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Background: Cathepsin Z (CTSZ) is a cathepsin family member that plays a dual role in the adhesion and migration of immune and
tumor cells.

Methods: The expression pattern of CTSZ in clear cell renal cell carcinoma (ccRCC) was observed by immunohistochemistry and
validated by using double-labeling immunofluorescence. Publicly available single-cell sequencing data was used to further define the
cell type-specific CTSZ expression in ccRCC. Methylation modification, immune infiltration, and tumor-related signaling enrichment
analyses involving CTSZ were performed using multi-omics data. Data from two independent cohorts of anti-programmed death-1
(PD-1) therapeutic clinical trials were used to investigate correlations between CTSZ levels and treatment responses.

Results: CTSZ was upregulated in ccRCC tissues compared with adjacent normal tissues at the RNA but not in ccRCC cells.
Immunohistochemistry indicated that CTSZ was expressed in tumors infiltrated with lymphocytes. Double immunofluorescence
demonstrated that CTSZ was co-expressed with CD68 but not CD8. Single-cell transcriptome data showed macrophage-specific
expression of CTSZ in ccRCC. High CTSZ expression was significantly correlated with the enrichment of interferon-y, epithelial-to-
mesenchymal transition, cell cycle, apoptosis pathways, and B cell, macrophage, neutrophil, and dendritic cell infiltrations, as well as
the expression of immune checkpoints CTLA4, LAG3, HAVCR2, PDCD1LG2, PDCDI1, TIGIT, and SIGLEC15. Hypomethylation
modification of cg02744249, cg02744249, and cg22145559 were negatively correlated with CTSZ expression, suggesting an
epigenetic mechanism for the regulation of CTSZ expression. Clinically, CTSZ levels were associated with the prognosis of patients
with ¢ccRCC (hazard ratio=1.5, P=0.007). Notably, patients with higher CTSZ expression had a worse prognosis with anti-PD-1
monotherapy (hazard ratio=1.51, P=0.039).

Conclusion: Macrophage-specific CTSZ was associated with activation of epithelial-to-mesenchymal transition, cell cycle signatures,
and a higher infiltration level of B cells, macrophages, neutrophils, and dendritic cells in the tumor microenvironment. High expression
of CTSZ could be considered as a prognostic and treatment response biomarker for patients with ccRCC receiving anti-PD-1
immunotherapy.
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Introduction

Kidney cancer is a frequently diagnosed malignant tumor included in for the top ten types of cancer with the most
associated deaths worldwide. It was predicted that more than 430,000 confirmed cases and 180,000 deaths from kidney
cancer are expected each year.! Clear cell renal cell carcinoma (ccRCC) is the most common subtype of kidney cancer,
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accounting for approximately 70% of kidney cancer cases.? For patients with local ccRCC, complete resection is the first
choice of treatment, and many of these patients have a prolonged survival. However, approximately 20—40% of patients
experience repeated tumor progression, leading to significant mortality.* Recently, immunotherapy has become the
standard management for recurrent or metastatic ccRCC because of its antitumor activity in patients with advanced
malignant tumors.” Large-scale genome projects have found that the prevalence of germline mutations is higher in
patients with ccRCC compared with normal cases, but how these genome alterations contribute to the pathogenesis of the
¢cRCC, tumor immune microenvironment, and drug resistance remains unresolved.®’ Hence, an in-depth understanding
of the heterogeneity of immune cell infiltrates and identifying more potential immune-related predictive and prognostic
biomarkers for ccRCC may be of great significance for personalized immunotherapy management and improving
prognosis.

Cathepsin Z (CTSZ, also named cathepsin P or cathepsin X) is a member of the cathepsin family comprising 11
members in humans.® CTSZ contains an Arg-Gly-Asp motif responsible for binding to the cell surface, and mediating
cell adhesion and migration after activation.” Previous studies have found that CTSZ regulates the adhesion and
migration of both immune and tumor cells. Targeted RNAI silencing of CTSZ in T cells significantly reduced cell
migration, indicating that CTSZ plays a significant role in the infiltration of T cells.'® CTSZ can enhance the infiltration
of T cells through blood vessels, coordinating the tumor microenvironment and promoting the level of CD8A T cells in
certain kinds of tumors.'! Also, CTSZ is reported to enhance the metastasis and migration of various cancers,lz’13 and the
upregulation of CTSZ was observed in several types of tumors, including colorectal, gastric, liver, prostate, melanoma,
and pancreatic neuroendocrine tumors.'*'?

The current research performed a comprehensive analysis of the impact of CTSZ on ccRCC, as well as its correlation
with clinicopathological parameters and the prognosis of ccRCC. Furthermore, this study analyzed the methylation levels
of CTSZ and chemotherapy resistance induced by CTSZ. We also investigated the potential mechanisms of CTSZ actions
in ccRCC from the aspects of immune infiltration, biomarker correlations with immune checkpoint (IC) inhibitors, and
the functional regulation network of CTSZ in ccRCC. In general, the present results indicated that CTSZ may provide
a significant prognostic biomarker and a potential immunotherapy target.

Methods

Gene Expression Data
The genome location of CTSZ was analyzed utilizing the “Genome Data viewer” function (https://www.ncbi.nlm.nih.

gov/genome/gdv/) of the National Center for Biotechnology Information. Gene Expression Profiling Interactive Analysis
(GEPIA) was used to explore CTSZ expression levels in ccRCC and normal kidney tissues.'® Thirteen datasets based on
the Oncomine database (https://www.oncomine.org/resource/login.html) were pooled to investigate CTSZ levels differ-

ence in normal and tumor tissues. The expression pattern of CTSZ in various types of tumors was investigated using The
Tumor Immune Estimation Resource 2 (TIMER?2) tool (http:/timer.cistrome.org/)."”

Survival Analysis

The GEPIA database was applied to calculate the survival curves, including overall survival (OS) and disease-free
survival (DFS) according to CTSZ levels, and to investigate its correlation with pathologic stage.'® Using the HTSeq-
FPKM format RNAseq data in The Cancer Genome Atlas (TCGA) database, the correlations between CTSZ levels and
clinicopathological features were analyzed via the R system.

Expression Levels of CTSZ in Different Cell Types

The expression level of CTSZ in different cell types of ccRCC was first calculated through the GEPIA2021 webserver.'®
The EPIC, CIBERSORT, and quanTIseq algorithms were utilized to calculate CTSZ levels in different cell types and are
presented in the bar chart. Immunohistochemical staining of CTSZ, CD69, and CD163 in normal and ccRCC tissue was
acquired from the Human Protein Atlas database (https://www.proteinatlas.org/). Double-labeling immunofluorescence
(IF) staining was performed on ccRCC tissue sections for CTSZ (1:100, Santa Cruz, sc-376976), CD68 (1:1,000, Abcam,
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ab213363), CD8A (1:100, BioLegend, 372,902), and PD-1 (1:100, Cell Signaling Technology, 86,163). The stained cells
were then visualized through a confocal microscope. Human ccRCC tissues were pathologically diagnosed as derived
ccRCC cases after surgical resection at West China Hospital, Sichuan University. The study was conducted following the
ethical guidelines of the Declaration of Helsinki. The Ethics Committee of West China Hospital approved this research
and written informed consent was acquired from all patients. Single-cell sequencing data from ccRCC, including 34,326
cells, were obtained from the Single Cell Portal (https:/singlecell.broadinstitute.org/single cell)!” to examine CTSZ

expression in macrophages.

Methylation Analysis
This study applied the Shiny Methylation Analysis Resource Tool (http://www.bioinfo-zs.com/smartapp/) to explore the

impact of the methylation status of CTSZ on gene expression levels and survival rates. DNA methylation status is presented
as beta values from the range of 0—1 (unmethylated to fully methylated). The correlation between C7SZ methylation level
and clinicopathological parameters was then explored by UALCAN (http://ualcan.path.uab.edu/index.html).*

Furthermore, methylation status of C7SZ was calculated and visualized in the form of a waterfall plot using the
MethSurv tool (https:/biit.cs.ut.ee/methsurv/).>!

Immune Infiltration Analysis
The correlation between CTSZ levels and immune cell infiltrates was investigated in the “Gene” module using TIMER
(https://cistrome.shinyapps.io/timer/).>*** In the “correlation” module, analysis of the association of CTSZ levels and

gene biomarkers of immune cells followed that reported in previous studies.** 2® Using the data from TCGA-ccRCC, this
study estimated immune cell infiltrates using the xCell algorithm, with findings visualized in the form of a heatmap. The
“pheatmap” and “ggplot2” R packages were used to explore and visualize the expression levels of checkpoint-related
genes including CTLA4, CD274, LAG3, HAVCR2, PDCDILG2, PDCDI, SIGLECI5 and TIGIT based on CTSZ levels.
In addition, GSCAlite*’ was utilized to explore the association between the tumor microenvironment and CTSZ
expression, CTSZ copy number variation or methylation levels. These results were visualized in the form of
a correlation heatmap by applying the “ggplot2” R package.

CTSZ-Associated Gene Enrichment Analysis

The CancerSEA webserver (http:/biocc.hrbmu.edu.cn/CancerSEA/)*® was used to show the correlation between CTSZ

levels and functional states of ccRCC. Data of ccRCC gene expression levels in HTSeq-TPM were acquired from the
TCGA database, and high or low CTSZ levels were defined by a 75% or 25% cutoff, respectively. This study utilized the
“DESeq2” R package to analyze CTSZ-correlated genes and applied the “ggplot2” R package to visualize the results of
positively- and negatively-correlated genes. Furthermore, the “clusterProfiler” and “org.Hs.e.g.db” R packages were
applied to make Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, and the outcomes
were visualized through the “ggplot2” and “GOplot” R packages. The adjusted p value and the cutoff values of
log,FoldChange and were chosen at 0.05 and 1.5, respectively.

The pathway activation/inhibition analyses and gene set enrichment analysis were performed by the “clusterProfiler”
and “ggplot” R packages. A Joy plot showed pathways with the top 10 normalized enrichment scores.

The Protein-Protein Interaction (PPl) Network Construction and Drug Sensitivity
Analysis

GeneMANIA was utilized to construct CTSZ-related PPI networks. This online tool can use several bioinformatics
methods (ie, pathways, protein, and genetic interactions, colocalization, co-expression, and protein domain similarity) to
construct networks of certain genes. Based on data from TCGA and Genomics of Drug Sensitivity in Cancer (GDSC)
databases, the chemotherapeutic response of each sample was predicted by the “pRRophetic” R package. The correlation
between CTSZ levels and drug sensitivity was investigated using the GSCAlite tool*” based on data from the Cancer
Therapeutics Response Portal (CTRP) and GDSC. The correlation was determined by Spearman correlation methods
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with the drug sensitivity/small molecule (half-inhibitory concentration, IC50). To determine the correlation between
CTSZ expression and therapy, RNA-seq and survival data were obtained from previous clinical trials and analyzed,;
NCTO01668784 (a Phase III clinical study comparing everolimus vs nivolumab in previously treated cases with metastatic
ccRCC, CheckMate025), and NCT01354431 (a Phase II study of nivolumab in cases with metastatic ccRCC, CheckMate
010).%

Results
High CTSZ mRNA Expression

This research mainly focused on the role of CTSZ (located on chromosome 20, Supplementary Material 1A) in ccRCC.

The TCGA database was utilized to explore CTSZ mRNA expression in ccRCC and peritumor tissues. As shown in
Figure 1A, CTSZ was overexpressed in tumor tissues of ccRCC and kidney renal papillary cell carcinoma (KIRP)
compared with normal peritumor tissues. However, in kidney chromophobe (KICH) tissues, no significant difference was
observed between CTSZ expression in tumor and peritumor tissues. The matched samples between tumor and normal
tissues showed similar trends (Figure 1B). Receiver operating characteristic (ROC) curves were generated to investigate
the diagnostic values of CTSZ for ccRCC, KIRP, and KICH, and the area under the curves (AUCs) were 0.905, 0.881,
and 0.597, respectively (Supplementary Material 1B).

The pooled analysis of thirteen Oncomine datasets showed that CTSZ was overexpressed in kidney cancer tissues
compared with normal tissues (Supplementary Material 1C, P<0.001). CTSZ was also overexpressed in other tumors

compared with peritumor tissues (Figure 1C).

Survival Analysis

Based on TCGA and GTEx datasets, OS and DFS analyses were conducted using the GEPIA tool to investigate the
correlation of CTSZ levels with the prognosis of kidney cancer. Significantly worse OS and DFS was observed in cases
with high CTSZ levels in the pathological type of ccRCC but not in KICH or KIRP (Figure 1D-F). The expression level
of CTSZ in different pathological stages was further explored, and the correlation between CTSZ levels and tumor stages
was identified (Figure 1G). A positive correlation between CTSZ levels and tumor stages, including ccRCC (Cor: 0.157,
P<0.001) and KICH (Cor: 0.276, P=0.030), was observed. However, the tumor stage of KIRP was negatively correlated
with CTSZ levels (Cor: —0.168, P=0.010). The CTSZ level was also an independent prognostic risk factor in ccRCC
(HR: 1.308, 95% CI: 1.058-1.617, P=0.013, Supplementary Material 2A) and KICH (HR: 3.593, 95% CI: 1.169—
11.558, P=0.032, Supplementary Material 2B) after adjustment for age and sex. These findings indicated that the

overexpression of CTSZ may predict a worse prognosis and advanced pathological stages for cases with ccRCC cases.

Clinicopathological parameters of patients with high or low CTSZ levels were compared with the data from TCGA
cohorts. Relatively advanced ccRCC stage (P=0.036), metastasis stage (P=0.003), and pathologic stage (P=0.010) were
observed in cases with ccRCC and exhibiting CTSZ overexpression (Table 1). In addition, the CTSZ expression level
was also correlated with sex and age, and a higher proportion of males (P<0.001) and younger ages (P=0.016) were
found in patients with ccRCC and high CTSZ expression.

CTSZ Overexpressed in Macrophages
The protein level of CTSZ in ccRCC was explored by immunohistochemical staining. Despite the finding that CTSZ
mRNA expression was upregulated in ccRCC, the expression level of CTSZ protein was relatively low in tumor cells.
However, CTSZ had a punctate or clustered expression pattern, similar to the expression pattern of biomarkers on
immune cells, such as T cells and macrophages. It was also found that cases of ccRCC and with CTSZ overexpression
also had relatively high levels of CD68 and CD163 (Figure 2A), which serve as specific markers of macrophages,
suggesting that CTSZ may serve as a macrophage-specific marker.

Furthermore, based on the TCGA database, CTSZ levels in different cells were calculated by the EPIC algorithm via
the online tool GEPIA 2021. As shown in Figure 2B, CTSZ was more highly expressed in macrophages of ccRCC tissue
compared with macrophages of normal cells or other cells in tumor tissue. Epidermal cells occupied a larger proportion
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Table | Clinicopathological Parameters of Patients with High or Low CTSZ Level
from TCGA Cohorts

Characteristic Low Expression of High Expression of | p
CTSZ (n=269) CTSZ (n=270)

T stage, n (%) 0.036

Tl I51 (28%) 127 (23.6%)

T2 36 (6.7%) 35 (6.5%)

T3 80 (14.8%) 99 (18.4%)

T4 2 (0.4%) 9 (1.7%)

N stage, n (%) 0.279

NO 117 (45.5%) 124 (48.2%)

NI 5 (1.9%) Il (4.3%)

M stage, n (%) 0.003

MO 224 (44.3%) 204 (40.3%)

MI 26 (5.1%) 52 (10.3%)

Pathologic stage, n (%) 0.010

Stage | 149 (27.8%) 123 (22.9%)

Stage |l 32 (6%) 27 (5%)

Stage llI 59 (11%) 64 (11.9%)

Stage IV 28 (5.2%) 54 (10.1%)

Gender, n (%) < 0.001

Female 113 (21%) 73 (13.5%)

Male 156 (28.9%) 197 (36.5%)

Race, n (%) 0.432

Asian 2 (0.4%) 6 (1.1%)

Black or African American 28 (5.3%) 29 (5.5%)

White 235 (44.2%) 232 (43.6%)

OS event, n (%) 0.103

Alive 192 (35.6%) 174 (32.3%)

Dead 77 (14.3%) 96 (17.8%)

Age, mean * SD 61.88 + 11.56 59.38 + 12.49 0.016

of cell types in tumor tissue than macrophages, indicating that the high level of CTSZ expression in macrophages was not
attributed to the high proportion of macrophages (Figure 2C). The CTSZ levels in subtypes of macrophages were then
explored by CIBERSORT (Figure 2D) and the quanTIseq algorithm (Figure 2E).

The expression level of CTSZ in macrophages was further explored in ccRCC using UMAP (uniform manifold
approximation and projection) plots (Figure 3A-D) according to a single-cell database. This analysis found that CD68,
CD163, CD86, and CD4 were co-expressed with CTSZ (Figure 3E). The expression levels of CD68, CD163, CD86, CD4,
and CD8A were examined using UMAP plots (Figure 3F), and co-expression correlations were examined between CTSZ and
CD68, CD163, CD86, CD4, or CD8A in single cells (Supplementary Material 2C). A significant trend was found in the co-
expression of CD68, CD163, CD86, and CD4 with CSTZ compared with CD8A, which was used as a negative control
group. Following cell clustering and annotation in ccRCC, CTSZ expression in different cell types was examined in the form

of a violin plot (Figure 3G), which suggested that CTSZ was specifically expressed in macrophages.

The potential macrophage-specific marker CTSZ was then investigated by double-labeling IF staining. The IF assay
showed that CTSZ and CD68 were colocalized, indicating that CTSZ was specifically overexpressed in macrophages
(Figure 3H). The IF assay of CTSZ and CD8A was conducted as a negative control group, and no correlation between
CTSZ and CDS8A was observed (Figure 31).
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Figure 2 Immunohistochemical staining and CTSZ expression levels in different cell types in ccRCC tissues. (A) Immunohistochemical staining of CTSZ, CD68 and CD 163
expression levels in ccRCC and normal tissues according to the Human Protein Atlas database. (B) CTSZ expression levels in ccRCC and normal tissues in B cells, CD4+
T cells, CD8+ T cells, macrophages, and endothelial cells. (C) Cell proportion in ccRCC based on the data from TCGA. CTSZ expression levels in macrophage subclasses
calculated by the CIBERSORT (D) and quanTlseq (E) algorithms.

Immune Infiltration Analysis

We explored the role of CTSZ in immune infiltrates of ccRCC (Figure 4A) through the TIMER database. We observed
a significant correlation between the CTSZ levels and the abundance of B cells (cor=0.347, P<0.001), macrophages
(cor=0.407, P<0.001), neutrophils (cor=0.389, P<0.001), and dendritic cells (cor=0.461, P<0.001). To further identify the
impact of CTSZ on tumor immune cell infiltrates, two groups were classified according to CTSZ levels, and significant
immune microenvironment differences were found between these two groups (Figure 4B). The group with high CTSZ
levels had higher infiltrated levels of M1 and M2 macrophages, monocytes, myeloid, and plasmacytoid dendritic cells,
CD8+ central memory T cells, CD4+ effector memory T cells, CD4+ Thl T cells, CD4+ Th2 T cells, CD8+ effector
memory T cells, naive B cells, memory B cells, plasma B cells, and class-switched memory B cells. Higher immune and
microenvironment scores were also observed in the high CTSZ group, indicating that the CTSZ expression level was
closely correlated with immune infiltrates and affected the immune microenvironment of ccRCC.

The association between CTSZ and IC-related gene expression in ccRCC was examined for the abovementioned two
groups (defined according to CTSZ expression levels). In the high CTSZ expression group, a higher expression of IC-
related genes, including CTLA4, LAG3, HAVCR2, PDCDILG2, PDCDI, TIGIT, and SIGLECIS5 (Figure 4C), were
observed. The association of CTSZ with other immune cell gene biomarkers reported in previous studies was explored
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of violin plots. (H) Immunofluorescent staining of CTSZ (red) and CD68 (green) in ccRCC tissues, indicating the expression of CTSZ was macrophage specific. (I)
Immunofluorescent staining of CTSZ (red) and CD8A (green) in ccRCC tissues.
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(Table 2). The biomarkers of T cells (CD3D, CD3E, and CD2), CD8+ T cells (CD8A and CD8B), monocytes (CD86 and
CDI115), B cells (CD19 and CD79A), and tumor-associated macrophages (CD68 and IL10) showed a significant
correlation with CTSZ levels in KIRD. Biomarkers of M1 macrophages, M2 macrophages and neutrophils, including
CD163, IRF5, MS4A4A, VSIG4, CCR7, and CD11b, showed a positive correlation with CTSZ expression. The case of
ccRCC with a high CTSZ expression level also exhibited high levels of KIR2DL4, HLA-DPB1, HLA-DRA, and BDCA-
1, which are biomarkers of natural killer or dendritic cells. All markers of T helper 1 cells, T helper 17-cells and T-cell
exhaustion were significantly correlated with CTSZ expression. Thus, CTSZ levels were significantly associated with IC-
related biomarkers, suggesting CTSZ may play a critical role in immunological treatment of ccRCC.

Similar trends for immune infiltrates in ccRCC were also found through the GSCAlite tool. The expression level of
CTSZ was positively correlated with the infiltration of 17 immune cell subtypes and negatively correlated with the
infiltration of 6 subtypes (Figure 4D). Remarkably, exhausted T cells were significantly associated with CTSZ expression,
whereas there was no correlation between gamma delta T cells and CTSZ levels. In addition, CTSZ copy number
variation and methylation status was also significantly associated with certain types of immune cell infiltrates
(Figure 4D).

Enrichment Analysis of CTSZ-Associated Genes

This study first investigated the functional states of different cancers according to CTSZ expression levels (Figure 5A).
The expression level of CTSZ was positively associated with stemness (correlation: 0.34, P<0.05) and angiogenesis
(correlation: 0.31, P<0.05) of ccRCC (Figure 5B-D), whereas ccRCC apoptosis (correlation: —0.49, P<0.05) was
significantly and negatively associated with CTSZ levels (Figure S5E and F), consistent with the observation that cases
with high CTSZ levels had a worse prognosis.
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Figure 4 CTSZ expression and immune cell infiltration status in KRIC. (A) The correlation between CTSZ expression and the abundance of infiltrating immune cells
(TIMER). (B) Immune cell score heatmap. Different colors indicate the expression trend in different samples. (C) The immune checkpoint-related gene expression in groups
classified by CTSZ expression. The Wilcoxon test was utilized to analyze the significant difference between the two groups. (D) The correlation between immune cell
subtype immersion and CTSZ expression, CTSZ CNYV, or CTSZ methylation levels in ccRCC (GSCAlite). ccRCC, kidney renal clear cell carcinoma. CNV, copy number
variations. Group |: High CTSZ expression. Group 2: Low CTSZ expression. *p <0.05, **p <0.01, ***p <0.001.

Abbreviation: CNV, copy number variations.
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Table 2 Association of CTSZ Level with Immune Cell Gene Biomarkers
Immune Cells Biomarkers None Purity
Cor P-value Cor P-value
CD8+ T cell CD8A 0.365 ok 0.337 ok
CD8B 0.348 woHE 0.319 K
T cell (general) CD3D 0.4 ok 0.377 ok
CD3E 0.404 worE 0.381 ok
CD2 0.402 HorE 0.377 ik
B cell CDI9 0.381 HorE 0.355 ok
CD79%A 0.38 Horx 0.362 ok
Monocyte CD86 0.585 ok 0.584 ok
CDI 15 (CSFIR) 0.54 ok 0.52 Hokk
TAM CCL2 —-0.079 0.069 —0.097 *
CDé68 0.626 ok 0.63 ok
ILI0 0.473 ok 0.434 wokk
MI Macrophage INOS (NOS2) —0.063 0.147 —0.087 0.062
IRF5 0.277 ok 0.273 wohk
COX2 (PTGS2) 0.059 0.171 0.023 0.616
M2 Macrophage CDI163 0.531 ok 0.526 wokk
VSIG4 0.574 ok 0.56 ok
MS4A4A 0.52 ook 0.494 ok
Neutrophils CDé66b (CEACAMS) —0.106 * —0.099 *
CDI b (ITGAM) 0.564 Hokk 0.554 ok
CCR7 0.42 ook 0.416 ok
Natural killer cell KIR2DLI —0.031 0.472 —0.039 0.399
KIR2DL3 0.024 0.576 0.034 0.473
KIR2DL4 0.111 * 0.117 *
KIR3DLI —0.06 0.167 —0.051 0.275
KIR3DL2 0.05 0.247 0.07 0.135
KIR3DL3 0.054 0.214 0.069 0.139
KIR2DS4 —0.033 0.449 —0.039 0.401
Dendritic cell HLA-DPBI 0.482 ok 0.471 ok
HLA-DQBI 0.234 . 0.211 ok
HLA-DRA 0.471 ofok 0.463 ok
HLA-DPAI 0.422 ok 0.399 Hokk
BDCA-I (CDIC) 0.174 ok 0.132 ok
BDCA-4 (NRPI) -0.009 0.845 —0.06 0.202
CDI lc (ITGAX) 0.494 ok 0.503 ook
Thi T-bet (TBX21) 0.1 * 0.073 0.117
STAT4 0.193 sk 0.177 ok
STATI 0.399 ok 0.361 ook
IFN-y (IFNG) 0.339 ok 0.312 wohk
TNF-o (TNF) 0.262 ok 0.243 wohk
Th2 GATA3 0.075 0.083 0.049 0.292
STATé 0.021 0.627 0.038 0.420
STATS5A 0.502 ook 0.479 ook
IL13 -0.056 0.198 —0.063 0.176
Tth BCL6 0.062 0.156 0.086 0.064
IL21 0.238 ook 0.224 ok
Thi7 STAT3 0.154 ok 0.12 ok
ILI7A 0.101 * 0.101 *
(Continued)
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Table 2 (Continued).

Immune Cells Biomarkers None Purity
Cor P-value Cor P-value

Treg FOXP3 0.495 ok 0.496 Hok
CCR8 0.432 ok 0.42 Hokk
STAT5B —0.082 0.060 —0.088 0.059
TGFb (TGFBI) 0.205 ok 0.148 wk

T cell exhaustion PD-1 (PDCDI) 0.402 ok 0.393 ok
CTLA4 0.311 ok 0.312 ok
LAG3 0.378 ok 0.348 ok
TIM-3 (HAVCR?2) 0.151 ok 0.119 *
GZMB 0.093 * 0.069 0.136

Note: *P < 0.05, **P < 0.01, ***P < 0.001.

To understand the potential molecular mechanism of CTSZ expression levels impacting immune infiltration in ccRCC,
this study identified and enriched CTSZ-correlated genes. A total of 1738 CTSZ-correlated genes were screened through
TCGA-ccRCC cohorts. As shown in Figure 5G and H, the top 10 positively or negatively co-expressed genes of CTSZ were
plotted in the form of a heatmap. Further GO analysis revealed that CTSZ-positively co-expressed genes were mainly
involved in classical pathway, complement activation, immunoglobulin complex, humoral immune response mediated by
circulating immunoglobulin, and immunoglobulin complex pathways (Figure 5I). KEGG enrichment analysis indicated that
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Figure 5 Functional states of CTSZ and enrichment analysis. (A) The functional states of CTSZ across nine types of cancer by CancerSEA. The red plots indicate that CTSZ
was positively correlated with the functional states, while the blue plots indicate that CTSZ was negatively correlated with the functional states. (B) CTSZ expression level
and the corresponding tumor stemness score and tumor angiogenesis score of each patient with ccRCC. (C) Scatterplots of correlations between CTSZ expression and
stemness of ccRCC. (D) Scatterplots of correlations between CTSZ expression and angiogenesis of ccRCC. (E) CTSZ expression level and the corresponding tumor
angiogenesis score of each patient with ccRCC. (F) Scatterplots of correlations between CTSZ expression and apoptosis of ccRCC. The top 10 positively (G) and negatively
(H) related genes. GO analysis (I) and KEGG pathway enrichment analysis (J) of CTSZ coexpressed genes. Immune-related results of GO enrichment analysis were
visualized in chord (K) and GOCircle plots (L). **P < 0.001.
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CTSZ co-expressed genes were primarily enriched in fat digestion and absorption and phagosome pathways (Figure 5J).
Immune-related terms are presented in the form of a GO Circle (Figure 5K) and chord plots (Figure 5L).

Gene set enrichment analysis also revealed immune-associated gene sets, including FceRI-mediated NF KB activa-
tion, immunoregulatory interactions in nonlymphoid and lymphoid cells, initial triggering of complement, creation of c4
and c2 activators, signaling by the B-cell receptor BCR, complement cascade, type II interferon (IFN) signaling IFNG
regulation of IFNG signaling, and IRF3-mediated induction of type I IFN (Supplementary Materials 3 and 4).

CTSZ Methylation Analysis

Analysis of CTSZ methylation status in ccRCC using data from TCGA-ccRCC found significantly different methylation
levels of the CTSZ promoter between ccRCC and normal tissues (Figure 6A). Moreover, the CTSZ promoter methylation
level was negatively associated with tumor grade (Figure 6B) and CTSZ expression (Figure 6C). There was no
association between the CTSZ methylation level and patients’ parameters, including race, sex, and age, however,
nodal metastasis status was negatively associated with the CTSZ methylation level (Supplementary Material 5A). In

addition, CTSZ hypomethylation of multiple probes and corresponding CTSZ overexpression was observed (Figure 6D,
Supplementary Material 5B). The probes most negatively associated with CTSZ expression were c¢g02744249 (R=—0.55,
P<0.001), cg02744249 (R=-0.55, P<0.001), and cg22145559 (R=-0.54, P<0.001), which are located on CPG islands,
indicating that CTSZ expression in ccRCC tissues may be regulated by methylation modification-related mechanisms.
Some probes (cgl8563860, cg08545593, c¢gl13795831, cg00539174, cg06942450, cg20278790, cgl2831034,
cgl17398227, cg01623438, cg21331324, and cg22145559) also exhibited a correlation between poor OS of ccRCC and
CTSZ hypomethylation (Figure 6E, Supplementary Material 6).

PPl Networks, Pathway, and Drug Sensitivity Analysis

A PPI network was constructed through GeneMANIA to define the genes correlated with CTSZ (Figure 7A). Analysis of
common cancer-related pathways, including cell cycle, apoptosis, epithelial-to-mesenchymal transition (EMT), DNA
damage response, androgen receptor, estrogen receptor, RAS/mitogen-activated protein kinase (MAPK), phosphatidyli-
nositol-3-kinase/AKT, tuberous sclerosis complex (TSC)/mammalian target of rapamycin (mTOR), and receptor tyrosine
kinase, found that CTSZ was involved in cell cycle, apoptosis, estrogen receptor, EMT, RAS/MAPK and TSC/mTOR
pathway activities (Supplementary material 7A).

Next, the role of CTSZ in drug sensitivity was evaluated. Supplementary Material 7B shows that CTSZ expression

was correlated with the IC50 scores of several common drugs used for ccRCC. High expression levels of CTSZ were
correlated with resistance to axitinib and pazopanib, while low CTSZ levels were correlated with resistance to erlotinib,
temsirolimus, and sunitinib. Online databases of drug sensitivity analysis were further used to investigate the impact of
CTSZ levels on drug sensitivity. As shown in Figure 7B, drug sensitivity analysis according to the GDSC database
indicated that high CTSZ expression levels were related to the resistance of 16 small molecules or drugs, whereas low
CTSZ expression was related to resistance of 14 drugs or small molecules. In addition, Supplementary Material 8

presents the correlation between high CTSZ expression and resistance to 102 drugs or small molecules based on data
from CTRP. These results may indicate that CTSZ is a potential biomarker for drug screening.

The correlation of CTSZ with immunological therapies was then explored by analyzing the data from clinical trials.
According to tumor shrinkage after therapies, patients were divided into no clinical benefit (NCB), intermediate clinical
benefit (ICB), and clinical benefit (CB) groups. The ICB cases were included in the CB group for subsequent analysis.
Significantly prolonged OS (HR 1.51, 95% CI 1.02-2.23, P=0.039) was observed in patients with low CTSZ levels and
treated with nivolumab (Figure 8A). However, the distribution of patients (P=0.274) and the survival analysis of progress
free survival (PFS, P=0.25) between high and low CTSZ expression levels were not statistically different. In contrast, the
proportion with NCB in high and low CTSZ expression patients who received everolimus (P=0.022) was significantly
different, indicating that patients with low CTSZ levels may have a better response to everolimus and a better PFS,
whereas the OS was not prolonged (Figure 8B). Double-labeling IF staining also revealed that CTSZ and PD-1 were co-
expressed in ccRCC tumor tissues (Figure 8C).
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Figure 6 DNA methylation analysis of the CTSZ gene in ccRCC patients. (A) CTSZ promoter methylation level between ccRCC and normal tissue. (B) CTSZ promoter
methylation profile based on ccRCC tumor grade. (C) Correlation between CTSZ expression level and methylation in ccRCC. (D) The correlation between CTSZ
expression in ccRCC and the methylation status of different sites. (E) Waterfall plot of potential methylation probes targeting the CTSZ gene in ccRCC. The correlations
between CTSZ methylation and gene expression level or survival rate were also analyzed. P<0.05 was considered statistically significant and is marked red for expression

correlation and blue for survival analysis.
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Figure 7 Protein—protein interaction (PPl) network and drug sensitivity analysis of CTSZ. (A) PPl network and functional analysis of CTSZ and its neighboring genes.
Different colors of the network edge indicate the bioinformatics methods applied: physical interaction, coexpression, website prediction, colocalization, pathway and genetic
interactions, and shared protein domains. The different colors of network nodes indicate the enrichment results of the gene set. The size of each circle represents the rank
of gene that correlated with CTSZ. The width of each line represents the weight of the corresponding individual data source in the composite network. (B) Correlation
between CTSZ expression and small molecule/drug sensitivity (IC50) based on the GDSC database.
Abbreviations: IC50, half-inhibitory concentration; GDSC, Genomics of drug Sensitivity in Cancer.

Discussion

The CTSZ gene has been found to regulate the migration and adhesion of both tumor and immune cells. CTSZ is
considered to participate in the migration process not by ECM degradation, but through its nonproteolytic functions
related to integrin-mediated adhesion, which is a prerequisite for the migration course.’® Previous studies have reported
the clinical predictive values of CTSZ in various tumors.>'** However, the impact of CTSZ in ccRCC has not yet been
clarified. Thus, the current bioinformatics analysis was conducted to explore the role of CTSZ in the tumor immune
microenvironment and immunotherapy, as well as its expression levels, diagnostic and prognostic value, methylation
status, and functional regulation networks in renal cancer.

In the current study, expression analysis indicated that CTSZ mRNA was upregulated in ccRCC compared with
normal tissues. Also, CTSZ was found to act as a prognostic marker for cases with ccRCC, as high CTSZ levels were
significantly correlated with worse OS and DFS. Likewise, CTSZ was also overexpressed in KIRP samples compared
with normal tissues. However, the current study found no difference in the overall survival of patients with different
CTSZ levels, and the KICH dataset was relatively small. Thus, this study mainly focused on ccRCC, the prognosis of
which was significantly correlated to the level of CTSZ expression. Previous studies have reported the predictive value of
CTSZ in various types of cancer. Vizin et al found that CTSZ was upregulated in colorectal cancer, and its total serum
level served as a powerful predictive prognostic marker for patients with colorectal cancer.®* In another study, Nigler
et al showed differences in CTSZ expression in prostate cancer and peritumor tissues at the protein level, indicating its
function in prostate cancer tumorigenesis.>*

Methylation is an essential epigenetic mechanism involved in many basic biological processes. Gene promoter
methylation is usually related to transcriptional silencing, and methylation of the gene is often a sign of transcriptional
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Figure 8 Response to nivolumab and everolimus in high and low CTSZ expression patients. (A) Proportion of nivolumab response and survival analysis of OS and PFS in
high and low CTSZ expression patients who received nivolumab. (B) Proportion of everolimus response and survival analysis of OS and PFS in high and low CTSZ
expression patients who received everolimus. (C) Immunofluorescent staining of CTSZ (red) and PD1 (green) in ccRCC tissues. The cut-off values of grouping is determined
by the grouping with the lowest P-value.

activity.>> The present study found that the hypomethylation status of multiple sites (including cg18563860, cg08545593,
cgl13795831, cg00539174, cg06942450, cg20278790, cgl12831034, cgl7398227, cg01623438, cg21331324, and
cg22145559) in CTSZ was significantly related to CTSZ overexpression and a clinically worse survival of cases with
ccRCC. It is of great significance to further explore the impact of different CTSZ methylation sites on CTSZ expression
and survival outcomes of patients with ccRCC.

The co-expression of CTSZ and immune cells markers were further explored. CTSZ was initially found to be
associated with immune cell activities, including the regulation of maturation, proliferation, adhesion, migration,
phagocytosis, and signal transduction.*® The current study revealed a significant correlation between CTSZ expression
and the abundance of CD8+ T cells, CD4+ T cells, B cells, neutrophils, macrophages, and dendritic cells. Single-cell
database analysis and double immunofluorescence localization showed that CTSZ was specifically expressed in macro-
phages. The present study also revealed that CTSZ levels were associated with the expression of most IC inhibitor-related
markers, which serve as IC inhibitors, or involved in the progression and tumorigenesis of ccRCC.*” This result may
indicate that CTSZ affects the tumor microenvironment through macrophages and other immune cell infiltrates and
further regulates ccRCC tumorigenesis and may play a critical role in the resistance and sensitivity of immune-based
therapy. The significant correlation found between CTSZ and exhausted T cells may explain the contradiction between
the enhancement of immune infiltration and the relatively poorer prognosis of patients with ¢ccRCC, whereas no
significant association between CTSZ levels and gamma delta T cells was found.

Enrichment analysis to identify the enrichment terms of CTSZ in ccRCC indicated that CTSZ was associated with FceRI-
mediated NFKB activation, immunoregulatory interactions in nonlymphoid and lymphoid cells, the initial triggering of
complement, the creation of c4 and c2 activators, signaling by the B-cell receptor BCR, and the complement cascade. These
findings are consistent with the abovementioned results showing that CTSZ was correlated with immune reactions. In
addition, cancer hallmarks indicated that CTSZ was involved in cell cycle, apoptosis, EMT, estrogen receptor, RAS/
MAPK, and TSC/mTOR pathway activities. Previous studies have also reported correlations between CTSZ and these
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pathways. Tuo et al found that CTSZ expression promoted cancer metastasis and invasion by affecting EMT in colorectal
cancer.*® Teller et al demonstrated that carcinogenesis of gastric cancer was affected by CTSZ expression through the
dysregulation of apoptotic signaling pathways.?' Drug sensitivity analysis revealed that cells with CTSZ overexpression were
resistant to most drugs in the GDSC and CTRP databases. These findings were then supported by sequencing and survival data
from clinical trials, indicating that CTSZ may act as a predictive marker for the diagnosis and prognosis of ccRCC, and
provide a therapy target. The activation of TSC/mTOR pathway activities in patients with high CTSZ levels may help explain
the potential mechanism of sensitivity to temsirolimus in those patients.

This study is not without limitations, in particular analyses involving sequencing data at the level of mRNA.
Therefore, further research should perform protein level analysis. In addition, the outcomes of this research were
based mainly on data from TCGA. Even though the large number of cases in the TCGA database may decrease any
bias, the current findings should be further investigated through other independent cohorts.

In conclusion, this study has revealed that CTSZ is overexpressed in ccRCC with infiltrating lymphocytes and
exhibited macrophage-specific expression. Macrophage-specific CTSZ was associated with activation of the epithelial-to-
mesenchymal transition, cell cycle signatures and higher infiltration level of B cells, macrophages, neutrophils, and
dendritic cells in the tumor microenvironment. High expression levels of CTSZ may be regarded as a prognostic and
treatment response biomarker in patients with ccRCC and receiving anti-PD-1 immunotherapy.
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