechanism and its relationship with immunotherapy. Emerging evidence indicated that the neutrophil extra-
cellular traps (NETs), where neutrophils degranulate and extrude genetic material, are associated with tumor migration,
angiogenesis, and hypercoagulability.’> The NETs presented in the liver metastases from various cancers were reported to
attract cancer cells from circulation, instead of acting as traps.>® In addition, the breast-to-lung metastasis is facilitated by the
recruitment of neutrophils and formation of NETs, which was promoted by tumor-secreted protease cathepsin C*”. However,
the formation and roles of NETs in ¢ccRCC have not been extensively investigated. Further experimental studies are
warranted to comprehend the potential molecular role of neutrophil in tumor immune microenvironment of ccRCC.

Importantly, inhibition of neutrophils by blocking the chemokine receptor CXCR2 effectively suppressed tumor
growth.*® In addition, molecular inhibition of IL8 or its receptors (CXCR1 and CXCR?2) is being investigated for drug
development, and clinical trials with ICIs are already ongoing.*® All these reports support our findings that infiltration of
neutrophils associated with PTEN dysfunction could serve as potential targets for facilitating immunotherapy in ccRCC.

Nonetheless, multiple limitations of the current study should be underscored. The role of PTEN depletion in attracting
neutrophils had not been testified in immune competent murine models for further translational research. To date, our under-
standing of neutrophils in tumor development has mainly been experimental investigation on murine tumor models, which have
both pro-tumor and anti-tumor effects.'*** However, the murine cell lines used in transplanted mouse tumor models have
undergone substantial cancer immunoediting.** Therefore, these widely used tumor models largely mimic the immune response
at the “escape phase”, where pro-tumoral mechanisms already prevail.*' In this study, since the mutation or deletion of PTEN are
early events during the cancer development, it is plausible that the transplanted mouse tumor models might not be faithful to the
theory based on human renal cancer. More importantly, Seok and colleagues have postulated that mouse models have largely
failed to mimic human inflammatory diseases, as the genes significantly altered in humans might be randomly altered in murine
models.** Kidney-specific transgenic mouse with PTEN deletion would be more suitable for further mechanistical and
translational research in the future.

In conclusion, our data collectively highlight the association between PTEN alteration and neutrophil infiltration
through the CXC chemokine family. Our study proposes low expression of PTEN as candidate factor of resistance to
anti-PD-1-based immunotherapy in ccRCC. Moreover, molecular targeting of the PI3K-AKT-mTOR signaling pathway
or neutrophil chemokines could promisingly facilitate immunotherapy in ccRCC patients with PTEN mutation, which
need further translational study.

Data and Code Availability

The RNA-seq data generated by this article are available in the NCBI Sequence Read Archive repository with the following
SRA accession number: PRINA874209. The accession numbers for the scRNA-seq reported in this paper are GSE152938
and GSEGSE171306. The TCGA-PRAD dataset was obtained from the Genomic Data Commons (https://gdc.cancer.gov/).
The pan-cancer datasets used in this study can be obtained and downloaded from XENA (https://xenabrowser.net/). The

scripts used during the current study are available from the corresponding author on reasonable request.
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