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Background: Malignant pleural mesothelioma (MPM), a highly aggressive cancer, was
mainly attributed to asbestos exposure. Carbon nanotubes (CNTs) share similar negative
features to asbestos, provoking concerns about their contribution to MPM. This study was
used to identify genes associated with CNT-induced MPM.

Methods: Microarray datasets were available in the Gene Expression Omnibus database.
The limma method was used to identify differentially expressed genes (DEGs) in CNT-
exposed MeT5A cells (GSE48855) or mice (GSE51636). Weighted correlation network
analysis (WGCNA) and protein—protein interaction (PPI) network construction were con-
ducted to screen hub DEGs. The mRNA expression levels of hub DEGs were validated on
MPM samples of GSE51024, GSE2549 and GSE42977 datasets, and their diagnostic effi-
cacy was determined by receiver operating characteristic curve analysis. The prognostic
values of hub DEGs were assessed using online tools based on The Cancer Genome Atlas
data. Their functions were annotated by Database for Annotation, Visualization and
Integrated Discovery (DAVID) enrichment and correlation with immune cells and markers.
Results: WGCNA identified that two modules were associated with disease status. Thirty-one
common DEGs in the GSE48855 and GSE51636 datasets were overlapped with the genes in these
two modules. Twenty of them had a high degree centrality (>4) in the PPI network. Four DEGs
(FN1, fibronectin 1; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2, chondroitin
polymerizing factor 2; and THBS2, thrombospondin 2) could predict the overall survival, and
they were confirmed to be upregulated in MPM samples compared with controls. Also, they could
effectively predict the MPM risk, with an overall accuracy of >0.9. DAVID analysis revealed FN1,
CHPF2 and THBS2 functioned in cell-ECM interactions; UGCG influenced glycosphingolipid
metabolism. All genes were positively associated with infiltrating levels of immune cells (macro-
phages or dendritic cells) and the expression of the dendritic cell marker (NRP1, neuropilin 1).
Conclusion: These four immune-related genes represent potential biomarkers for monitor-
ing CNT-induced MPM and predicting the prognosis.

Keywords: carbon nanotubes, malignant transformation, malignant pleural mesothelioma,
tumor-infiltrating immune cells, prognosis, diagnosis

Introduction

Carbon nanotubes (CNTs) are one of the most frequently used engineered nano-
materials for industrial, consumer and biomedical applications' > because of their
unique properties, such as lightweight, high tensile strength and electrical
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conductivity.® However, CNTs share similar negative phy-
sical characteristics (eg needle-like structure, high aspect
ratio, durability and biopersistence)”* and similar routes of
exposure (eg inhalation) to asbestos fibers, which account
for 88% of the population-attributable risk of malignant
pleural mesothelioma (MPM).>'® These similarities indi-
cate that widespread exposure to CNTs may also have the
potential to induce the development of asbestos-like MPM,
especially in occupational workers. Furthermore, MPM
has been demonstrated to be a highly aggressive cancer,
with a 5-year survival rate of <10%.'" Therefore, it is of
clinical significance to identify biomarkers for surveillance
of occupational workers to prevent the onset of CNT-
induced MPM.

Recent studies have used in vitro and in vivo models to
explore the molecular mechanisms of CNT exposure for
MPM. Lohcharoenkal et al found chronic exposure with
single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs) induced a significant increase in cell growth,
invasion and migration of non-tumorigenic human lung
mesothelial MeT5A cells as compared to Survanta-
treated control,'? during which the expression of matrix
metallopeptidase 2 (MMP-2) gene was most strikingly
upregulated, while knockdown of MMP-2 reduced the
aggressive behaviors of CNT-transformed MeT5A
cells.'” Huang et al reported that exposure to MWCNTs
(0.1 pug/mL) for three months significantly increased the
proliferation, migration, invasion and colony-forming abil-
ities of MeT5A cells.'® Transcriptome sequencing, quanti-
tative polymerase chain reaction (QPCR) and Western blot
analyses revealed activation of the nuclear factor kappa
B (NF-kB)/interleukin (IL)-6/signal transducer and activa-
tor of transcription 3 (STAT3) inflammatory pathway may
be an important mechanism in MWCNT-induced malig-
nant transformation of MeT5A cells; silencing of these
pathway genes reversed the above malignant phenotypes

1315 and rat/

of MeT5A cells."* Macrophage co-culture
mouse peritoneal cavity injection'*'® experiments demon-
strated MWCNTs may induce the development of MPM
by stimulating the macrophage accumulation, which then
enhanced the production of NF-kB, IL-6, IL-1B, tumor
necrosis factor-a (TNF-a) and STAT3 of mesothelial
cells. In the study of Chernova et al, the expression levels
of STAT3, IL-6 and phosphatidylinositol 3-kinase (PI3K)
genes were identified to be increased, while cyclin depen-
dent kinase inhibitor 2A (CDKN2A) was shown to be
decreased in CNT-induced MPM lesions at 6 months post-
injection.!” These findings suggest that the above-related

genes may represent candidate biomarkers to predict the
risk of CNT-induced MPM. However, the key molecules
that drive CNT-associated MPM remain not well under-
stood at present.

In this study, we attempted to identify promising bio-
markers for CNT-induced MPM by a comprehensive ana-
lysis of transcriptome microarray data (GSE48855) of
CNT-transformed MeT5A cells.'? Weighted gene co-
expression network analysis (WGCNA)'® was used to
cluster genes with similar expression patterns in the
GSE48855 dataset to the same module and connect mod-
ules with the phenotypic trait. The expression levels of
genes in crucial modules extracted from the GSE48855
dataset were further validated in the mRNA expression
profile (GSE51636) of mice exposed to CNTs or not.'”
Furthermore, the expression, predictive and prognostic
abilities of hub genes in MPM samples were also explored
using the datasets (GSE51024,'" GSE2549*° and
GSE42977°"*%) from the Gene Expression Omnibus
(GEO) database and several online tools based on The
Cancer Genome Atlas (TCGA) dataset. The functions of
hub genes were predicted by linking to the infiltration
levels of various immune cells since inflammation seemed
to be an important contributor for CNT-associated
MPM. 1315

Materials and Methods

Data Source

The mRNA expression profile datasets of GSE48855'% and
GSE51636'7 were retrieved from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/) using “carbon nano-

tubes” AND “mesothelioma” as the keywords, while
GSE51024," GSE2549*° and GSE42977*"** microarray
datasets were selected from the GEO database because
they compared the gene expression profiles between
MPM and normal specimens. In the GSE48855 dataset,
there were, respectively, three human immortalized pleural
mesothelial cells (MeT5A) exposed to subcytotoxic con-
centration (0.02 pg/cm?) of SWCNTs, MWCNTSs or croci-
dolite asbestos for up to 4 months to induce malignant
transformation; Survanta® dispersant (n = 3) or saline (n
= 3) was set as the control for CNT or asbestos,
respectively.'? The microarray platform of the GSE48855
dataset was NimbleGen Homo sapiens HG18 090828 opt
expr HX12 (12x135k) (GPL10191). In the GSE51636
dataset, long carbon nanotubes (5 pg per mouse, n = 4),
long asbestos fibers (5 pg per mouse, n = 4) and control
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(0.5% BSA/saline, n = 4) were injected into the pleural
cavity of female C57Bl/6 mice, which induced the inflam-
matory lesions at 12 weeks and mesothelial hyperplasia at
12-20 months.'” Since microarrays were performed on
CNT
administration,'” the GSE51636 dataset was only used as

diaphragm  tissues at 12 weeks after
the validation dataset to evaluate the expression levels of
crucial genes in precancerous lesions. The microarray plat-
form of the GSE51636 dataset was Agilent-028005
SurePrint G3 Mouse GE 8x60K Microarray (GPL10787).
Fifty-five frozen resected MPM tissues and 41 paired
normal lung parenchyma tissues were used for the gene
expression profiling study in the GSE51024 dataset (plat-
form: [HG-U133 Plus 2] Affymetrix Human Genome
U133 Plus 2.0 Array, GPL570);'? 40 MPM surgical speci-
mens, 5 normal pleura and 5 normal lung specimens, 5
MPM cell lines and 1 non-tumorigenic mesothelial cell-
line MeT5A were included in the GSE2549 dataset (plat-
form: [HG-U133A] Affymetrix Human Genome U133A
Array, GPL96);*° 39 MPM specimens (histological sub-
type: n = 24 as epithelioid; n = 8 as sarcomatoid; n = 7 as
biphasic), 7 normal pleura and 2 normal lung specimens
were contained in the GSE42977 dataset (platform:

GPL6790).2"* MPM was believed to arise from mesothe-
lial cells in the pleura and frequently envelopes lung
tissues. Thus, both pleura and lung tissues were included
as controls.”’ The workflow of the study is shown in
Figure 1.

Screening of Differentially Expressed
Genes (DEGs)

The matrix and annotation files of GSE48855 and
GSE51636 datasets were downloaded from the GEO data-
base. The limma package in R (v3.34.7; https://bioconduc
tor.org/packages/release/bioc/html/limma.html)*?
used to screen DEGs between the CNT (asbestos)-
exposed group and the control group in GSE48855 and
GSE51636 datasets. The statistical threshold was defined
as |log,FC(fold change)| >1 and false discovery rate

was

(FDR) adjusted p-values according to the Benjamini-
Hochberg procedure?* <0.05. The heatmap of DEGs iden-
tified between SWCNT/MWCNT-exposed and control
MeT5A cells in the GSE48855 dataset was plotted using
the pheatmap package (v1.0.8; https://cran.r-project.org/

web/packages/pheatmap). Furthermore, the DEGs identi-
fied in the GSE51636 dataset were converted to human

lumina HumanRef-6 v2.0 expression beadchip, homologous genes using the online database mining tool
GSE51636 GSE48855
Pleural cavity of mice exposed to long CNTs vs control (n = 3) Human pleural mesothelial cells exposed to SWCNTs or MWCNTs vs control (n = 3)
! | |

[ LIMMA analysis to identify DEGs ] [ LIMMA analysis to identify DEGs ]—[ WGCNA analysis to identify modulcs]
[ Hypergeometric algorithm to identify 775 DEGs enriched in crucial modules ]

[ Comparison analysis to identify 31 common DEGs enriched in crucial modules ]
[ Comparison analysis with PPI genes to identify 20 hub module genes ]

}

Associated with
infiltrating immune cells and their
biomarkers of mesothelioma:
TCGA data analysis in the TIMER

l

[ Confirmation of 4 diagnostic and prognostic biomarkers for carbon nanotube-induced pleural malignant mesothelioma (FN1, UGCG, CHPF2 and THBS2) ]

mRNA expression validation or diagnostic accuracy assessment in
pleural malignant mesothelioma compared with controls:
GEO2R or ROC curve analysis of datasets of GSE51024 (55 vs 41);
GSE2549 (tissue, 40 vs 9; cell line, 4 vs 1); GSE42977 (39 vs 9)

Associated with overall survival of
mesothelioma:
Kaplan-Meier survival analysis of TCGA data
analysis in the GEPIA, UALCAN and TIMER

Figure | Workflow chart of the study.

Abbreviations: CNT, carbon nanotubes; SWCNTs, single-walled carbon nanotubes; MWCNTSs, carbon nanotubes; DEGs, differentially expressed genes; WGCNA,
weighted gene co-expression network analysis; ROC, receiver operating characteristic; PP, protein—protein interaction; TCGA, The Cancer Genome Atlas; GEPIA, Gene
Expression Profiling Interactive Analysis; TIMER, Tumor IMmune Estimation Resource; FNI, fibronectin |; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2,

chondroitin polymerizing factor 2; THBS2, thrombospondin 2.
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Biomart (v2.3.6; https://bioconductor.org/packages/

release/bioc/html/biomaRt.html)>> and compared with
DEGs in the GSE48855 dataset. Venn diagram (http://

using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (v6.8; http://david.abcc.

ncifcrf.gov) database. Hyper-geometric test with

bioinformatics.psb.ugent.be/webtools/Venn/) was used to
identify the overlapped genes. Data of GSE51024,
GSE2549 and GSE42977 datasets were directly analyzed
using the GEO2R tool (https://www.ncbi.nlm.nih.gov/geo/

geo2r/) to confirm the expression levels of crucial genes
identified from the GSE48855 and GSES51636 datasets
(FDR < 0.05 was considered to be significant) in MPM
and controls.

|dentification of Co-expression Modules

Associated with CNT-Induced MPM

The WGCNA package in R (v1.61; https://cran.r-project.
org/web/packages/WGCNA/index.html)'® was used to
construct the co-expression network based on the expres-
sion data of all mRNAs in the GSE48855 dataset. As
described previously,”® the first step was to determine the
soft-thresholding power (B) using the pickSoftThreshold
function of WGCNA according to the scale-free topology

criterion. Then, the adjacency matrix was converted into

a topological overlap matrix (TOM) to construct

a dendrogram. Modules were detected using the
DynamicTreeCut algorithm of WGCNA with a minimum
module size of 40 and a minimum cut height of 0.995. The
key modules were screened by: 1) analyzing the correla-
tion of co-expression modules with the disease status of
CNT-induced MPM; 2) examining the correlation between
gene significance (GS, defined as the correlation between
gene expression and each trait) and module membership
(MM, defined as the correlation between gene expression
and each module eigengene). All correlation analyses were
carried out by using the Pearson correlation, with p < 0.05
as the statistical significance measure; and 3) mapping the
common DEGs induced by SWCNTs and MWCNTs into
the modules by using the hypergeometric algorithm [f(k,
N, M, n) = C(k, M)*C(n-k, N-M)/C(n, N)].>” CNT-related
modules were identified if their fold enrichment was >1
and p-value was <0.05.

Function Enrichment Analysis for Module

Genes

To predict the possible functions of DEGs in crucial mod-
ules responsible for MPM, Gene Ontology (GO) terms,
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Reactome pathway enrichment analyses were performed

a p-value <0.05 was considered statistically significant.

Protein—Protein Interaction (PPI)

Network Analysis for Module Genes

To further identify hub genes of module DEGs and possi-
ble downstream molecular mechanisms, the interactions
between DEGs were identified using the Search Tool for
the Retrieval of Interacting Genes (STRING; v10.0;
with
a combined score of >0.4 were considered to be reliable

https://string-db.org) database. Interaction pairs

and were used to construct the PPI network with the
Cytoscape software (v3.6.1; www.cytoscape.org/). Genes

in the PPI network were ranked by the CytoNCA plugin in
Cytoscape software (http://apps.cytoscape.org/apps/

cytonca) according to the degree centrality. Hub DEGs
were identified as genes that had a degree centrality of >4.

Prognostic Analysis for Module Genes
Gene Expression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn/),”® UALCAN (http://ualcan.

path.uab.edu/)*’
Resource (TIMER; https://cistrome.shinyapps.io/timer/)*°

and Tumor IMmune Estimation

are interactive web resources for online analyses of levels
3 TCGA RNA-sequencing data and clinical data from 31
cancer types. In the study, we used them to analyze the
prognostic performance of CNT-related hub module genes
for MPM. Kaplan—Meier curves were plotted to show the
differences in overall survival (OS) between the high- and
low (or low-medium)-expression groups divided by the
median expression value (or 3rd quartile) of each gene.
Log-rank p-value <0.05 was set as the cut-off. Only the
genes that were demonstrated to be significantly asso-
ciated with OS in three tools were retained and the OS
rate of patients should be consistent with the expected
trend according to the expression levels of genes in CNT-
MPM and MPM samples (eg, for upregulated genes,
patients with a high expression level may have a shorter
OS rate).

Diagnostic Analysis for Module Genes

The diagnostic value of hub module genes to differentiate
MPM samples from controls was assessed by receiver
operating characteristic (ROC) curves. MedCalc (v9.3;
MedCale Software, Mariakerke, Belgium) was used to
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generate the ROC curves and the diagnostic efficacy of
single genes or the gene-combination was evaluated
according to the area under each ROC curve (AUC),
sensitivity and specificity.

Immune Association Analysis

To further identify the functional mechanisms of hub
DEGs, an immune association analysis was performed
using the TIMER (https://cistrome.shinyapps.io/timer/)

database®® that is a resource for systematic analysis of
tumor-infiltrating immune cells across diverse cancer
types. In this study, we used the “Gene” module to
estimate the correlations between the gene expression of
hub genes and the abundance of six immune infiltrates (B
cells, CD4+ T cells, CD8+ T cells, neutrophils, macro-
phages, and dendritic cells). Moreover, the “Correlation”
module was also utilized to explore the correlations
between the expression of hub genes and gene markers
of various immune cells [tumor-associated macrophages
(TAMs), dendritic cells and neutrophils].’'** The gene
markers were selected because they were also differen-
tially expressed in CNT-induced MPM. The purity-
corrected partial Spearman’s rho value and p-value were
provided.

Results
Identification of DEGs Associated with

CNT-Induced Malignant Transformation

of MeT5A Cells

A total of 9986 genes in the GSE48855 dataset were
used for DEG analysis. Under the threshold of FDR <
0.05 and |log,FC| > 1, a total of 1077 genes (including
752 upregulated and 325 downregulated) were identified
as DEGs between SWCNT-exposed and dispersant-
treated MeTS5A cells; a total of 2060 DEGs (including
1493 upregulated and 567 downregulated) were
screened from MWCNT-exposed MeT5A cells in com-
parison with dispersant controls. The heatmap analysis
showed that these DEGs could significantly discriminate
the transformed MeT5A cells induced by SWCNTs
(Figure 2A) or MWCNTs from controls (Figure 2B).
Venn diagram displayed there were 565 commonly upre-
gulated (Figure 2C) and 269 commonly downregulated
(Figure 2D) between SWCNTs and MWCNTs (Table 1).
Thus, these 834 shared genes were used for the follow-
ing analyses.

Identification of Key Modules Associated
with CNT-Induced Malignant

Transformation of MeT5A Cells

A WGCNA was used to identify key modules associated
with CNT-induced malignant transformation of MeT5A
cells based on all genes in the GSE48855 dataset. When
the power was 12, the scale-free R* was 0.9 for the first
time (Figure 3A), and the co-expression networks satisfied
the requirements of scale-free topology (Figure 3B). Thus,
B = 12 was selected as the optimal soft threshold value to
generate a TOM dendrogram. After setting the minimum
size of 50 genes and the minimum cut height of 0.995, 19
co-expression modules were obtained from the dendro-
gram and labeled with different colors (Figure 3C).
Among them, blue (including 508, all upregulated) and
brown (including 267, all downregulated) modules were
significantly enriched by DEGs (Table 2). The module-
trait relationship analysis illustrated that the blue (r = 0.97;
p = 2E-05) and brown (r = —0.98; p = 4E-06) modules
were significantly associated with the disease status trait
(transformed MeT5A
(Figure 3D). The scatterplots also suggested that there

cells or normal controls)
were significant correlations between GS and MM in
these two modules (Figure 3E and F). These findings
revealed that blue and brown were key modules and the
DEGs in these two modules were especially important for

the development of CNT-induced MPM.

Validation of the Expression of Module
Genes in Samples from CNT-Exposed
Mice

Under the threshold of FDR < 0.05 and |log,FC| > 1, a total
of 1175 genes (including 734 upregulated and 441 down-
regulated) were identified to be differentially expressed
between CNT-exposed mice and controls in the GSE51636
dataset. After Biomart annotation, 693 upregulated and 372
downregulated DEGs were converted to homologous coding
genes in humans. Comparing these differentially expressed
homologous coding genes in the GSE51636 dataset with all
the DEGs in the GSE48855 dataset showed 26 were com-
monly upregulated (Figure S1A; CHI3LI, chitinase 3 like 1;
and all DEGs in Table 1) and 6 were commonly down-
regulated (Figure S1B; Table 1). Further comparison with
the DEGs in blue and brown modules showed that there
were 25 commonly upregulated (Figure SIC) and 6 com-
monly downregulated DEGs (Figure S1D) (all DEGs in
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Dispersant control

A SWCNTs

C SWCNTs

B MWCNTs

Dispersant control

D SWCNTs

.VCNTS .
MWCNTs

Figure 2 Identification of DEGs between CNT-exposed and control human pleural mesothelial cells (MeT5A) in the GSE48855 dataset. (A), the heatmap of DEGs identified
by comparing SWCNTs-exposed with dispersant-treated MeT5A cells; (B), the heatmap of DEGs identified by comparing MWCNTs-exposed with dispersant-treated
MeT5A cells; (C), Venn diagram to screen the common upregulated genes between SWCNTs and MWCNTSs; (D), Venn diagram to the common downregulated genes

between SWCNTs and MWCNTSs. The heatmap was generated based on the Z-score.

Abbreviations: DEGs, differentially expressed genes; SWCNTs, single-walled carbon nanotubes; MWCNTs, multi-walled carbon nanotubes; Red, high expression; blue,

low expression.

Table 1). In addition, 20 of them (indicated as the asterisk in
Table 1) were overlapped with the genes with a degree
centrality of >4 in the PPI network (Figure 4), implying
they were hub genes for CNT-induced MPM.

Analysis of the Prognostic Values of Hub

Module Genes in MPM

To verify whether the above 20 hub module genes had the
predictive power for the progression of CNT-induced MPM,
their associations with OS of MPM patients were explored
using GEPIA, UALCAN and TIMER online tools based on
the TCGA data. As a result, five genes (FN1, fibronectin 1;
ALCAM, activated leukocyte cell adhesion molecule;
UGCG, UDP-glucose
CHPF2,

ceramide  glucosyltransferase;

chondroitin polymerizing factor 2; THBS2,

thrombospondin 2) were found to be significantly associated
with OS after GEPIA (Figure 5A-E), TIMER (Figure 5F-J)
and UALCAN (Figure S2A-E) online tool analyses. The
Kaplan-Meier survival curve analysis showed patients with
a high expression level of them had a shorter OS rate than
those with a low expression level (Figure 5; Figure S2).
These findings were in line with the expected results for
these six upregulated genes in CNT-induced MPM, indicat-
ing they may be underlying prognostic biomarkers.

Validations of the Expression of
Prognosis-Related Hub Module Genes in
MPM

Since the TCGA dataset did not contain a control for
MPM samples, we collected other microarray datasets

https://doi.org/10.2147/])GM.S324365
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Table 1 Homologous Between CNT Exposure and Controls of Human and Mouse
GSE48855 (Human) GSES51636 (Mouse)
HGNC Symbol SWCNTs vs Controls MWCNTs vs Controls MGI. Symbol CNTs vs Control
Log,FC FDR Log,FC FDR Log,FC FDR

SFRP2* 2.98 2.25E-03 2.27 4.26E-04 Sfrp2 1.5 2.12E-02
STAC2 2.51 3.50E-03 1.77 2.06E-03 Stac2 2.84 4.45E-03
OASI* 2.47 4.93E-03 2.82 8.85E-04 Oaslf 221 1.82E-02
HCLSI* 2.38 4.93E-03 1.83 2.90E-03 Hcls| 1.41 2.31E-02
SRPX 2.23 2.60E-03 1.62 8.86E-04 Srpx 1.88 1.87E-02
EBI3* 2 4.26E-03 2.32 3.93E-04 Ebi3* 1.41 2.02E-02
OAS3* 1.92 1.08E-02 2.66 9.85E-04 Oas3 2.77 2.31E-02
FNI* 1.8 3.63E-03 1.82 5.21E-04 Fnl 2.4 7.22E-03
ILIRLI* 1.79 3.34E-03 2.66 2.06E-04 el 3.66 5.47E-03
SBNO2 1.7 9.86E-03 1.93 2.25E-03 Sbno2 29 4.51E-03
UGCG* 1.7 3.51E-03 1.56 8.59E-04 Ugcg 1.32 2.6 1E-02
SOCSI* 1.65 7.79E-03 | 1.34E-02 Socs| 1.24 2.64E-02
TCIRG I* 1.6 2.10E-02 2.74 1.03E-03 Tcirgl 1.71 1.06E-02
LTBP2* 1.58 1.07E-02 1.65 2.87E-03 Ltbp2 1.8 2.24E-02
CHPF2* 1.57 1.84E-02 1.63 9.12E-03 Chpf2 1.06 3.93E-02
ADAR¥* 1.54 1.54E-02 1.35 6.88E-03 Adar 1.62 5.96E-03
ARRB2* 1.5 6.77E-03 2.12 5.43E-04 Arrb2 1.28 2.13E-02
SLC66A3 1.39 1.97E-02 1.37 7.70E-03 Pqlc3 1.25 2.89E-02
ALCAM* 1.37 2.07E-02 2.46 8.12E-04 Alcam* 1.47 1.65E-02
P2RX7* 1.36 2.10E-02 1.06 3.57E-02 P2rx7 1.28 4.15E-02
THBS2* 1.2 4.39E-02 1.02 3.19E-02 Thbs2 1.67 2.10E-02
ILIRI* 1.19 3.48E-02 1.38 4.22E-03 lrl 2.64 6.70E-03
PTPNé6* .16 1.84E-02 1.29 5.62E-03 Ptpné 1.34 4.08E-02
TXNDCI | .11 9.72E-03 1.29 4.10E-03 Txndcl | 2.02 3.05E-02
GLBI* 1.01 2.42E-02 1.63 7.46E-04 Glbl 1.05 2.44E-02
GO0s2 -1.29 4.93E-03 —-1.52 9.27E-04 GO0s2 —1.44 3.09E-02
PALMD -1.3 2.95E-02 —-1.86 3.52E-03 Palmd —1.43 4.65E-02
NEXN —-1.36 3.35E-02 -1.7 1.49E-03 Nexn -1.74 4.51E-02
GADD45G -1.39 4.44E-02 -2.16 4.22E-03 Gadd45g —1.55 1.78E-02
TNNT3 —1.47 2.30E-02 -1.78 4.05E-03 Tnnt3 -2.13 2.12E-02
IPOI3 —-1.51 5.22E-03 —-1.31 3.97E-03 Ipol3 =1.19 2.16E-02

Note: ¥*Were overlapped genes with the degree centrality of 2 4 PPl network analysis; black bold were genes of ultimate interest.
Abbreviations: DEGs, differentially expressed genes; CNT, carbon nanotubes; SWCNTs, single-walled carbon nanotubes; MWCNTSs, carbon nanotubes; FDR, false

discovery rate; FC, fold change.

(GSE51024, GSE2549 and GSE42977) from the GEO
database to validate the expression levels of four prog-
nosis-related hub module genes. After the GEO2R analy-
sis, FN1, UGCG, CHPF2 and THBS2 were validated to be
also upregulated (FDR < 0.05) in MPM samples compared
to control tissues in the GSE51024 and GSE2549 datasets
(Table 3). Comparison of all MPM samples with controls
in the GSE42977 dataset only revealed FN1 and THBS2
were upregulated genes, while analysis with sarcomatoid
and biphasic histological subtypes showed FN1, UGCG
and THBS2 were all significantly differentially expressed.
These findings suggested FN1, UGCG, CHPF2 and

THBS2 may be potential diagnostic biomarkers to differ-
entiate MPM patients from controls.

Analysis of the Diagnostic Values of Four
Hub Genes for MPM

To explore the diagnostic efficacy of the above four hub
genes for MPM, the ROC curve was plotted (Figure 6). The
results showed that the AUCs of all these genes were >0.65,
indicating that these genes may serve as potential diagnostic
markers for MPM (Table 4). Relative to a single gene, the
diagnostic efficacy of gene-combination seemed to be
higher, with the AUCs > 0.9 in most of the results
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Figure 3 Identification of key modules associated with CNT-induced malignant transformation of MeT5A cells by weighted gene co-expression network analysis. (A),
calculation of the scale-free topology fit index according to different soft-threshold power values; (B), calculation of mean connectivity according to different soft-threshold
power values; (C), a clustering dendrogram of samples; (D), the correlations between modules and disease status (r, correlation coefficient); (E), scatter plot of module
eigengenes in the blue module; (F), scatter plot of module eigengenes in the brown module.

(Table 4). Furthermore, FN1 and THBS2 were also upregu-
lated genes in asbestos-induced malignant transformation of
MeT5A cells or mice (Table S1); in our previous study on
CNT-induced malignant transformation of lung cells, FN1
was likewise highly expressed.”® These findings suggest
UGCG and/or CHPF2 combination with FN1 and THBS2
may be more specific for the diagnosis of CNT-induced
MPM. This conclusion could be demonstrated according to
the sensitivity results in GSE2549 analysis (FN1+THBS2,
60%; FN1+UGCG+THBS2, 95%; FN1+UGCG+CHPF2
+THBS2, 80%) and specificity results in GSE51042 analysis

(FNI+THBS2, 85.37%; FN1+UGCG+THBS2, 97.56%;
FN1+UGCG+CHPF2+THBS2, 97.56%) (Table 4).

Function Analysis of Four Hub Genes

To reveal the underlying functions of hub genes correlated with
MPM, GO, KEGG and Reactome pathway enrichment ana-
lyses were conducted for all DEGs in crucial modules. A total
of 104 GO-biological process terms were enriched (Table S2),
in which FN1 was found to be involved in GO:0007155~cell
adhesion, GO:0030198~extracellular matrix organization and
GO:0008284~positive regulation of cell proliferation; THBS2
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Table 2 Modules Based on WGCNA of Genes in the GSE48855 Dataset

ID Color Module Size #DEGs Enrichment Infor

Enrichment Fold[95% CI] Phyper
Module | Grey 4263 52 0.09[0.07-0.12] 2.52E-116
Module 2 Blue 1655 508 11.31[9.69-13.22] 8.10E-214
Module 3 Light cyan 104 | 0.12[0-0.66] 4.62E-03
Module 4 Brown 1333 267 3.82[3.25-4.49] 1.18E-53
Module 5 Black 506 0 - 1.86E-18
Module 6 Saddle brown 103 0 - 5.39E-04
Module 7 Midnight blue 108 0 - 3.58E-04
Module 8 Orange 77 0 - 4.07E-03
Module 9 Pink 223 0 - 2.88E-08
Module 10 Dark red 278 4 0.17[0.05-0.44] 5.72E-06
Module 11 Tan 126 0 - 6.67E-05
Module 12 Salmon 11 0 - 2.27E-04
Module 13 Green yellow 360 | 0.03[0-0.18] 1.22E-11
Module 14 Dark turquoise 87 0 - 1.79E-03
Module 15 Dark green 87 0 - 1.79E-03
Module 16 Light green 321 | 0.04[0-0.2] 1.99E-10
Module 17 Sky blue 6l 0 - 1.37E-02
Module 18 Dark grey 80 0 - 2.63E-03
Module 19 Grey60 103 0 - 5.39E-04

Note: Bold indicates the crucial modules significantly enriched by DEGs because of fold enrichment was > | and p-value was < 0.05.
Abbreviations: WGCNA, weighted correlation network analysis; DEGs, differentially expressed genes; 95% Cl, 95% confidence intervals.

was involved in GO:0007155~cell adhesion; UGCG was
involved in GO:0006687~glycosphingolipid metabolic pro-
cess; CHPF, CSPG4 (chondroitin sulphate proteoglycan 4)

and CHPF2 were involved in GO:0030206~chondroitin sul-
fate biosynthetic process. A total of 25 KEGG pathways were
obtained (Table S3), in which FN1, UGCG and THBS2 were

ST6! NAC6

Figure 4 The protein—protein interaction network established by interaction pairs of four hub genes. Genes in circular represent hub genes. Gene color is corresponding to

module color; regular triangle, upregulated genes; inverted triangle, downregulated genes.
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Figure 5 Kaplan-Meier survival curves for patients with a high and low expression
of five hub module genes in mesothelioma samples. (A-E), GEPIA analysis results;
F-J, TIMER analysis results. (A and F) for FNI; (B and G) for ALCAM; (C and H)
for THBS2; (D and I) for UGCG; (E and J) for CHPF2.

Abbreviations: GEPIA, Gene Expression Profiling Interactive Analysis; TIMER,
Tumor IMmune Estimation Resource; HR, hazard ratio; MESO, mesothelioma;
FNI, fibronectin |; ALCAM, activated leukocyte cell adhesion molecule; THBS2,
thrombospondin 2; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2,
chondroitin polymerizing factor 2; TPM, transcripts per million.

also enriched, such as hsa04512:ECM-receptor interaction
(FN1, THBS2), hsa04151:PI3K-Akt signaling pathway
(FN1, THBS2), hsa04510:Focal adhesion (FN1, THBS2) and
hsa00600:Sphingolipid metabolism (UGCG). A total of 27
Reactome pathways were identified, including R-HSA-
1474228: Degradation of the extracellular matrix (FN1),
R-HSA-186797: Signaling by PDGF (THBS2) and R-HSA-
1660662: Glycosphingolipid metabolism (UGCG) (Table S4).

In addition, several immune and inflammation-related
GO biological processes and pathways were found, such
as GO0O:0006955~immune response (IL1B), hsa04060:
Cytokine-cytokine receptor interaction (IL1B), R-HSA-
448706: Interleukin-1 processing (IL1B), R-HSA-
2132295: MHC class II antigen presentation (CTSA,
cathepsin A); while FN1 could interact with IL1B;
UGCG could interact with CTSA in the PPI prediction
analysis (Figure 4), implying our hub genes were also
immune-associated in MPM. To further confirm their
immune associations, TIMER analysis was performed to
explore the correlation between the expression levels of
hub genes and the abundance of six immune infiltrates as
well as biomarkers of immune cells based on the TCGA
data. The results showed FN1, UGCG and THBS2 were
positively correlated with the level of immune infiltration
of macrophages; FN1, UGCG and CHPF2 had significant
correlations with infiltrating levels of dendritic cells
(Figure 7). All genes were positively correlated with
NRP1 (neuropilin 1), a marker of dendritic cells (Table 5).

Discussion

Relative to asbestos that had been prohibited in several
countries,**** CNTs are a novel material class and being
widely applied in various fields,' indicating CNT expo-
sure may be the main contributor for the development of
MPM in the future. Thus, identification of biomarkers for
surveillance of occupational workers to prevent the onset
of CNT-induced MPM may be of great clinical signifi-
cance. However, current studies on the molecular mechan-
isms of CNT-induced MPM remain rare'>'*'” and no
studies linked CNT-exposed in vitro and in vivo models
with MPM patient samples as reports for lung cancer.?*~>
In the present study, we, for the first time, attempted to
screen concordant genes differentially expressed both in
CNT-exposed MeT5A cells and mice compared with con-
trols and validate the expression, diagnostic and prognostic
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Table 3 Validation of the Expression of Hub Genes

Datasets FDR P-value Log,FC Genes
GSE51024 (tissue: MPM, 55 vs normal lung parenchyma, 6.84E-09 2.94E-10 1.15 FNI
41) 1.27E-02 3.38E-03 0.69 UGCG
6.84E-09 2.94E-10 0.44 CHPF2
7.13E-21 2.35E-23 3.25 THBS2
GSE2549 (tissue: MPM, 40 vs normal lung and pleura, 9) 3.75E-02 9.46E-03 1.37 FNI
1.31E-04 3.41E-06 2.25 UGCG
1.33E-02 2.25E-03 1.20 CHPF2
3.34E-02 8.04E-03 1.03 THBS2
GSE42977? (tissue: MPM, 39 vs normal lung and pleura, 9) 1.45E-02 1.51E-03 0.72 FNI
7.41E-04 3.14E-05 2.0 THBS2
GSE42977" (tissue: MPM, 15 vs normal lung and pleura, 9) 3.35E-03 1.52E-04 1.07 FNI
4.80E-02 6.91E-03 0.90 UGCG
8.17E-04 2.06E-05 2.37 THBS2

Notes: *All MPM samples, including epithelioid, sarcomatoid and biphasic; ®Sarcomatoid and biphasic MPM samples.
Abbreviations: MPM, malignant pleural mesothelioma; FN 1, fibronectin |; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2, chondroitin polymerizing factor 2;

THBS2, thrombospondin 2; FDR, false discovery rate; FC, fold change.

abilities of hub genes in specimens from MPM patients.
Based on WGCNA and PPI network analyses, 20 genes
were considered as hub module genes associated with the
development of CNT-induced MPM. Four of them (FNI1,
UGCG, CHPF2 and THBS2) were found to be signifi-
cantly associated with OS; significantly upregulated in
MPM specimens compared to control tissues; and they
could effectively predict the MPM risk with an overall
accuracy >0.9 using the gene-combination. These findings
suggest that these four genes may serve as potential diag-
nostic and prognostic biomarkers for monitoring MPM in
CNT workers.

The extracellular matrix (ECM) is a natural substrate to
provide a support structure and an attachment site for cells.
Also, cell-ECM interactions have been generally recog-
nized as an important mechanism for tumor cell prolifera-
tion, migration and invasion.’® Thus, the components
(including fibronectin, thrombospondin and chondroitin
sulfate proteoglycans) of the ECM and related genes may
be crucial targets for the development and progression of
cancers, including MPM.>” This hypothesis had been
demonstrated by previous studies. Siri et al observed
a significantly higher concentration of fibronectin in
pleural fluids and plasma of patients with MPM as com-
pared with that in patients with pleurisies.*® Kanaji et al
found that exogenous addition of fibronectin enhanced the
migration and invasion abilities of three MPM cells (H28,
H226 and H2052).>* Decreasing the synthesis of fibronec-
tin by retinoic acid inhibited the migration of MPM

cells.** FN1 gene was also identified to have
a significant abundance in MPM cell models (JU77,
LO68 and OLDI1612).*' After GSE2549 data analysis
and qPCR experiments, Kim et al validated the expression
level of THBS2 was significantly higher in the MPM
tissues compared with normal tissues.*? Patients with ele-
vated mRNA levels of THBS2 in MPM tissues had
a statistically significantly shorter OS rate than those
with a low level.** siRNA-mediated silencing of THBS2
gene significantly decreased proliferation and colony for-
mation activities of MPM cell line IST-Mes2.** CSPG4
was expressed in 6 out of 8 MPM cell lines and in 25 out
of 41 MPM biopsies, but was not detectable in surround-
ing healthy cells. Treatment with a monoclonal antibody
against CSPG4 significantly reduced MPM cell adhesion,
motility, migration, invasiveness, growth and prevented
the formation of MPM xenografts in severely combined
immune-deficient mice to improve their survival rates.*
CHPF is a member of glycosyltransferases to participate in
the biosynthesis of chondroitin sulfate, which recognizes
proteoglycan core proteins to form CSPG. CHPF was
detected to be highly expressed in lung cancer tissues
and cell lines.*® Knockdown of CHPF in lung cancer
cells can effectively inhibit the proliferation and promote
the apoptosis of cancer cells.***’ High expression of
CHPF was significantly associated with pathologic stage,
metastasis and worse prognosis of breast carcinoma
patients.*® In line with these studies, our results also
showed FNI1, THBS2, CSPG4 and CHPF were
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Figure 6 ROC curves for evaluating the diagnostic values of four hub genes for distinguishing mesothelioma from normal patients. (A and B), ROC curves were plotted
based on the mRNA expression levels of four genes in the GSE2549 dataset. (A), single gene; (B), gene-combination; (C and D), ROC curves were plotted based on the
mRNA expression levels of four genes in the GSE51024 dataset. (C), single gene; (D), gene-combination; (E), ROC curve was plotted based on the mRNA expression levels
of two genes in all mesothelioma samples of the GSE42977 dataset; (F), ROC curve was plotted based on the mRNA expression levels of three genes in the sarcomatoid and

biphasic histological subtypes of the GSE42977 dataset.

Abbreviations: ROC, receiver operating characteristic; FNI, fibronectin I; THBS2, thrombospondin 2; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2,

chondroitin polymerizing factor 2.

upregulated in CNT-induced malignant transformed
MeT5A cells, mice and MPM tissues, associated with
OS and enriched in extracellular matrix-related biological
process and pathways. Although no study demonstrated
the roles of CHPF2 in cancer, CHPF2 was predicted to
interact with CSPG4 and CHPF in our PPI network

(Figure 4), indirectly providing an evidence to show the
oncogenic functions of CHPF2 in MPM.

UGCG is the only enzyme for the synthesis of gluco-
sylceramide via transferring a UDP-glucose molecule to
ceramide. Glucosylceramide is the precursor for complex
not only important

glycosphingolipids which are
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Table 4 The Predictive Power of Hub Genes for MPM

Hub Genes AUC 95% CI Sensitivity Specificity

GSE2549 FNI 0.714 0.567-0.834 87.50% 55.56%
THBS2 0.778 0.636-0.884 47.50% 100.00%
UGCG 0.889 0.766-0.961 82.50% 88.89%
CHPF2 0817 0.680-0.913 75.00% 88.89%
FNI+THBS2 0.794 0.655-0.896 60.00% 100.00%
FNI+THBS2+UGCG 0.933 0.824-0.985 95.00% 88.89%
FNI+THBS2+UGCG+CHPF2 0.944 0.839-0.990 80.00% 100.00%

GSE51042 FNI 0.721 0.620-0.808 63.64% 70.73%
THBS2 0.953 0.890-0.986 89.09% 95.12%
UGCG 0.655 0.551-0.749 74.55% 53.66%
CHPF2 0.840 0.752-0.907 54.55% 97.56%
FNI+THBS2 0.963 0.903-0.991 98.18% 85.37%
FNI+THBS2+UGCG 0.969 0.911-0.993 89.09% 97.56%
FNI+THBS2+UGCG+CHPF2 0.971 0.915-0.995 90.91% 97.56%

GSE42799 FNI? 0.932 0.820-0.984 82.05% 100.00%
THBS2* 0.906 0.786-0.971 84.62% 100.00%
FNI+THBS2? 0.960 0.860-0.995 87.18% 100.00%
FNI® 0.993 0.844-1.000 93.33% 100.00%
UGCGP 0.815 0.605-0.942 86.67% 77.78%
THBS2® 0.904 0.713-0.985 86.67% 100.00%
FNI+THBS2® 1.000 0.858-1.000 100.00% 100.00%
FN1+THBS2+UGCGP 1.000 0.858-1.000 100.00% 100.00%

Notes: *All MPM samples, including epithelioid, sarcomatoid and biphasic; ®Sarcomatoid and biphasic MPM samples.
Abbreviations: MPM, malignant pleural mesothelioma; AUC, area under the receiver operating characteristic curve; 95% Cl, 95% confidence intervals; FNI, fibronectin I;
UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2, chondroitin polymerizing factor 2; THBS2, thrombospondin 2.

components of cellular membrane but also second mes-
sengers in signal transduction to regulate various physio-
logical and pathophysiological processes, such as
excessive cell proliferation.*” Therefore, UGCG may also
be an underlying gene associated with carcinogenesis. This
hypothesis had been proved by several studies. For exam-
ple, Salustiano et al found UGCG was highly expressed in
leukemias with a multidrug resistance. Pharmacological
inhibition of UGCG greatly improved the chemosensitivity
and promoted cell apoptosis.’® The study team of Schomel
et al suggested overexpressed UGCG may maintain breast
cancer cell proliferation and doxorubicin resistance by
increasing glutamine, glycolysis and oxidative glucose
metabolisms.’'* UGCG deficiency suppressed hepato-
cellular tumor initiation and growth in mice.>* The cispla-
tin-resistant MPM cells also expressed increased Gb3
glycosphingolipids,”> which indirectly reflected the upre-
gulation of UGCG. In accordance with these studies,
UGCG was upregulated in CNT-induced malignant trans-

formed MeT5A cells, mice and MPM tissues, associated

with OS and enriched in glycosphingolipid metabolism
pathways.

Increasing evidence had highlighted CNT exposure
induced the malignant transformation by promoting the

13-15 and

accumulation of immune cells (macrophages
dendritic cells’®). T cell immunoglobulin mucin 4
(Tim4) was reported to mediate the recognition of foreign
pathogen MWCNTs by peritoneal macrophages.”’
Phagocytosed MWCNTs activated the NLR family pyrin
domain containing 3 inflammasome in macrophages and
caused IL-1P release to the adjacent pleural mesothelial
cells.">”% An amplified inflammatory response was
subsequently stimulated to promote cell proliferation,
migration, invasion, colony formation of mesothelial
cells."® Tkach et al observed that exposure to SWCNTs
for one day and seven days facilitated the recruitment of
dendritic cells to the lung.>® Beyeler et al detected that the
frequencies of pulmonary dendritic cells were increased
following the MWCNT treatment.”® The CNT-induced
migration of dendritic cells to the lung was driven by
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Figure 7 Correlations between the expression of hub genes and the abundance of six immune infiltration cells of mesothelioma. (A), FNI; (B), UGCG; (C), CHPF2; (D),

THBS2.

Abbreviations: FNI, fibronectin |; THBS2, thrombospondin 2; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2, chondroitin polymerizing factor 2; cor,

correlation.

C-C  motif
macrophages.®’

chemokine ligand 5 secreted from
Macrophage-dendritic cell-human bron-
chial epithelial cell co-culture model triggered the release
of more pro-inflammatory cytokines (TNF-a and IL-8)

than the monoculture model,“’62

which may subsequently
induce the formation of lung cancer lesion. Furthermore,
the NRP1 biomarker of dendritic cells was also proved to

63,64

be an oncogenic gene in lung cancer; inhibition of its

expression significantly reduced the proliferation, migra-
tory and invasive capabilities of cancer cells.®*%
Furthermore, FN1 was found to an associating protein to
involve Tim4-mediated efferocytosis.®® CSTA (cystatin
A) activated the phagocytosis in macrophages and den-
dritic cells by cell-surface neuraminidase 1.°7 FN1 could
interact with all other hub genes (THBS2 and CHPF2),
while UGCG could interact with CSTA (Figure 4).
Accordingly, we speculated our hub genes may partici-
pate in macrophage activation-induced dendritic cell
recruitment to contribute to CNT-associated MPM.
Consistent with this theory, we found the expression of

FN1, UGCG and THBS2 (CHPF2) were positively corre-
lated with the levels of macrophages (dendritic cells) and
NRPI1.

This research has some limitations. First, this study
preliminarily screened four genes concordantly expressed
in CNT-exposed in vitro and in vivo models with MPM
patient samples as potential biomarkers to predict the
of CNTs-induced
MPM. Whether they were also concordantly expressed

development risk and prognosis

in blood or pleural effusions samples needs to be con-
firmed in new clinical samples or animal models in order
to be applied in clinic more conveniently. Second, the
expression of hub genes was only validated at mRNA
levels, not protein levels. Proteomics, immunohistochem-
istry and Western blotting should be designed to explore
the protein expression. Third, although most of the genes
were revealed to be associated with MPM, they were not
linked with CNT exposure. Also, whether these genes are
truly mesothelial cancer driver genes or genes overex-
to the tumoral

pressed in an adaptive response
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Table 5 Correlation Analysis Between Hub Genes and Markers of Immune Cells

Cell Type Biomarkers Hub Genes Partial Correlation Partial p-value
TAM CCL2 (upregulated) FNI (upregulated) —0.209 0.0548
UGCG (upregulated) 0.0597 0.588
CHPF2 (upregulated) —0.169 0.122
THBS2 (upregulated) —0.263 1.51E-02
CDé68 (upregulated) FNI (upregulated) 0.124 0.259
UGCG (upregulated) 0.207 0.0573
CHPF2 (upregulated) 0.198 0.0691
THBS2 (upregulated) 0.0773 0.482
Dendritic cells NRPI (upregulated) FNI (upregulated) 0.529 1.94E-07
UGCG (upregulated) 0.562 2.26E-08
CHPF2 (upregulated) 0.391 2.15E-04
THBS2 (upregulated) 0.371 4.73E-04
Neutrophils SIGLECS (downregulated) FNI (upregulated) —0.00946 0.932
UGCG (upregulated) 0.249 2.17E-02
CHPF2 (upregulated) 0.105 0.338
THBS2 (upregulated) —0.00226 0.984

Note: Bold indicated the significant associations as expected according to their expression levels in carbon nanotube-induced mesothelioma samples.
Abbreviations: TAM, tumor-associated macrophage; CCL2, C-C motif chemokine ligand 2; NRP1, neuropilin |; SIGLECS, sialic acid binding Ig like lectin 5; FN, fibronectin

I; UGCG, UDP-glucose ceramide glucosyltransferase; CHPF2, chondroitin polymerizing factor 2; THBS2, thrombospondin 2.

progression are also unclear. In vitro and in vivo studies
(overexpression and silencing) should be performed to
investigate the function mechanisms of four hub genes in
the malignant transformation of CNTs-induced MPM.**
Fourth, their immune associations needed to be verified
by co-culture of macrophages (dendritic cells) with
mesothelial cells, the use of endocytosis inhibitors and

deletion of hub genes.””-*

Conclusion

The present study reveals that four genes (FN1, UGCG,
CHPF2 and THBS2) may be candidate biomarkers for
monitoring CNT-induced MPM and predicting the prog-
nosis. They may function by involving cell-ECM interac-
tions, glycosphingolipid metabolism pathways and
influencing the immune response.
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