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Cervical squamous cell carcinoma (CSCC) is the major pathological type of cervical cancer
(CC), the second most prevalent reproductive system malignant tumor threatening the
health of women worldwide. The prognosis of CSCC patients is largely affected by the
tumor immune microenvironment (TIME); however, the biomarker landscape related to
the immune microenvironment of CSCC and patient prognosis is less characterized. Here,
we analyzed RNA-seq data of CSCC patients from The Cancer Genome Atlas (TCGA)
database by dividing it into high- and low-immune infiltration groups with the MCP-
counter and ESTIMATE R packages. After combining weighted gene co-expression
network analysis (WGCNA) and differentially expressed gene (DEG) analysis, we found
that PLA2G2D, a metabolism-associated gene, is the top gene positively associated with
immune infiltration and patient survival. This finding was validated using data from The
Cancer Genome Characterization Initiative (CGCI) database and further confirmed by
quantitative reverse transcription-polymerase chain reaction (QRT-PCR). Finally, multiplex
immunohistochemistry (mIHC) was performed to confirm the differential infiltration of
immune cells between PLA2G2D-high and PLA2G2D-low tumors at the protein level. Our
results demonstrated that PLA2G2D expression was significantly correlated with the
infiltration of immune cells, especially T cells and macrophages. More importantly,
PLA2G2D-high tumors also exhibited higher infiltration of CD8" T cells inside the tumor
region than PLA2G2D-low tumors. In addition, PLA2G2D expression was found to be
positively correlated with the expression of multiple immune checkpoint genes (ICPs).
Moreover, based on other immunotherapy cohort data, PLA2G2D high expression is
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correlated with increased cytotoxicity and favorable response to immune checkpoint
blockade (ICB) therapy. Hence, PLA2G2D could be a novel potential biomarker for
immune cell infiltration, patient survival, and the response to ICB therapy in CSCC and
may represent a promising target for the treatment of CSCC patients.

Keywords: cervical squamous cell carcinoma, PLA2G2D, tumor immune microenvironment, immune infiltration,
metabolism, multiplex immunohistochemistry

INTRODUCTION

Cervical cancer (CC) is the fourth common malignant disease for
female with an estimated 604,000 new cases and 342,000 deaths
worldwide in 2020 (1). Cervical squamous cell carcinoma
(CSCC) and adenocarcinoma are the most common
pathological types accounting for approximately 70% and 25%
of all CC, respectively (2). Among them, CSCC is mainly related
to human papillomavirus (HPV) 16 subtype infection and viral
gene integration, whereas adenocarcinoma is often complicated
with HPV18 infection (3). Despite the substantial efforts being
made in promoting HPV vaccination and early screening, the
incidence of CC remains alarming in developing countries (2). In
fact, CC is the most frequently diagnosed female cancer in 23
countries according to the latest report (2). Current therapies for
CC including surgical treatment, chemotherapy, and
radiotherapy have greatly improved the clinical outcome of
CC; however, the therapeutic efficacy remains limited for
patients with advanced and distant conditions, which
estimated a median overall survival of 17 months and 5-year
survival of 17% (4, 5). Therefore, there is an urgent need for
developing novel therapeutic strategies that can effectively treat
these patients (6, 7).

Immunotherapy is one of such strategies that has become a
rapidly developing field for cancer treatment including cervical
cancer. Through replenishing a sufficient number of expanded
autologous T cells that can specifically kill cancer cells, adoptive
cell transfer (ACT) has shown great promise in treating CC
patients with advance diseases. Two major strategies of ACT,
tumor infiltrating lymphocyte (TIL) and T-cell receptor-
engineered T cell (TCR-T), were reported to have the objective
response rate (ORR) of 44.4% and 50% (8, 9), respectively.
Immune checkpoint inhibitors (ICBs), another type of
immunotherapy that target programmed death-1(PD-1)
receptor or ligand and cytotoxic T-lymphocyte-associated
protein 4 (CTLA4), have achieved great success in various
kinds of tumors. However, in several clinical trials for
advanced cervical cancer patients, the response rate to ICBs
was relatively low (10-13). Previous studies have shown that
multiple factors are correlated with the efficacy of ICB therapy.
Among them, more immune cell infiltration, especially the
density and localization of CD8" T cells in the tumor immune
microenvironment (TIME) has been demonstrated to be
correlated with a favorable response to ICBs in various cancer
types (14, 15). However, the prognostic value and underlying
molecular mechanism of immune infiltration in CC with or
without immunotherapy remain less characterized.

Here, we utilized the RNA-seq data of CSCC patients from
The Cancer Genome Atlas (TCGA) database for the sake of
finding biomarkers related to prognosis and immune cell
infiltration. To this end, we used two immune scoring
algorithms to divide them into two groups with high- and low-
immune infiltration. By applying weighted gene co-expression
network analysis (WGCNA) and differentially expressed gene
(DEG) analysis, phospholipase A, Group IID (PLA2G2D), an
immune- and metabolism-associated molecule, was identified to
be the biomarker which is predictive for patient prognosis and
immune cell infiltration of CC. Furthermore, five immune-
related genes (i.e., SLAMF6, SLAMFI1, SH2DIA, TRATI, and
ZNF831) were found to be co-expressed with PLA2G2D. In
addition, PLA2G2D expression was also found to be positively
correlated with the expression of multiple ICP genes. Finally,
through a series of bioinformatics analysis and experimental
verification approaches at both the transcriptional and protein
levels, we proved that PLA2G2D could be a novel biomarker
correlating with immune infiltration, especially CD8" T cells,
in CSCC.

MATERIALS AND METHODS

Data Source and Processing

The Cancer Genome Atlas (TCGA) CSCC RNA-seq gene
expression matrix based on Illumina platform and phenotype
data were downloaded from UCSC Xena (https://xenabrowser.
net/datapages/). Two hundred fifty CSCC patients were selected
for subsequent analysis according to pathological diagnosis of
squamous cell carcinoma. Two types of data including raw
counts and fragments per kilo base per million mapped
(FPKM) reads were applied. FPKM data were converted to
transcripts per kilobase of per million mapped (TPM) data. In
addition, the validation cohort dataset also based on Illumina
high-throughput platform was downloaded from The Cancer
Genome Characterization Initiative (CGCI) database (16). RNA-
seq data from two immunotherapy cohorts for melanoma (17)
and urothelial cancer (18) were downloaded from a public
database. The gene names of all expression matrix were de-
annotated through “ClusterProfiler” and “org.Hs.eg.db” package
based on R language (V4.1.1) (19).

Estimation of Tumor Immune Infiltration
and Cytolytic Activity Score

The Microenvironment Cell Populations-counter (MCP-
counter) algorithm was applied to score the level of immune
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cell infiltration in tumor, based on which samples were classified
into high- and low-immune infiltration groups using the
hierarchical clustering method (20). Alternatively, the level of
immune and stromal fraction was scored by Estimation of
Stromal Immune cells in MAlignant Tumor tissues using
Expression data (ESTIMATE) based on log,-transformed TPM
data, and samples were further divided into high- and low-
immune infiltration groups equally with the cutoff score set at
median (21). In addition, EPIC (22) and quanTIseq (23)
algorithm were also utilized to calculate immune cell
proportion through TPM expression matrix. CYT score was
calculated by the log-transformed geometric mean of GZMA and
PRF1 TPM value (24).

Gene Screening by WGCNA

The log,-transformed TPM value expression matrix was put into
WGCNA R package to select immune-associated genes (25).
Firstly, 12,417 genes with coefficient of variation (CV) >0.5 were
selected for further analysis by WGCNA R package. Of note, five
samples were excluded for the abnormal height value in sample
dendrogram analysis. The power of 8 value was set at 3 to
construct the topological overlap matrix (TOM). Next, we set the
minimum module gene size at 30 and generated 63 gene modules
with different colors based on hierarchical clustering method,
then merged multiple similar gene modules into one. Finally, the
correlation between gene modules and traits was calculated to
determine the most relevant module and WGCNA filtered genes
were screened by setting the standard of module membership
(MM) >0.8 and gene significance (GS) >0.5. Genes network was
constructed by Cytoscape (V3.8.0) based on the genes with
weight value >0.20 (26).

DIFFERENTIALLY EXPRESSED GENE
ANALYSIS AND PATHWAYS
ENRICHMENT ANALYSIS

In order to determine the DEGs between the high- and low-
immune infiltration groups, the raw read count matrix of 250
CSCC patients from TCGA database was brought into DESeq2
(27). Genes with |Log,(FoldChange)| >1 and adjusted
P-value <0.01 were considered as DEGs. ClusterProfiler R
package was used to perform Gene Ontology (GO) term
enrichment analysis for biological pathway. CGCI data matrix
was imported into GSEA software (V4.1.0) for gene set
enrichment analysis using the Hallmark gene sets database.

Tissue Collection and Processing

Tumor samples from 18 CSCC patients were collected in Tongji
Hospital, Tongji Medical College, Huazhong University of
Science and Technology. No patient received radiotherapy and
chemotherapy before tissue collection. Each tissue was divided
into two parts for RNA extraction and formalin-fixed and
paraffin-embedded (FFPE), respectively. FFPE tissues were cut
into 4-um-thick sections on slides. This research was approved
by the Ethical Committee of Tongji Hospital, Tongji Medical

College, Huazhong University of Science and Technology
(approval number: TJ-IRB2021207).

RNA Extraction and Quantitative
Real-Time PCR

Total RNA was extracted and dissolved by RNA Isolation Kit
(Vazyme, RC-112-01). ¢cDNA library was obtained using a
quantitative real-time reverse transcription-polymerase chain
reaction (QRT-PCR) reagent kit (Vazyme, R223-01). The qRT-
PCR reaction system contained 1 pug cDNA, 0.4 ul forward
primer, 0.4 ul reverse primer, 8.2 pl H,O, and 10 pl 2x ChamQ
Universal SYBR qPCR Master Mix (Vazyme, R223-01). GAPDH
was set as internal control for gene quantification. The
expression level of each gene was detected at least three times.
The primer sequences are listed in Supplementary Table 1.

Multiplex Immunohistochemistry

All FFPE slides were deparaffinized by dipping in xylene for 1 h
and then rehydrated using the gradient ethanol method. After
deparaffinization and rehydration, all slides were put into boiled
ARG retrieval solution for heat-induced epitope retrieval in a
microwave for 15 min. Endogenous peroxidase was eliminated
with 3% H,0O, for 15 min. Slides were cooled to room
temperature followed by washing with 1x Tris-buffered saline-
Tween 20 (TBST) buffer. Then, Opal 7-color manual THC kit
(Akoya Biosciences, NEL811001KT) was used to stain several
markers in a single FFPE slide. To block non-specific protein
binding sites, slides were incubated with blocking buffer
(Antgene, ANTO041) at room temperature for 10 min.
Subsequently, FFPE tissue slides were incubated with primary
antibody at 37°C for 30 min or 4°C overnight, HRP-labeled
secondary antibody for 10 min, and Opal fluorescein for 10 min,
successively. To stain four markers in a single slide, four rounds
of the above staining procedure were performed with indicated
primary antibody and matched Opal fluorescein pairs
(Supplementary Table 2). The slides were always washed three
times between each step with 1x TBST buffer. After four rounds,
samples were stained for cellular DNA with 4’,6-diamidino-2-
phenylindole (DAPI) (1:10, Servicebio, G1012-10ML) for 10 min
followed by mounting with Fluoromount-G (SouthernBiotech,
0100-01) and preserved in the dark at 4°C. All slides were
scanned by Verctra V3.0 System, and x4 and x20 objective
lens were used to acquire low-power and high-power images,
respectively. Images were analyzed with Phenochart V1.0
software and inForm V2.4 software for tissue component
segmentation of tumor, stroma, and glass regions, respectively.
To identify cell phenotypes, a threshold of fluorescein intensity
was set for each marker. The ratio of the targeted cell counts and
all cell counts in a certain region was used to calculate the
percentage of immune cells in each region. The ratio of cell
counts and area (cell/mm?) was utilized to reveal the density of a
certain cell population.

Survival Analysis and Statistical Analysis

Survival information of TCGA CSCC patients was downloaded
from the UCSC Xena database. Patients who survived less than
30 days were excluded from this analysis. Kaplan-Meier survival
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analysis was applied to educe the correlation between 5-year
overall survival and the expression level of indicated genes.
Based on the relationship with survival time, survival status,
and minus PLA2G2D TPM value, ROC curve analysis was
applied by survivalROC R package. Statistical analysis was
performed with R statistical package. Wilcoxon rank-sum
test was employed for comparison between two groups.
P-values <0.05 were considered significant: *P < 0.05,
**P < 0.01, ¥*P < 0.001, and ***P < 0.0001.

RESULTS

Classification of CSCC by Immune

Cell Infiltration

The RNA-seq data and clinical information of a CSCC cohort
including 250 patients were downloaded from TCGA database
for bioinformatics analysis. Firstly, the MCP-counter, a widely
used algorithm, was used to evaluate the level of immune
infiltration for each sample, according to which CSCC patients
were divided into high- and low-immune infiltration clusters
based on the unsupervised stratification method (Figure 1A).
Subsequently, the 5-year overall survival of the high- and low-
immune infiltration groups was compared. The results
demonstrated that the high-immune infiltration cluster
determined by the MCP-counter had significantly higher
survival than the low-immune infiltration cluster in CSCC
(Figure 1B). Next, ESTIMATE, another algorithm which can
similarly stratify CSCC patients into high- and low-immune

fraction clusters by a median cutoff (Figure 1C), was chosen to
verify this finding. Again, the high-immune infiltration cluster
classified by ESTIMATE was found to have higher survival than
the low-immune infiltration cluster in CSCC (Figure 1D). Of
note, ESTIMATE can also classify CSCC patients into high- and
low-stromal fraction clusters (Figure 1C). However, no
difference was found between the two stromal fraction-
stratified clusters in terms of patient survival (Figure 1E,
P = 0.22). Together, our results demonstrated that immune
infiltration, but not stromal fraction, was correlated with
patient survival in CSCC. Moreover, the other two algorithms,
EPIC and quanTIseq, were used to calculate several immune cell
proportions compared with the MCP-counter and ESTIMATE.
Moreover, the immune cell infiltration results of EPIC and
quanTIseq were consistent with the MCP-counter and
ESTIMATE (Figure S1).

Construction of Weighted Gene
Co-Expression Network and Genes
Filtering Analysis

CSCC RNA-seq data from TCGA was imported into WGCNA R
package to identify gene modules containing similarly expressed
genes, especially immune-related genes. Sample clustering and
trait distribution are shown in Figure 2A. Power value was set at
B = 3 to build a scale-free network (Figure 2B). Gene modules
were calculated and the cutoff height was set at 0.5 to merge
similar gene modules into one (Figure 2C). This analysis resulted
in 63 merged dynamic gene modules with each module
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FIGURE 1 | Immune classification and survival analysis of 250 CSCC patients selected from TCGA database. (A) Heatmap of TME composition as defined by
the MCP-counter algorithm. (B) Kaplan—Meier survival curve for immune infiltration-high and infiltration-low groups determined by the MCP-counter. (C) Heatmap
showing immune and stromal fraction by the ESTIMATE algorithm. (D, E) Kaplan-Meier survival curve for patients with high and low fractions of immune cells and
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containing dozens to more than a thousand genes (Figure 2D,
Supplementary Table 3).

In order to identify immune-related modules and genes, we
constructed the relationship between gene modules and immune
infiltration traits (Figure 3A). We focused on the brown module
which was most relevant to immune infiltration or immune
fraction determined by the MCP-counter and ESTIMATE,
respectively. To further identify genes in the brown module
that are most correlated with the MCP-counter immune
infiltration and ESTIMATE immune fraction, the screening
criteria of MM >0.8 and GS >0.5 were applied, through which
77 genes (brown module vs. MCP-counter immune infiltration)
and 73 genes (brown module vs. ESTIMATE immune fraction)
were filtered (Figures 3B, C). Next, Venn plot was used to reveal
the overlapped filtered genes of these two groups. As shown in
Figure 3D, all 73 brown module genes contained in the
ESTIMATE high-immune fraction group were found to be
presented in the MCP-counter high-immune infiltration group
as well. Finally, GO pathways enrichment analysis for the shared
73 WGCNA genes showed that these genes were mostly involved
in immune-associated pathways, such as T-cell activation,
lymphocyte differentiation, and regulation of T-cell
activation (Figure 3E).

PLA2G2D Is Positively Correlated With
Immune infiltration and Patient Survival

To further explore hub genes from these 73 genes, DEG analysis
was performed using DESeq2 R package. DEGs were determined
between the high- and low-immune infiltration groups
determined by the MCP-counter, through which 968
upregulated genes and 323 downregulated genes were found in
the high- and low-immune infiltration groups, respectively

I |
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FIGURE 2 | Gene modules construction by weighted gene co-expression network analysis (WGCNA). (A) Sample dendrogram and trait heatmap. (B) The
relationship of soft threshold with scale independence and mean connectivity. (C) Clustering of module eigengenes, height set at 0.5 to merge modules. (D) Cluster
dendrogram showing the hierarchical cluster tree for the identified co-expression gene modules with different colors.

(Figure 4A). Similarly, 1,060 upregulated genes and 650
downregulated genes were found in the high- and low-immune
fraction groups determined by ESTIMATE, respectively
(Figure 4B). Interestingly, all 73 WGCNA filtered genes were
presented in these two upregulated gene sets. Notably,
PLA2G2D, a metabolism-related gene, was identified as the
most differentially expressed gene among the 73 genes, as
determined by the log, (FoldChange) value of these genes
(Table 1 and Figures 4A, B).

Next, we sought to identify the genes that were co-expressed
with PLA2G2D. The co-expression network between PLA2G2D
and other genes was constructed by using the criteria of
weight >0.20 (Figure 4C and Table 2). To gain insight into the
function of these co-expressed genes, GO analysis of the biological
process was conducted and the most co-expressed genes were
enriched in immune-related pathways (Figure 4D). Of note,
several genes with weight >0.3 including SLAMF6, SLAMFI,
SH2DI1A, TRATI, and ZNF831 were most co-expressed with
PLA2G2D (Figure 4E). Importantly, Kaplan-Meier survival
curve analysis showed that the expression level of PLA2G2D was
positively correlated with patient survival (Figure 4F,
P = 0.00017). Finally, ROC curve was constructed to
demonstrate the prognostic ability of PLA2G2D in TCGA-CSCC
cohort. The AUCs of PLA2G2D TPM minus value for 2, 3, and
5 years were 0.773, 0.683, and 0.639, respectively (Figure 4G).

Bioinformatic Validation Using Data From
the CGCI Database and PCR Validation
Using Tumor Tissues

To validate the correlation between overexpressed PLA2G2D and

more immune cell infiltration demonstrated in Figure 1, we
analyzed RNA-seq data of CSCC from the CGCI database that
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was also sequenced on an Illumina high-throughput sequence =~ Overexpressed PLA2G2D was bound up with more immune
platform. The immune characteristics of patients in the  cell infiltration such as T cells, B cells, NK cells, and myeloid
PLA2G2D high- and low-expression clusters are illustrated in ~ dendritic cells (Figure 5B). Similarly, ImmuneScore,
Figure 5A by the analysis with the four algorithms.  StromalScore, and ESTIMATEScore were higher in the
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PLA2G2D high-expression cluster than in the PLA2G2D low-
expression cluster (Figure 5C). CD8" T cells, macrophages, and
B cells were also higher in the PLA2G2D-high group based on
quanTIseq and EPIC algorithms (Figure 5D). GSEA analysis
showed that the PLA2G2D high-expression cluster was
enriched in several immune-associated pathways such as
allograft rejection, interferon gamma response, interferon
alpha response, complement, and oxidative phosphorylation
pathways (Figure S2A), whereas PLA2G2D low-expression
cluster was enriched in hypoxia, apical junction, glycolysis,
mitotic spindle, and angiogenesis pathways (Figure S2B). We
also validated whether PLA2G2D was co-expressed with other
genes as indicated by the aforementioned WGCNA analysis.
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FIGURE 4 | The expression of PLA2G2D is positively correlated with immune infiltration and patient survival. Volcano plot for DEGs identified for high- and low-
immune infiltration groups based on the MCP-counter (A) and ESTIMATE (B). The green and red dots represented the significantly downregulated and upregulated
genes, respectively, and the gray dots represented the undifferentiated genes; the purple dots showed the WGCNA filtered genes, with |Logs(FoldChange)| >1 and
adjusted P-value <0.01. (C) Cytoscape network plot showed the relationship between PLA2G2D and other co-expressed genes with weight value >0.2. The purple
nodes showing the co-expressed genes with weight value >0.3. (D) GO pathways enrichment analysis for genes co-expressed with PLA2G2D. (E) Histogram
showing the relationship between the expression levels of PLA2G2D and other five co-expressed genes, ***P < 0.0001. (F) Kaplan-Meier survival curve plot
showing the relationship between PLA2G2D expression level and patient survival. (G) Time-dependent ROC curve analysis for minus PLA2G2D TPM value at 2-, 3-,
and 5-year cutoffs.

Our analysis demonstrated that the expression level of
PLA2G2D was also positively associated with SLAMF®,
SLAMFI1, SH2D1A, TRATI, and ZNF831 when the CGCI
database was used (Figure 5E). To further validate these
results using fresh-isolated clinical samples, 18 cervical
squamous carcinoma samples were collected and the
corresponding clinical data are shown in Table 3. Total RNA
per sample was isolated and qRT-PCR was performed to
examine the gene expression levels of PLA2G2D and other
five genes (Table 4). Our cohort was classified into PLA2G2D
high- and low-expression groups according to the median
expression level of PLA2G2D. Similarly, the expression levels
of four immune-related genes were significantly higher in the
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TABLE 1 | Top 20 WGCNA filtered genes determined by DEG analysis of high- and low-immune infiltration groups classified by the MCP-counter and ESTIMATE algorithms.

Order

0N O WN =

N — 4 4 4 4 4 4 4 4O
O © 0w ~NOO s WN =+ O

Genes

PLA2G2D
GZMK
TRAT1
CRTAM
SCML4
GPR174
ZNF831
LINC00861
SLAMF6
GPR171
SH2D1A
LY9

SIRPG
BX21
FCRL6
TIC24
CD3G
EOMES
FCRL3
LINCO1857

MCP-counter immune high vs. low

Log2FoldChange

3.120339747
2.633961849
2.565309728
2.493534917
2.461018797
2.451822301
2.379191341
2.373752175
2.370123928
2.345873252
2.329233049
2.298409977
2.296040614
2.2919668
2.28625033
2.274489399
2.254820652
2.21785005
2.206529839
2.184645997

Padi

2.46E-32
6.52E-46
8.77E-53
1.38E-50
1.85E-48
5.68E-48
4.28E-49
1.36E-41
2.92E-60
6.25E-49
1.14E-52
2.26E-47
5.79E-53
1.58E-53
9.57E-45
3.53E-40
2.70E-57
9.37E-36
7.39E-35
2.81E-26

Genes

PLA2G2D
CRTAM
TRAT1
GZMK
SH2D1A
SCML4
LINCO1857
SIRPG
FCRL3
BX21
SLAMF6
LY9
TLR8
TIFAB
LINC00861
CD3G
SP140
ZNF831
GPR174
LINC00426

ESTIMATE immune high vs. low

Log2FoldChange

3.129951852
2.594071877
2.5430568375
2.526206854
2.46200327
2.456859681
2.45160968
2.414521914
2.36471631
2.359189375
2.334677345
2.327353913
2.325276706
2.310890798
2.299844149
2.277158384
2272328994
2.271868811
2.269780489
2.223943929

Padj

3.07E-33
3.75E-59
7.56E-53
1.77E-41
2.63E-65
1.78E-49
1.25E-36
1.33E-64
1.57E-43
9.61E-61
2.09E-59
1.71E-50
5.66E-45
6.39E-41
8.68E-39
2.71E-61
4.91E-79
1.21E-43
3.33E-39
5.04E-61

PLA2G2D high-expression group, except for ZNF831, which
could hardly be detected by qRT-PCR in both groups
(Figure 5F and Table 4).

More Immune Cell Infiltration Determined
by Multiplex Immunohistochemistry in
PLA2G2D High-Expression Samples

Next, the multiplex immunohistochemistry (mIHC) method
was performed to validate whether immune cell infiltration was
correlated with PLA2G2D expression in our cohort of 18 CSCC
clinical samples. As our aforementioned bioinformatic analysis
indicated that T cells and macrophages were the most prevalent
cells among the infiltrated immune cells positively correlated
with PLA2G2D expression, and previous studies have shown

TABLE 2 | List of genes co-expressed with PLA2G2D with weight value >0.20.

that the number and percentage of T cells and macrophages
were more than the other kind of immune cells in cervical
cancer (28, 29), we chose these two cells along with tumor cells
to determine the percentage and density of individual immune
cell populations in each slide. For this purpose, the mIHC panel
(Supplementary Table 2) was designed to simultaneously stain
several markers including CD3 (for all T cells), CD8 (for
cytotoxic T cells), CD68 (for macrophages), PCK (for tumor
cells), and DAPI (for nucleic identification). Of note,
CD3"CD8" TILs were defined as CD4" TILs. Our results
indicated that CD3" T cells, including both CD4" and CD8"
TILs, and CD68" macrophages were more abundant in the
PLA2G2D-high group than in the PLA2G2D-low group, as
shown by representative merged images at low magnification

PLA2G2D co-expressed genes Weight
SLAMF6 0.316522209
SH2D1A 0.313611578
TRAT1 0.308061949
ZNF831 0.306000355
SLAMF1 0.300894868
TESPAT 0.295561708
PYHINT 0.29293532
WDFY4 0.279759397
UBASHS3A 0.274771647
SAMD3 0.270901098
SCML4 0.270390467
PRKCB 0.26625189
SIRPG 0.262965895
TFEC 0.260430877
TBX21 0.25827151
SP140 0.256619486
TRG-AS1 0.250638121
TNFSF8 0.246175611
SCIMP 0.240444493

PLA2G2D co-expressed genes Weight
TLR8 0.224623497
ZC3H12D 0.218210964
TIFAB 0.218179744
SIGLECS 0.2174118083
SLFN72L 0.215513035
TIC24 0.214768858
TNFRSF13B 0.213697367
TIMD4 0.211705633
TCL1A 0.211489274
PTCRA 0.208689904
TARP 0.208642553
TMEM156 0.207822287
ZNF80 0.206555702
TMEM150B 0.20555541
STAP1T 0.204952535
RAB37 0.204841733
TNFRSF17 0.203896246
SCUBET 0.203302527
SIGLEC7 0.200210069

Frontiers in Oncology | www.frontiersin.org

October 2021 | Volume 11 | Article 755668


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

Prognostic Biomarker for CSCC

A

Cluster

I PLA2G2D high

PLA2G2D low
Methods

MCP-counter
ESTIMATE

AR ARARARRRENY Cluster

T cells
CD8 T cells
Cytotoxic lymphocytes

B lineage
NK cells

EPIC
quanTliseq

3

Monocytic lineage

Myeloid dendritic cells

Neutrophils 5

Endothelial cells

1

Fibroblasts

StromalScore 0

ImmuneScore
ESTIMATEScore
Beells

CAFs
CD4_Tcells
CD8_Tcells
Endothelial
Macrophages
NKcells
otherCells

-1

=2

-3

B.cells

Macrophages.M1

Macrophages.M2

Monocytes

Neutrophils
NK.cells

Tcells.CD4
Tcells.CD8

o

[

)

log2(TPM +1)

Tregs

Dendritic.cells
Other

Cluster BPLA2G2D high EPLA2G2D low

S
2® oY

e"‘Q' ‘O
A
e“&\

o\ W
3O

o

MCP-counter

5
o
\“30‘0\)‘\%

7i]uanTIseq

0.15

0,05l B
0 oV
e\\5-0 ¢
<O

0‘
o 2

e xe
o
\x‘\e \ﬂ;\@

ESTIMATE EPIC

m

qRT PCR results

.

p=0.063

whx

'
o

[N)
=]

xpression level(2:44¢T)

* 08 f s, . B9,

Methods [T T T T T [ [ [ T 1 [eeeimmis s S e s s e ]

SLAMF6 SLAMF 1SH2D1ATRAT1 ZNF831

FIGURE 5 | Further validation of the relationship between PLA2G2D expression and immune infiltration. (A) Heatmap for PLA2G2D high- and low-expression
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TABLE 3 | Clinical characteristics of patients from our CSCC cohort.

Classification Total Low PLA2G2D High PLA2G2D
expression expression

Age

<40 3 2 1

40-49 8 5 3

>50 7 2 5

FIGO stage

A 10 6 4

1B-IV 8 3 5

Vascular invasion

Positive 6 4 2

Negative 12 5 7

Lymphatic metastasis

Positive 8 3 5

Negative 10 6 4

(Figures 6A, D) and high magnification (Figures 6B, E) and by
single spectrum images for each marker (Figures 6C, F). After
comparing PLA2G2D-high and PLA2G2D-low groups for the

compositions of individual cell populations in different
regions (Figure 7A) and the percentages of individual cell
populations in each sample (Figure S3), we found that the
percentage values of CD3" TILs, CD8" TILs, and macrophages in
the stromal region and all regions of the PLA2G2D high-expression
group were significantly higher compared with that of the
PLA2G2D low-expression group (Figure 7B). Importantly, in the
tumor region, CD8" TILs were the only cell population that were
more frequently observed in the PLA2G2D high-expression
group (Figure 7B).

Next, cell density (cell counts/mm” area) was analyzed in the
tumor and stromal region, respectively. Similar to the
comparison of cell percentage, cell densities of CD3" TILs,
CD8" TILs, and macrophages were significantly higher in the
stromal region of the PLA2G2D high-expression group than
those of the PLA2G2D low-expression group. Moreover, in the
tumor region, only CD8" TIL density in the PLA2G2D high-
expression group was higher compared with that in the
PLA2G2D low-expression group (Figure 7C).
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TABLE 4 | qRT-PCR ACT value of PLA2G2D and other five co-expressed genes.

Samples Genes PLA2G2D group
SLAMF6 SLAMF1 SH2D1A TRAT1 ZNF831 PLA2G2D
SCC11 16.24 16.25 16.25 15.5 20.23 20.06 Low
SCC5 10.59 11.81 10.48 10.78 19.92 15.8 Low
SCC4 10.24 12.03 10.47 9.93 19 14.61 Low
SCC17 11.46 11.97 10.33 10.05 21.07 13.19 Low
SCC6 9.5 11.68 9.89 9.58 18.09 13.15 Low
SCC10 10.55 11.59 10.23 9.28 19.01 12.99 Low
SCC9 9.88 10.95 9.57 9.57 19.72 12.62 Low
SCC1 9.75 11.23 9.34 8.78 18.81 12.39 Low
SCC7 10.15 11.59 10.04 9.81 17.72 12.09 Low
SCC2 10.44 11.47 9.3 8.97 19.58 11.87 High
SCC18 9.48 10.78 7.89 7.82 19.14 1.8 High
SCC15 10.08 10.74 8.79 8.85 17.65 11.69 High
SCC3 8.84 10.11 7.67 7.53 19.53 1111 High
SCC16 8.77 9.89 8.64 8.32 18.3 114 High
SCC14 8.09 10.35 8.11 7.22 16.35 10.72 High
SCC13 8.45 9.15 7.41 7.39 18.16 10.23 High
SCC8 7.91 11.25 7.06 6.22 16.8 9.99 High
SCC12 7.36 9.31 6.31 5.81 17.32 9.54 High

X

20

PLA2G2D high group

x

o 20

PLA2G2D low group

FIGURE 6 | mIHC staining for CD3, CD8, CD68, PCK, and DAPI in cervical squamous cancer specimens with high (A-C) and low expression (D-F) of the
PLA2G2D gene. (A, D) Merged mIHC images at low magnification (x4). (B, E) Merged mIHC images at high magnification (x20) indicating the same filed in
(A, D). (C, F) Single spectral images indicating the same filed in (B, E).
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Tumor-resident macrophages were previously considered
as a major cell population in suppressing the function of
cytotoxic T cells and were reported to be associated with
poor prognosis of cancer (30). Therefore, we assessed the
CD8/CD68 ratio between these two groups. The ratio was
higher in all areas in the PLA2G2D high-expression
group (Figure 7D).

Positive Correlation Between the
Expression of PLA2G2D and ICPs
The expression of immune checkpoint genes [e.g., PDCDI
(PDI), CD274 (PDLI), CTLA4, LAG3, and HAVCR2 (TIM3)]
has been utilized in predicting the response of patients to ICB
therapy in a variety of cancers including CC. To evaluate the

CD3* TILs CD4* TILs CD8* TILs Macrophages
Stroma Region

All Region  Tumor Region Stromal Region

FIGURE 7 | Statistical analysis for mIHC staining. (A) Pie plots showing the composition of immune cells within different regions in PLA2G2D high- and low-
expression groups. (B) Histograms showing the comparison of the percentage of individual immune cell populations between PLA2G2D high- and low- expression
groups in different regions. (C) Histograms showing the comparison of the density of individual immune cell populations between PLA2G2D high- and low-
expression groups in different regions. (D) Histogram showing the comparison of the CD8/CD68 ratio between PLA2G2D high- and low-expression groups in

possible relationship between the expression of PLA2G2D and
these ICPs, correlation analysis was performed using
transcriptomic data from TCGA database. Our analysis
indicated that the expression of ICP genes was significantly
higher in the PLA2G2D high-expression group compared with
that in the PLA2G2D low-expression group. Through Pearson
correlation analysis, we found that these common ICP genes
were positively correlated with PLA2G2D expression
(Figures 8A, C). Similar findings were noted when using the
CGCI validation cohort except for CD274, the expression of
which was comparable in the PLA2G2D low-expression and
high-expression groups and was not correlated with the
expression of PLA2G2D. This discrepancy may be attributable
to the small sample size in this cohort (Figures 8B, D).

Frontiers in Oncology | www.frontiersin.org

October 2021 | Volume 11 | Article 755668


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

Prognostic Biomarker for CSCC

Positive Correlation Between the

Expression of PLA2G2D and the Response
to ICB Therapy in Immunotherapy Cohorts
ICB therapy has been performed in patients with advanced
cervical cancer, but transcriptional data for these cohorts are
not accessible. To validate the relationship between PLA2G2D
and the response to ICB treatment, we analyzed the
transcriptome data from immunotherapy cohorts of melanoma
and urothelial carcinoma. In the melanoma anti-PD1 therapy
cohort, we selected patients who have not previously received
immunotherapy for enrollment analysis and divided them based
on PLA2G2D expression at pretreatment stage. The percentage
of compete response or partial response (CR/PR) was higher in
PLA2G2D-high patients (Figure 9A). PLA2G2D expression level
of CR/PR patients also showed a higher tendency compared with
stable disease (SD) and progressive disease (PD) patients;
however, these differences failed to reach statistical significance
(Figure 9B). In this cohort, 9 and 10 pairs of pre- and on-
treatment patients were assigned to the PLA2G2D-high and
PLA2G2D-low cluster, respectively. Before ICB therapy,
PLA2G2D-high patients show higher ICP expression and CYT
score (Figures 9C-E). Interestingly, after ICB therapy,
PLA2G2D-high patients also have higher ICP expression and
CYT score (Figures 9C, F, G). Importantly, compared with
pretreatment patients, on-treatment patients have stronger

cytotoxicity and higher ICP expression after anti-PD-1 therapy
regardless of PLA2G2D-high or PLA2G2D-low groups
(Figure 9C). Furthermore, in the urothelial carcinoma anti-
PDLI therapy cohort, the percentage of CR/PR patients was
higher in PLA2G2D-high patients, which is similar to that in
melanoma immunotherapy cohort (Figure 9H). CR/PR patients
showed a higher tendency of PLA2G2D expression level than SD
and PD patients (Figure 9I). Unfortunately, only pretreatment
transcriptome data are available for this cohort, thus preventing
us from performing similar analysis for on-treatment data.
Nevertheless, PLA2G2D-high expression was also accompanied
by high expression of ICPs despite no statistical significance
(Figures 9], K), while expression level of cytotoxicity markers
(GZMA and PRFI) and the CYT score were significantly higher
in the PLA2G2D-high group (Figures 9J-L).

DISCUSSION

The tumor microenvironment (TME) is a complex milieu that
comprises diverse cell populations including malignant cells,
immune cells, stromal cells, and other cell types (31). Each cell
population can impact others through releasing soluble
molecules and/or by direct cell-cell interaction. As a crucial
part of the tumor microenvironment, TIME plays a pivotal role

(D) database. *P < 0.05, **P < 0.01, and ****P < 0.0001.

A B
8 R=0.69,p<2.2e-16 8| . R=0.31,0=6.7e-07
@PLA2G2D high EPLA2G2D low 6 6
5 N
8 2 5N
o a4
— o
z 2 i
e : .
N oL i
g 00 25 50 75 00 25 50 75
3 PLA2G2D PLA2G2D
34 8 R=0.67,p<2.2e-16 8 R=0.62,p<2.2e-16 8 R=0.69,p<2.2e~16
{3 §
S :
S 6 6 6
8, b &
[ yt o
3 [~ Q4
g 5, <
| 2
0
(Vi oL: 3
CD274 CTLA4 LAG3 HAVCR2
Gene Symbol 0.0 ZF’SLAZ G52% 75 0.0 2F.,5LA 2 (;5200 75 00 %’EA ZG%S 75
(] D
8 R=0.54,p=0.00026 g R=0.21, p=0.19
BPLA2G2D high EPLA2G2D low 6 .
- p=0.650 o * * = <8 g .
% 04 N /
s o 04 —
EG n‘2 Q s
= S 2| -
S 0. E ) _
S 0 2 4 0 2 4
34 PLA2G2D PLA2G2D
= 8 R=0.5,p=0.00072 g R=0.46,p=0.0023 8 R=0.51,0=0.00064
o
gz fj"e b i . 7
3 4 . . 9 . o2 o
: S IR P 3
" i 2‘ = oA 7. . T,
PDCD1 CD274 CTLA4 LAG3 HAVCR2 u -
Gene Symbol 0 Blacoh BLaoGab g BLA2G2D

FIGURE 8 | Correlation of the expression level of PLA2G2D and ICPs. Histograms showing the comparison of ICP expression level between PLA2G2D-high and
PLA2G2D-low groups in TCGA (A) and CGCI database (C). Pearson correlation analysis for the expression level of PLA2G2D and ICPs in TCGA (B) and CGCI
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in tumorigenesis and the clinical outcomes of cancer patients
(32). Accumulating lines of evidence have suggested that a
certain type of TIME characterized by more immune cell
infiltration is indicative of a better prognosis and a favorable
response to ICBs (15, 33). Furthermore, several factors from
tumor cells themselves, immune cells, and stromal cells were
reported to be implicated in shaping the landscape of TIME (34-
36). However, for CSCC, the connection between TIME
(especially immune infiltration) and cancer prognosis and the
possible underpinning molecular mechanism are far from
elucidated. This limitation greatly prevents the identification of
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FIGURE 9 | Correlation of the expression level of PLA2G2D and response to ICB treatment in melanoma (A-G) and urothelial carcinoma immunotherapy cohorts
(H-L). (A, B) Bar and boxplot for the relationship between PLA2G2D expression and response to ICB treatment in melanoma cohort. (C) Heatmap of the
relationship of ICPs, cytotoxic genes, and CYT score with different PLA2G2D expression levels and response to treatment in paired pre- and on-treatment patients.
Boxplots showing the differential expression of ICPs, cytotoxic genes, and CYT scores between patients with different PLA2G2D expression levels before ICB
therapy (D, E) and after ICB therapy (F, G). (H, 1) Bar and boxplot for the relationship between PLA2G2D expression and response to ICB treatment in urothelial
carcinoma cohort. (J) Heatmap of the relationship of ICPs, cytotoxic genes, and CYT score with different PLA2G2D expression levels. (K, L) Boxplots showing the
differential expression of ICPs, cytotoxic genes, and CYT score between patients with different PLA2G2D expression levels. *P < 0.05, **P < 0.01, and **P < 0.001.
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new therapeutic targets that can be utilized to improve patient
prognosis through transforming the TIME with poor-immune
infiltration to high-immune infiltration. Therefore, this study
was designed to address this issue. Through bioinformatics
analyses, we identified a key immune- and metabolism-
associated molecule PLA2G2D that was significantly related
to better prognosis of CSCC patients and more immune
cell infiltration.

Metabolism-associated molecules are critical components
of TIME (37). Metabolic reprograming of tumor cells may
promote tumor growth and metastasis directly or indirectly
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through influencing the functions of a variety of immune cells,
especially T cells (38-40), and the shape of TIME. Phospholipase
A2 (PLA,) proteins are a group of lipid metabolism-associated
molecules that can catalyze the hydrolysis of the sn-2 position of
membrane glycerophospholipids to release unsaturated fatty acid
and lysophospholipid, thereby playing a pivotal role in multiple
biochemical processes including inflammatory response. While
both cytosolic and secreted forms of PLA, have been identified,
more than one-third of the PLA, enzymes belong to the secreted
PLA, (sPLA,) family, which have both pro- and anti-
inflammatory functions as a result of the production of diverse
lipid mediators (41, 42). As a member of sSPLA,, group IID PLA,
(encoded by PLA2G2D), is broadly expressed in human body,
such as the spleen, lymph nodes, squamous epithelium, and
colorectal cancer tissue (43-45). In the current investigation,
PLA2G2D was also found to be expressed in CSCC specimens
at the transcriptional level (Figure 5E). Previous studies have also
shown that PLA2G2D was preferentially expressed in lymphoid
tissue-resident dendritic cells and macrophages and implicated in
anti-inflammation response in an array of inflammation-related
conditions including contact hypersensitivity (43), viral infection-
associated inflammation (46), experimental encephalomyelitis and
colitis (47), and contact dermatitis and psoriasis (48). The role of
Pla2g2d in cancer has been investigated as well. Using both
Pla2g2d-deficient and Pla2g2d-transgenic mouse models, Miki
et al. found that Pla2g2d could facilitate the development of
chemical-induced skin cancer accompanied by macrophage
polarization toward M2 phenotype and decreased number of
cytotoxic T cells (48). The cancer-promoting effect of PLA2G2D
has also been suggested in human. Recently, PLA2G2D was
identified as one of the high-risk genes for colorectal and rectum
adenocarcinoma that were negatively correlated with patient
survival. However, PLA2G2D expression was also found to be
positively correlated with immune infiltration and better
prognosis in head and neck squamous cell carcinoma and breast
cancer in human (49, 50), which is consistent with our current
findings in CSCC. The opposite effects of PLA2G2D in different
cancer types may result from the distinct microenvironments and
different downstream lipid mediators presented in each cancer
type, which in turn result in either an elevated or dampened
inflammatory responses, thereby leading to the distinct clinical
outcomes reported in these investigations (48).

In this study, the relationship between PLA2G2D
overexpression and more immune cell infiltration in CSCC was
validated through two approaches. Firstly, another dataset from
the CGCI database was used for validation at the transcriptional
level. Secondly, mIHC, a multispectral microscopy technique
that can reveal the TIME profile on FFPE slides, was applied to
determine the major immune cell populations infiltrated in
tumor including CD4" T cells, CD8" T cells, and macrophages,
which were subsequently used to confirm their relationship with
PLA2G2D expression. Our results demonstrated that PLA2G2D
high-expressed samples had more immune cells infiltrated in the
stroma region. More importantly, CD8" TILs were the only cell
population that were more frequently found inside the tumor
region in PLA2G2D high-expressed samples, suggesting that

PLA2G2D could participate in the recruitment of CD8" TILs
into the cancer nests, either directly or indirectly. The presence of
tumor-associated macrophages is often associated with
tumorigenesis, immune suppression, and poor prognosis of
patients (35, 51). Indeed, macrophages can directly suppress
CD8" T-cell proliferation in vitro (30, 52-54). Therefore, we
compared the CD8/CD68 ratio between PLA2G2D-high and
PLA2G2D-low samples. Again, a significantly higher ratio of
CD8/CD68 was found in PLA2G2D-high samples compared
with that in PLA2G2D-low samples. Taken together, these
results not only confirmed the aforementioned relationship
between immune infiltration and PLA2G2D expression, but
also revealed the spatial characteristics of immune infiltration
in PLA2G2D-high samples.

The mechanism by which PLA2G2D affects immune
infiltration in CSCC is currently unclear, and lipid mediators
downstream of PLA2G2D might contribute. For example, the
enzyme activity of PLA2G2D could result in the production of
leukotriene B4, a potent chemotactic molecule with the capacity
to recruit neutrophils, monocytes/macrophages, CD8" cytotoxic
T lymphocyte, and Th17 cells (55). However, molecules other
than these lipid mediators may be involved as well. To explore
the possible candidates, genes that co-expressed with PLA2G2D
were determined by WGCNA analysis, which resulted in the
identification of the top 5 genes, namely, SLAMF6, SLAMFI,
SH2DI1A, TRATI, and ZNF831. These genes were successfully
validated using another dataset from the CGCI database and
confirmed by qRT-PCR using fresh-isolated CSCC samples, with
the exception of ZNF831, the expression of which was extremely
low and no statistical significance was found between PLA2G2D-
high and PLA2G2D-low samples. It is noteworthy that these five
genes are all associated with immunity. SLAMF1 (CD150) and
SLAMEFG6 belong to the signaling lymphocytic activation molecule
(SLAM) family and express on several immune cells including T
cells, B cells, and NK cells (56). Previous studies have shown that
the expressions of SLAMF]I in cervical cancer and SLAMF6 in
liver cancer were closely related to tumor infiltration of immune
cells and patient prognosis (57, 58). The SH2DIA gene encodes
SH2 domain-containing protein 1A, which is often known as
SLAM-associated protein. SLAM can transduce the tyrosine
signaling pathway to promote interferon-y production in the
presence of SH2D1A (56, 59). TRATI encodes the tripartite
motif (TRIM) protein which is essential for T-cell activation and
positively correlated with the survival of patients with metastatic
melanoma (59). ZNF831 is a transcription factor gene and was
also significantly correlated with immune cell infiltration in triple
negative breast cancer (60). Together, in light of the role of the
aforementioned co-expressed genes in various immune-related
pathways, PLA2G2D may interact with these co-expressed genes
indirectly or directly, thereby influencing immune
cell infiltration.

Immune cell infiltration, along with PDL1 expression and
tumor mutation burden (TMB), has been frequently used as
independent biomarkers in predicting the response of patients to
ICB therapy in multiple cancer types (61). Therefore, the positive
correlation between immune cell infiltration and the expression
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of PLA2G2D in CSCC identified in this study indicates that
PLA2G2D expression may also represent another predictive
biomarker for ICB in CSCC. In support of this notion, we found
that the levels of ICP genes, another independent biomarker for ICB
therapy, were markedly higher in the PLA2G2D high-expression
group than those in the PLA2G2D low-expression group at the
transcriptional level. Furthermore, a positive correlation between
the expression of PLA2G2D and ICP genes was noted in both TCGA
and CGCI cohorts. Finally, we directly examined the predictive
value of PLA2G2D expression for patient response to ICB therapy in
melanoma and urothelial carcinoma immunotherapy cohorts,
given the lack of transcriptional data in CSCC immunotherapy
cohorts. Before ICB therapy, PLA2G2D-high patients have higher
ICP expression and CYT score. After ICB therapy, the expression
level of ICPs and CYT score were further increased compared with
the pretreatment stage, as indicated by paired analysis. Hence,
PLA2G2D-high patients have higher cytotoxicity and favorable
response to ICB treatment. Taken together, PLA2G2D expression
may represent a novel biomarker with a better predictive power for
ICB therapy.

In conclusion, through integrating bioinformatics and
experimental verification, we demonstrated that the metabolic
molecule PLA2G2D was positively correlated with immune
infiltration and patient prognosis in CSCC, suggesting that
PLA2G2D could be a novel prognosis biomarker for CSCC
patients. Furthermore, PLA2G2D might be a promising
biomarker for the evaluation of immune infiltration situation
across different patients and represent another independent
predictive biomarker for ICB therapy in CSCC. However, the
underpinning mechanism regarding how PLA2G2D works in
TME is unclear and warrants further investigations.
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