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Impact statement

In this study, we classified hepatocellular
carcinoma (HCC) into three subtypes,
namely Immunity_M, Immunity_L, and
Immunity_H. The immune signature analy-
sis of the three subtypes verified that
Immunity_H displayed high immune activ-
ity. Further function analysis involving the
differentially expressed genes (DEGs) of
Immunity_L and Immunity_H revealed that
they exhibited a substantial correlation with
immune-related pathways. The DEGs such
as B2M, HLA-DRA, HLA-DRB1 may be
used as potential markers that distinguish
the immune subtypes of HCC. Moreover,
our results suggest that application of
immune checkpoint inhibitors or other
immunotherapies in the Immunity_H group
may yield better benefits, and this could
also provide a basis for the individualized
immunotherapy of HCC.

Abstract

Hepatocellular carcinoma is a malignance that remains difficult to cure. Immunotherapy has
shown its potential application in a variety of refractory malignancies. Due to the complexity
of immune microenvironment of hepatocellular carcinoma, the efficacy of immunotherapy
for hepatocellular carcinoma is not as effective as expected. Expression data of hepato-
cellular carcinoma from the TCGA and ICGC databases were used for classification and
verification of hepatocellular carcinoma subtypes. The immune-related functions and path-
ways were identified via gene set enrichment analysis, while the sections denoting the
subsets of the immune cells were estimated using the CIBERSORT algorithm. Immunity
low (Immunity_L), immunity medium (Immunity_M), and immunity high (Immunity_H) were
specified as the three immune-related subtypes of hepatocellular carcinoma. The quantity
of stromal and immune cells was the most substantial in Immunity_H, compared to the other
subtypes. Interestingly, the proportion of MO macrophages decreased from Immunity_L to
Immunity_H, while the proportion of CD8 T cells increased. Furthermore, the HLA genes
expression levels, as well as those of six immune checkpoint genes were substantially lower

in Immunity_L than in Immunity_H. Functional analysis was performed for 1512 differentially expressed genes between
Immunity_L and Immunity_H. Finally, the PPI network was constructed with 118 nodes. The highest connectivity degree nodes
were B2M, HLA-DRA, and HLA-DRB1. The above results were verified in ICGC-JP and ICGC-FR databases with a consistent
trend. In this study, we divided hepatocellular carcinoma into three subtypes and explored the immune-related characteristics of
these subtypes. These results may provide new insights for immunotherapy of hepatocellular carcinoma.
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Introduction Traditional treatments for HCC include radiofrequency

ablation (RFA), radiotherapy, transcatheter hepatic arterial
chemoembolization (TACE), and surgery.® Actually, these
treatments offer only modest benefits in terms of overall
survival and the response of HCC patients to them is not
satisfactory. For instance, TACE or radioembolization is
used to treat multinodular intermediate stage HCC, but

As the most prevalent primary live cancer and the fifth
most common cancer, hepatocellular carcinoma (HCC)
denotes the second highest causative factor for cancer-
associated fatality in malignancies globally, while the
occurrence and development of HCC are closely related
to hepatitis B or C virus infection or alcohol abuse.'?
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the overall survival is usually less than 20months.*™®
Furthermore, systemic chemotherapy has been ineffective
for treating HCC patients due to inherent hepatocyte
chemoresistance.”

In recent years, immunotherapy has received increas-
ing attention. Various studies have shown that the use of
the anti-PD-1, anti-PD-L1, and anti-CTLA-4 immune
checkpoint inhibitors can regulate tumor growth, increas-
ing the survival of patients, while substantially decreas-
ing the cancer recurrence risk following surgery and
transplantation.*” However, HCC has been reported to
be a tumor type with low/moderate immunogenicity."’
HCC cells are in a highly immunosuppressive microenvi-
ronment, which can cause host immunosuppression by
down-regulating the major histocompatibility complex I
(MHC-I) molecule, secreting immunosuppressive cyto-
kines, and mediating negative co-stimulatory signals to
escape the autoimmune response.'’ Accordingly, immu-
notherapy exhibits a modest treatment efficacy in HCC.
Considering the complexity and diversity of the immune
microenvironment of HCC, there is an urgent need to
classify HCC subtypes on the basis of immune character-
istics so as to provide a theoretical basis for precise and
individualized immunotherapy.

Here, the HCC information obtained from The Cancer
Genome Atlas (TCGA) database was analyzed and divided
HCC into Immunity_M, Immunity_H, and Immunity_L
subtypes, the immune signatures of which were analyzed,

Genes sets as

while the functions of the DEGs in Immunity_L and
Immunity_H were investigated.

Materials and methods

HCC sample databases

The TCGA database (https:/ /cancergenome.nih.gov/) was
used to retrieve the gene expression profiles of 347 cases of
HCC, while the genes with expression levels greater than 0
in each sample accounting for more than 30% of the genes
were identified in the immune gene set. All the patients
were at stages I-IV, and only patients with detailed
follow-up information were included. The demographic
details and characteristics of all HCC samples are listed
in Table S1. The external validation cohort included 389
HCCs (158 ICGC_FR and 231 ICGC_]P) which were collect-
ed by the ICGC database (https://icgc.org/). The flow
chart of the study is shown in Figure 1.

Gene expression data preprocessing

The Illumina platform was used to analyze the RNA-
sequencing data. The Fragments Per Kilobase of transcript
per million Mapped reads upper quartile (FPKM-uq) was
acquired using the TCGA Data and ICGC Data Portal, and
the Ensemble database was used for gene annotation. The
value of the gene expression was further investigated after
log?2 transformation.
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Figure 1. A flow chart of the study. HCC was classified into Immunity_M, Immunity_L, and Immunity_H subtypes by immunogenomic profiling based on the RNA-
sequencing data acquired from the TCGA database. Subsequently, we analyzed the differences of immune-related genes and cells in these three subtypes and
verified them in ICGC-JP and ICGC-FR databases. We then performed functional analysis and PPI network on differentially expressed genes between Immunity_H and
Immunity_L to screen for focus genes. (A color version of this figure is available in the online journal.)


https://cancergenome.nih.gov/
https://icgc.org/

(@) TCGA-US

mﬂmll]l.llllﬂ'.ll Illlll'llflllllll'l TumorPurity 6 TumorPurity
I I WESTIMATEScore 0.9
\lllll | I|||||| LRI IETE e III 10 M ImmuneScore | 4
| il SE TR A Rl T StromalScore
_' ] 1 i i lSubtype 05
! U iDCs "
| | | DCs ESTIMATEScore
L Neutrophils 2 .3"“0
| | T_helper_cells 5]
;ﬂl 1 =
cells
s ||Th2_celis -6 200
Inflammation-promoting ~ ImmuneScore
CD8+_T_cells 3000
Cytolytic_activity
T_cell_co-stimulation
| Thi_cells 0
\P T_cell_co-inhibition
Check-point StromalScore
TIL 1000
| \| | | | | MHC _class_I l
i o | IAPC_cu_stimulntion
—1 aDCs
I | | \ |IAPC_m_inhibilinn -1500
| ‘ pDCs Sub
E | | ‘ ‘ E[EK ltl"n]:unity_li
Macrophages I Tnnuity, T
] |ITreg . Immunity_M
| | L L Mast_cells
L NN | Type_I1_IFN_Reponse
JILRIN | I | NK_cells
| | Parainflammation

Type_I_IFN_Reponse
TCGA-US
(b) Subtype [ immunity_L [ tmmunicy_M[immunicy_1

sk

4000+

1
2000 ?
0 4 ¢

Immunity L. Immunity M Immunity H

ImmuneScore

Figure 2. Identification of three HCC subtypes and evaluation of infiltrating cells and tumor purity. (a) Hierarchical clustering of HCC in the TCGA database, as well as
the stromal and immune score assessment and tumor purity evaluation using ESTIMATE. Immunity_H, Immunity_M, and Immunity_L. (b) Comparing the immune
scores of the three subtypes of HCC. ***P < 0.001. (A color version of this figure is available in the online journal.)
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Figure 3. An analysis of the proportion of the immune cells in the subtypes of HCC. Eleven immune cells subsets with significant differences among the three subtypes
were listed. *P < 0.05, **P < 0.01, ***P < 0.001. (A color version of this figure is available in the online journal.)
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Figure 4. An assessment of the immune gene expression levels in the three subtypes of HCC. (a) Comparing the gene expression levels of HLA in the three HCC
subtypes. (b-i). The expression levels of eight immune checkpoint genes in the three HCC subtypes. ***P < 0.001, ns: none sense. (A color version of this figure is

available in the online journal.)

Hierarchical cluster analysis

Here, the levels of enrichment of 29 immune signatures
were evaluated in each HCC sample using the single-
sample Gene Set Enrichment Analysis (ssGSEA) score,
after which hierarchical cluster analysis was conducted.'*"?

Evaluation of infiltrating cells and tumor purity in HCC

The permeation of immune cells into the tissue of the
tumor, as well as the stromal presence and tumor purity
were assessed via Estimation of Stromal and Immune cells
in Malignant Tumor tissues using Expression data
(ESTIMATE)."*

Comparing the proportional subsets of the immune
cells among the HCC subtypes

Here, the Cell-type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT) resource
(http:/ /cibersort.stanford.edu/) was used to identify 22

proportional subsets of human immune cells, while using
an algorithm with 1000 permutations.”® P < 0.05 was used
as the standard for successfully deconvoluting the samples
and was considered qualified for subsequent assessment.
This study employed the Mann-Whitney U to compare the
immune cell subsets proportions among the HCC subtypes.

Functional enrichment analysis

A total of 21,999 mRNAs were differentially analyzed
among Immunity_ L and Immunity_H in the TCGA.
GSEA'®'” was performed to identify the potentially
functional systems of the differential expression genes
(logFC|>2, and false discovery rate (FDR)<0.05) in
Immunity_H and Immunity_L using GSEA 4.0 software
in conjunction with the gene sets found in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO).
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Figure 5. The DEGs of Immunity_L and Immunity_H. (a) The heatmap shows the hierarchical cluster analysis of the DEGs of Immunity_L and Immunity_H. (b) Both the
down-regulated genes, denoted by the green points, and the up-regulated genes, denoted by the red points, are illustrated by the volcano plot. (A color version of this

figure is available in the online journal.)

The network construction of protein-protein
interaction

This study used the Search Tool for the Retrieval of
Interacting Genes (STRING) database with a confidence
cutoff of 0.90 to predict interaction information between
proteins. Thus, the construction of the PPI network was
based on the data of the STRING database, and gene
degrees exceeding or equal to 10 were denoted as hub
genes.

Statistical analysis

The expression values and immune scores of the check-
point genes of the various subtypes of HCC were compared
using the Student’s f-test. Furthermore, to reduce the false
positive rates, multiple testing correction was achieved
using Benjamini-Hochberg’s FDR. All tests were double
sided, while P-values below 0.05 were regarded as statisti-
cally significant. Furthermore, R software version 3.5.3
(http:/ /www.R-project.org) was employed for the execu-
tion of all statistical assessments.

Results

Identifying three HCC subtypes according to 29
immune signatures

According to the HCC expression profile data in the
TCGA database, the hierarchical clustering of HCC
was performed considering the levels of enrichment
for 29 immune signatures (Table S2). The heatmaps
showed the visible segregation of three clusters
(Figure 2(a)), which were defined as Immunity_M,
Immunity_L, and Immunity_H, respectively. The result
was verified in the other two databases (ICGC-JP and
ICGC-FR) (Figure S1).

Evaluation of the infiltrating cells, as well as tumor
purity in the three subtypes of HCC

As shown in Figure 2(a), the immune and stromal scores of
Immunity_H surpassed that of Immunity_L. Furthermore,
Immunity_H displayed lower tumor purity than
Immunity_L. In addition, Figure 2(b) also indicated that
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Figure 6. Functional analysis of DEGs between Immunity_H and Immunity_L. (a) TOP 7 of GO enrichment. (b) TOP 7 of KEGG pathway enrichment. (A color version of
this figure is available in the online journal.)

Immunity_H had a significantly higher immune score than ﬁ ggmpgrlson of the immune cell fraction in the three
Immunity_L and Immunity_M. The results were analyzed subtypes

according to the data in the TCGA database and verified in ~ CIBERSORT was employed to investigate the relative pro-
the ICGC-JP and ICGC-FR databases (Figure S2). These  portion of 22 immune cell subsets in different subtypes of
results indicated that compared with Immunity_L, the HCC samples in the TCGA database, and 11 immune cells
number of stromal and immune cells was significantly  subsets with significant differences among the three groups
increased in Immunity_H. are listed in Figure 3. Among the 11 subsets of tumor-
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Figure 7. The construction of the PPI network. The associated DEGs of the TOP 7 pathways in the KEGG and GO enrichment analyses, respectively, were selected to
construct the PPI network. Each circle represents protein-coding gene. (A color version of this figure is available in the online journal.)

infiltrating immune cells CD8 T cells and MO macrophages
account for the largest proportion, which suggests that they
may play a key role during the progression of HCC.
Interestingly, the proportion of M0 macrophages decreased
from Immunity_L to Immunity_H, while the proportion of
CDS8 T cells increased. In addition, five immune cells sub-
sets and nine immune cells subsets with significant differ-
ences among the three groups in ICGC-FR and ICGC-JP
databases are listed in Figure S3.

A comparison of the immune gene expression in the
three HCC subtypes

As shown in Figure 4(a), the HLA genes expression levels
in Immunity_H, which include HLA-DRB5, HLA-DRBI,
HLA-C, HLA-B, and HLA-A were markedly elevated com-
pared to those in Immunity_L.

Additionally, the expression of eight immune check-
point genes in the TCGA database was examined
(Figure 4(b)). We found that Immunity_H exhibited consid-
erably higher expression levels of CD80, CD86, CD274,
CTLA4, PDCD1, and PDCD1-LG2 than Immunity_L.
However, VICN1 and CD276 expression displayed no
notable differences for the Immunity_H and Immunity_L
groups. These results were also confirmed in the ICGC-JP
and ICGC-FR databases (Figures S4 and S5).

Functional analysis of the differentially expressed
genes in Immunity_H vs. Immunity_L

Employing P < 0.05 and |Fold changes| >2 as cutoffs, 1512
DEGs were acquired, which included 1269 genes that were
up-regulated and 243 that were down-regulated. The heat-
map and volcano plots of the DEGs are shown in Figure 5
(a) and (b). Of particular interest, the heatmap indicates a
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Figure 8. Top 28 high-degree hub nodes in PPl network. The x-axis shows the degree values, while the y-axis indicates the protein-coding genes. (A color version of

this figure is available in the online journal.)

clear clustering boundary between Immunity L and
Immunity_H.

GSEA was conducted to analyze the enriched GO
terms'®"? and KEGG® pathways of the DEGs in the
Immunity_H group, as well as the Immunity_L group.
The top seven GSEA results including GO and KEGG are
listed in Figure 6. Obviously, the DEGs highly corre-
sponded with the immune-associated pathways, including
the establishment of lymphocyte and T cell polarities, the
MHC class II protein complex, allograft rejection, and anti-
gen processing and presentation, among others. More inter-
estingly, Table S3 shows that the DEGs involved in the top
seven GSEA results were up-regulated in the group labeled
Immunity_H. These results support the conclusion that the
immune activity of Immunity_H group is elevated.

PPI network construction

The related DEGs of the top 7 pathways in GO enrichment
analysis and KEGG analysis, respectively (Table S3), were
selected for the PPI network construction, which contained
118 nodes (Figure 7). The degree values of the top 28 nodes
in PPl network topology were compared, as listed in
Figure 8. The highest connectivity degree nodes were
B2M (degree =39), HLA-DRA (degree=39), and HLA-
DRB1 (degree = 39).

Six genes (B2M, HLA-DRA, CCR5, CXCR4, CXCL12,
and LCK) were chosen for the expression level validation

in the ICGC-JP and ICGC-FR databases. As shown in
Figure 9, the expression of the six Immunity_H genes sub-
stantially surpassed that of Immunity_L.

Discussion

In the present study, we focus on classifying HCC accord-
ing to immune signatures. On the basis of the expression
profile data of HCC in the TCGA database, three subtypes
were identified as Immunity_ M, Immunity_L, and
Immunity_H. As HCC is known to include complex eco-
systems which comprise of non-tumor cells, mainly
immune-related cells,’ the levels of infiltrating stromal
and immune cells, as well as tumor purity were evaluated
in the three HCC subtypes. As expected, we found a sub-
stantial elevation in the immune cell quantity in
Immunity_H compared with Immunity_L.

We further explored the relative proportion of immune
cell subsets in the different subtypes of HCC. The immune
cell components in the microenvironment of the tumor are
complex and diverse, including B lymphocytes, dendritic
cells, T lymphocytes, natural killer cells, and macro-
phages.”** Altered immune cell compositions and propor-
tions in the microenvironment of the tumor
microenvironment are essential in the occurrence and
development of HCC. For instance, clinical studies illus-
trated the presence of a positive correlation between
tumor-infiltration lymphocyte density and the prognosis
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of cancer survival.”>** The tumor-associated macrophages
participate in cancer progression and metastasis. MO mac-
rophages can be induced through polarization to transform
into M1 macrophages or M2 macrophages by microenvi-
ronmental stimuli. Such M1 macrophages could exert anti-
inflammatory properties, and may suppress early HCC
tumorigenesis.25 In addition, CD8 T cells have been consid-
ered as major drivers of antitumor immunity.*® Patients
with high infiltration of CD8 T cells had better overall sur-
vival.”’ The present study also revealed that the CD8 T cell
and M1 macrophage proportions in Immunity_H, signifi-
cantly exceeded that in Immunity_L. This result may

indicate that the Immunity_H group has higher antitumor
immune activity than Immunity_L.

The expression of eight immune checkpoint genes in the
three subtypes of HCC was examined, revealing that the
expression levels of CD80, CD86, CD274, CTLA-4, PDCD1,
and PDCD1-LG2 in Immunity_H substantially exceeded
those in Immunity_L. Recently, various studies have dem-
onstrated that applying immune checkpoint inhibitors has
a significant influence on the prognosis of HCC. For exam-
ple, CTLA-4 is an inhibitory co-receptor that obstructs T cell
activation and proliferation. Clinical research has shown
that blocking CTLA-4 with tremelimumab in patients
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could provide better treatment benefits.”® In addition, stud-
ies have shown that the use of anti-PD-1 monoclonal anti-
bodies such as Nivolumab and pembrolizumab can
significantly increase the cure rate and survival time of
patients.” Accordingly, using immune checkpoint inhibi-
tors in Immunity_H patients may yield better benefits.

In order to further study the differences between the
Immunity_L and Immunity_H groups, functions, path-
ways, and networks of the DEGs were analyzed.
Interestingly, DEGs of the TOP seven enriched pathways
in GO and KEGG function analysis respectively were all
up-regulated in Immunity_H, suggesting that these signal-
ing pathways may be activated in Immunity_H. The core
genes of PPI networks contain HLAs, chemokines genes
(such as CCR5, CXCR4, CXCL12, etc.), and B2M among
other genes.

Chemokines are a large class of small molecule pro-
teins with chemotaxis in the cytokine superfamily, which
can be produced from various cells. Current research con-
firms that abnormal expression of chemokines can affect
the invasive ability of tumor cells.**® CXCL12 and
CXCL10 are two of the most important factors in the
CXCL subfamily of chemokines. Studies have shown
that the expression of CXCL12 and CXCL10 in HCC
tissues is significantly higher than that in adjacent tis-
sues.>** CXCR4 is an important chemokine receptor.
The CXCL12/CXCR4 axis is crucial in tumor metastasis.
Recent research shows that restricting the CXCR4/
CXCL12 axis may directly inhibit the migration, invasion,
and metastases of tumors.”

The B2M gene is responsible for encoding a serum
protein beta-2-microglobulin that is associated with the
class I heavy chain of MHC. It is vital for the formation of
MHC-I complex, as well as the presentation of peptides.*®
Research has suggested that B2M gene mutations are
associated with a decrease in MHC class I expression,
as well as a lower patient survival rate.?” Besides, various
studies have shown that B2M can be used as an immune
marker for a variety of tumors.*** The expression of
B2M in Immunity_L is substantially lower than that in
Immunity_H, suggesting that the protein may be used
as a potential immune marker in the Immunity_H group.

In conclusion, we classified HCC into subtypes denoted
by Immunity_M, Immunity_L, and Immunity_H, and ana-
lyzed the immune signatures in these subtypes. Further,
function analysis of the DEGs in Immunity_L and
Immunity_H was performed to find potential markers
that may be used to effectively identify patients with high
immunity. These results may offer clinical value for immu-
notyping of patients with HCC and also provide a basis for
individualized immunotherapy.
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