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Abstract: A comprehensive investigation of the neoantigen spectrum and immune infiltration in patients with hepa-
tocellular carcinoma (HCC) is lacking. This study aimed to examine the molecular features correlating with better
prognoses in HCC patients. 27 paired tumor and normal tissues from 27 HCC patients were collected and performed
with whole-exome sequencing. The most frequently mutated gene in 27 HCC patients was TP53 (16/27, 59.26%).
Based on the whole median disease-free survival (DFS), all patients were divided into ‘long-term’ (n = 14, median
DFS = 318 weeks) and ‘short-term’ (n = 13, median DFS = 11 weeks) groups. RNA-seq was performed to com-
pare differentially expressed genes, immune infiltration, and neoantigens. Immunohistochemistry was performed
to evaluate the immune infiltration. There were no significant differences in tumor mutation burden, immune score,
cytolytic activity score, or neoantigen load between two groups. Compared with the long-term group, significantly
increased B lineage (P = 0.0463), myeloid dendritic cells (P = 0.0152), and fibroblast (P = 0.0244) infiltration levels
were observed in the short-term group, in which genes involved in ribosome, proteasome, and ECM-receptor inter-
action pathways were also overexpressed. Additionally, 16 patients with tumor thrombus were explored to identify
specific biomarkers for prognosis. We found that patients with tumor thrombus carrying TP53/ARID2 neoantigens
had significantly longer DFS. In conclusion, higher B lineage, myeloid dendritic cells, and fibroblast infiltration levels
might cause poor prognosis in the short-term group, which also showed higher expression of genes involved in ribo-
some, proteasome, and ECM-receptor interaction pathways. In patients with tumor thrombus, specific TP53/ARID2
neoantigens may be used as biomarkers toward personalized immunotherapy.
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Introduction uncommon, particularly in advanced stages.
According to previous studies, factors including
gene abnormalities [4], immune infiltration [5],
and tumor stage [6], have been generally con-

sidered as predictors of prognosis in cancers.

Hepatocellular carcinoma (HCC) is one of the
most common malignancies causing cancer-
related deaths worldwide, with very limited

therapeutic options [1]. Although most HCC
cases can be attributed to hepatitis B virus
(HBV) infection, other etiological factors inclu-
de hepatitis C virus (HCV) infection, alcohol,
aflatoxins, and nonalcoholic fatty liver disease,
NAFLD, etc. [2]. In China, HCC patients carry
a relatively low 5-year overall survival rate
(11.8%-13.3%) [3], and long-term survival is

However, it is also worth exploring novel prog-
nostic biomarker for HCC patients with different
DFS.

Mutations inside the tumor tissue are caused
by genome instability, which could stimulate
tumor-specific mutated neoantigens accumula-
tion, minimizing central T cell immune tolerance


http://www.ajcr.us

Molecular features involved in HCC prognosis

[7]. Therefore, neoantigens are an attractive
target to increase antitumor immunity and
personalized cancer immunotherapy [7]. With
advances in next-generation sequencing (NGS)
technologies, neoantigen discovery has beco-
me possible. Immune cells could contribute
a complicated antitumor immune process of
suppression or promotion by activating cyto-
toxic T cells or expressing immunosuppressive
factors, respectively [8]. It has been observed
that neoantigens strongly correlate with tumor
mutation burden (TMB) as well as the clinical
benefit in several cancers treated with immune
checkpoint inhibitors [9]. Additionally, the effi-
cacy of neoantigen-based personal vaccines
has been verified in melanoma and glioblasto-
ma, and it enhances a supplement for neoanti-
gen as a promising target in cancer immuno-
therapy [10, 11]. Several studies have descrip-
ted the neoantigen and/or immunogenomic
features in HCC, which were focused on west-
ern population and heterogeneous immunoge-
nomic landscapes for multifocal HCC [12, 13].
Despite the above-mentioned recent advances
in cancer treatment and neoantigen research,
specific neoantigen biomarker predicted for a
better prognosis has not been comprehensive-
ly discovered in patients with HCC in China.

Here, we sought to examine the molecular fea-
tures correlating with a better prognosis of HCC
patients, hoping to find biomarkers for progno-
sis prediction and optimization of personalized
treatments. For that, we collected tissues from
27 HCC patients. Subsequently, we performed
whole-exome sequencing (WES) and RNA
sequencing, and molecular features were char-
acterized, including somatic gene mutation,
TMB, neoantigen, immune infiltration, and dif-
ferentially expressed genes (DEGS).

Materials and methods
Patients and sample characteristics

27 paired formalin-fixed paraffin-embedded
(FFPE) samples (tumor and matched adjacent
non-cancerous tissue) were collected from
Chinese HCC patients undergoing surgery from
June 2012 to April 2016 at the Fifth Medical
Center of Chinese PLA General Hospital. The
enrollment criteria of patients is: (a) histologi-
cally proven HCC, (b) 18~70 years old, (c) no
gender limitation, (d) enough tissue samples
are available for sequencing, (e) no serious
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comorbidities of other organs, (f) regular follow-
up after surgery. The diagnosis of all HCC cas-
es (stages ranging from TANM to T3NM) was
confirmed by two independent hepatic pa-
thologists. All the clinical characteristics were
shown in Supplementary Table 1. All the
patients did not receive immunotherapy treat-
ment before or after surgery. We collected
tumor tissues from primary HCC at the time of
surgery, and the tissues had been confirmed by
two pathologists before sequenced. We have
obtained the informed consent from all
patients. This study was approved by the ethi-
cal committee of the Fifth Medical Center of
Chinese PLA General Hospital and was per-
formed in accordance with the ethical stan-
dards of the World Medical Association
Declaration of Helsinki. To better identify differ-
ences in gene mutation, gene expression, and
immune infiltration of the 27 HCCs, the cohort
was divided into ‘short-term’ and ‘long-term’
survivors based on the median DFS (78
weeks). The ‘long-" and ‘short-term’ group
included patients with DFS > 78 weeks from
surgery and those with DFS < 78 weeks from
surgery, respectively.

WES and somatic mutation analysis

DNA samples were collected from tumor and
matched normal FFPE tissues with the
GeneRead DNA FFPE Kit. SureSelect Kit (v.4,
Agilent) was used to construct DNA libraries,
and WES was performed using HiSeq X10
platform (lllumina Inc., San Diego, CA, USA).
The WES depth of tumor tissues is > 300x and
the WES depth of normal tissues is > 100x.
Sequencing reads containing many Ns (> 5%),
low-quality bases (> 15% bases with quality <
19) and adaptor sequences were discarded.
Then paired-end reads with high-quality were
subjected to mutation analysis and mapped
to the human genome (hg19) using Burrows-
Wheeler Aligner (BWA version 0.7.15, default
parameters, BWA-MEM algorithm). Software
GATK MuTect2 (version 4.1, default parame-
ters) was used to call somatic SNVs and InDels.

RNA-seq and gene expression

RNA from FFPE tissues was extracted with
RNeasy FFPE Kit (Qiagen Inc., Germantown,
USA). RNA library was constructed with TruSeq
RNA Exome kit (lllumina, Inc., San Diego, CA,
USA) and then was sequenced on HiSeq X10
platform (lllumina Inc., San Diego, CA, USA).
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Sequencing reads containing many Ns (> 5%),
low-quality bases (> 15% bases with quality <
19) and adaptor sequences were discarded.
Then paired-end reads with high-quality were
retained for further data analysis. High-quality
reads were mapped to the reference genome
hg19 via Bowtie software (version 2.2.4) with
default parameters. Gene expression was cal-
culated as reads per kilobase per million reads
(FPKM) with Cufflinks software (version 2.2.1,
default parameters).

Identification of DEGs and KEGG pathway
enrichment

DEGs were identified with Cuffdiff (version
2.2.1, default parameters). Significant DEGs
met with the following criteria: the absolute
value of log2 (fold change) > 1, and P < 0.05.
KEGG (http://www.genome.jp/kegg/) function
enrichment analysis was carried out with
KOBAS (version 2.1.1, default parameters). The
enriched pathway with P < 0.05 were consid-
ered statistically significant.

Gene set enrichment analysis (GSEA)

The GSEA method (version 4.0.3, default para-
meters) was used to identify the significant
pathways of the two groups. The KEGG sub-
set of CP in C2 curated gene sets of MSig-
DB (http://software.broadinstitute.org/gsea/
msigdb) served as the reference gene sets.
The permutation analysis (1000 permutations)
was performed to determine the thresholds for
significance. Enrichment results with |NES| >
1, nominal P-value < 0.05, and false discovery
rate (FDR) g-value < 0.25 were considered sta-
tistically significant.

Neoantigen predictions

OptiType (version 1.3.1) or seq2HLA (version
2.2) software was used to get the HLA | or HLA
Il typing from normal DNA with default para-
meters. Neoantigens were identified with pvVAC-
seq [14] (version 4.0.10, default parameters).
NetMHC (version 2.22.1) or PickPocket (version
2.22.1), NetMHCllpan (version 2.22.1) soft-
ware was used to predict the affinity between
peptide and MHC with half-maximal inhibitory
concentration (IC.)) with default parameters.
In general, IC,, < 500 nM is considered as a
basic binder threshold, and IC_ <150 nM as a

50 —

strong binder [15]. Mutated peptides with IC_
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< 500 nM was deemed as candidate neoanti-
gens, and peptides with IC_; < 150 nM were
considered as strong-quality neoantigens [11].
Moreover, gene expression of mutated pep-
tides should be at least 1 in FPKM [6].

Immune infiltration estimation

Software ESTIMATE (version 1.0.13, default
parameters) was used to calculate the fraction
of stromal and immune cells in tumor samples
based on FPKM, which characterized the infil-
tration of immune cells with ‘Immune score’.
The absolute cell abundance in the tumor was
estimated with MCP-counter software (version
1.1.0, default parameters), including 8 im-
mune cells and other 2 stromal cells. Addi-
tionally, CYT score was calculated as the geo-
metric mean [16] based on the expression
(expressed in TPM) of two genes (GZMA, PRF1).

Immunohistochemistry (IHC)

We selected four gene markers (CD8, CD45R0,
CD3 and FOXP3) to perform IHC, and antibod-
ies from Abcam (USA) were used. Four 5-um
thick sections were prepared from patient and
dewaxed. Then slides were treated with 1 mM
EDTA pH 8.0 at boiling condition, followed by
15 min at sub-boiling temperature. Slides were
treated with 3% hydrogen peroxide for 15 min,
washed 3 times with PBS for 5 min each, and
then blocked with 10% goat serum for 10 min.
Diluent primary antibodies used were as fol-
lows: CD8 (1:100, ab4055), CD45R0 (1:150,
ab23), CD3 (1:100, ab16669) and FOXP3
(1:200, ab20034). After incubation overnight
at 4°C, the sections were treated with biotinyl-
ated secondary antibody for 30 min. Slides
were stained with DAB and following washed by
water. Then hematoxylin was used for counter-
staining 90 seconds. Finally, slides were rinsed
by water and mounted for observation of anti-
body-antigen binding complex.

Clinical risk factors associated with DFS in
HCC

To assess the risk factors for DFS in this HCC
cohort, hazard ratios (HR) were calculated to
evaluate the clinical features at cancer diagno-
sis in association with survival using univariate
and multivariate Cox regression analyses.
Variables with a P-value < 0.0500 in the uni-
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variate Cox model were used in the multivariate
Cox regression analysis.

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 8.0 software (GraphPad Software,
San Diego, USA). Comparisons between groups
were performed with two-sided Fisher’s exact
test for categorical variables and two-tailed
unpaired t test for numerical variables. The
Log-rank test was used to calculate the differ-
ence in survival. P < 0.0500 was deemed as
statistically significant. Figures were plotted
with GraphPad Prism 8.0 software (GraphPad
Software, San Diego, USA) or R (https://cran.r-
project.org/).

Results

Disease-free survival (DFS) comparison and
gene mutation landscape

Twenty-seven HCC patients (median DFS, 78
weeks) undergoing treatment at Fifth Medical
Center of Chinese PLA General Hospital were
enrolled in this study. The ‘long-term’ (n = 14,
median DFS, 318 weeks) and ‘short-term’ (n =
13, median DFS, 11 weeks) groups significan-
tly differed in terms of DFS with P < 0.0001
(Figure 1A).

All the FFPE tissues were performed with WES.
A median of 149 somatic mutations (57-2283)
was observed in each patient. Among all these
mutations, only genes mutated in at least two
patients were selected for further analysis. A
total of 4312 gene mutation were obtained,
and 20.80% of them (897/4312) were mutated
in at least two patients. TP53 was the most
frequently mutated gene (16/27, 59.26%),
followed by FLG2 (48.15%), MUC17 (44.44%),
FLG (40.74%), MUC4 (37.04%), TTN and HRNR
(33.33%), IGFN1 (29.63%), RREB1 and KMT2C
(29.63%) (Figure 1B). Compared with gene
mutation from HCC cases in the TCGA data-
base, we identified 3313 common genes
(Figure 1C). Top 10 frequently mutated genes
in this study were all in TCGA-HCC, although
they showed a higher mutation frequency than
in the database (Figure 1D), which may have
been caused by our limited number of patients
or ethnicity. In addition, we found 999 previ-
ously unreported mutated genes, 126 of which
were found in at least 2 samples, and 20 in at
least 3 samples (Figure 1E).
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Immune infiltration comparison between long/
short-term groups

RNA-seq data were used to calculate immune
infiltration with three scores, Immune, CYT,
and MCP-Counter scores. Immune infiltration
was compared between the two groups. The
immune and CYT scores showed no statisti-
cally significant differences between groups
(Figure 2A, 2B). Significantly increased myeloid
dendritic cells infiltration was observed in the
short-term group compared with the long-term
group, and the similar trend was witnessed in
B lineage and fibroblast infiltration but with a
relatively large variance (Figure 2C). While other
cell infiltration showed no statistically signifi-
cant differences (Figure 2C).

Immune infiltration evaluation of the long- and
short-term groups via IHC

To further understand the immune infiltration
differences between the long- and short-term
groups, CD3, CD8, CD45R0, and FOXP3 were
chosen to perform IHC in tumor samples. As
shown in Figure 3, a tendency toward higher
CD3+ T cells was observed in the short-term
group (consistent with Figure 2C, but no sta-
tistical significance). No obvious difference of
CD8+, CD45R0+, and FOXP3+ were witnessed
between two groups.

Different gene expression spectrum and path-
way enrichment in the long- and short-term
groups

To identify the DEGs and key pathways, the
transcriptomes of samples from the long- and
short-term groups were compared. In compari-
son with ‘long-term’ samples, a total of 951
DEGs were identified, including 386 upregulat-
ed and 565 downregulated genes in the ‘short-
term’ group based on the criteria of P-value <
0.05 and |log,(Fold Change)| = 1 (Figure 4A).
Further, we conducted a KEGG pathway enrich-
ment analysis to understand the functional
roles of these DEGs and identify key pathways
in our HCC patients. There were 33 pathways
enriched based on the criteria of P-value <
0.05, including 9 for upregulated genes and 24
for downregulated genes. The top 20 statisti-
cally significant pathways are shown in Figure
4B based on the ranked P-value. Pathways,
including protein digestion and absorption,
and ECM-receptor interaction, were significant-
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ly enriched in the short-term group (Figure 4B).
Similarly, a higher fibroblast infiltration exists in
short-term group (shown in Figure 2C), which
indicates that fibroblasts could construct new
extracellular matrix (ECM) necessary to support
cell ingrowth and potentially are involved in
matrix remodeling. Drug metabolism-cytochro-
me P450, metabolism of xenobiotics by cyto-
chrome P450, and chemical carcinogenesis
were significantly enriched in the long-term
group (Figure 4B). Here, we only focused on
those pathways most possibly relevant to phe-
notype in this study.

GSEA of long- vs. short-term groups

To characterize the functional signaling path-
way differences, GSEA was additionally utilized
to identify the pathways enriched in the two
groups. The results demonstrated that 20 path-
ways were enriched in the short-term group
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Figure 2. Immune infiltration differences between the
long- and short-term groups. A. Immune score. B. CYT
score. C. MCP-Counter score (10 kinds of cells).

(NES < 0). Detailed information on several
enriched pathways is shown in Supplementary
Table 2. It suggested a higher expression of
genes involved in the ribosome, proteasome,
ECM-receptor interaction, etc., in the short-
term group (Supplementary Table 2 and Figure
5), which is similar with KEGG pathway enrich-
ment in Figure 4B.

TMB or neoantigen load has no relation to
patient survival

As reported in the previous study, TMB and
neoantigen load are considered to be associ-
ated with cancer prognosis [17, 18]. Therefore,
we analyzed the relationship between these
two factors with prognosis in this study. TMB
value ranged from 0.87 to 35.12 (median =~
2.30) in these HCC patients. The number of
neoantigen (IC,, < 500 nM) ranged from 1 to
562 (median = 119) with. The number of neo-
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from O to 205 (median = 34).

We compared TMB and neoantigen loads
between the two groups. However, there were

no significant differences (Supplementary
Figure 1A-D). Then, we regrouped all patients
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into new groups based on
the median value of TMB
and neoantigen load. There
was no significant corre-
lation between TMB, neo-
antigen load, and DFS in
HCC patients (Supplemen-
tary Figure 2A-C). Therefore,
high mutation and neoanti-
gen load may not contrib-
ute to DFS in HCC patients
who do not undergo immu-
notherapy.

Clinical risk factors associ-
ated with DFS

A total of 35 clinical fea-
tures were included in the
univariate Cox regression
analysis, and the results
are summarized in Supple-
mentary Table 3. Nine va-
riables (including tumor
thrombus, AST, DBIL, ALT,
ALP, TBIL, AFP, CHE, and
virus) with P < 0.0500 were
included in the multivaria-
te Cox analysis (variables
in bold of Supplementary
Table 3). According to our
analyses, tumor thrombus
was an independent risk
factor for DFS in HCC (Fi-
gure 6, HR = 9.553, 95%
Cl = 1.624-56.191, P =
0.0126). In conclusion, the
results demonstrate that
carrying a tumor thrombus
at diagnosis increases the
risk of relapse or death in
HCC patients.

The TP53/ARID2 neo-
antigens predict better
prognosis in HCC patients
with tumor thrombus

HCC tends to involve vascular structures in the
liver, such as the portal veins and the hepatic
veins. The prognosis of patients with HCC
accompanied by portal vein tumor thrombus is
generally poor if left untreated. However, we
noted that in this project, several untreated
patients also had a long DFS even with tumor
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thrombus. Thus, we ana-
lyzed neoantigens among
16 patients with tumor
thrombus and explored
whether specific neoanti-
gens contributed to their
survival. The 16 patients
were grouped according to
the median DFS. As shown
in Figure 7A, the number of
patients carrying the TP53/
ARID2 neoantigens in the
two groups was significant-
ly different (Fisher’'s exact
test, P = 0.0338), and a
tendency toward higher fre-
quency was observed in
the long-term DFS group.
Patients were then regro-
uped based on the TP53/
ARID2 neoantigens, sug-
gesting that patients carry-
ing the TP53/ARID2 neoan-
tigens had a longer DFS
(Figure 7B, P = 0.0127).

Discussion

A better understanding of
the molecular mechanisms
and relative pathways that
play a key role in prolonging
patient survival may poten-
tially provide new clinical
therapeutic strategies. He-
re, we describe the muta-
tion, immune, and neoanti-
gen landscape of 27 HCC
patients in a Chinese popu-
lation. For the top mutated
genes, a higher mutation
frequency was observed in
this project than in public
mutations from HCC pati-
ents in TCGA. Additionally,
999 genes were only mu-
tated in this project, which
may have been due to eth-
nicity differences or our
limited number of patients.

It was reported that higher
TMB and neoantigen loads
were related to worse prog-
nosis in head and neck
squamous cell carcinoma,
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Figure 5. Enrichment score of several significantly enriched pathways in the

short-term group.

>Short term
between the long- and

short-term groups. Interes-
tingly, we observed signifi-
cantly increased B lineage,
myeloid dendritic cells, and

Variables Hazard ratio (95% Cl) P Value . o i i
fibroblast infiltration in the
Tumor thrombus  9.553(1.624-56.191) ] . '] 0.0126 .
short-term group. In this
TBIL 1.260(0.891-1.778) 0.1923 study, higher expression of
transforming growth factor
ALP 1.038(0.996-1.082) 0.0794
beta (TGFB) was observed
AFP 1.000(0.999-1.001) 0.6084 in short-term group (data
not shown) and PI3K-AKT
CHE 1.000(0.999-1.001) 0.6924 i . X
signaling pathway was sig-
AST 0.998(0.880-1.131) 0.9698 nificantly enriched in KE-
i o 855 GG enrichment analysis in
short-term group (data not
DBIL 0.749(0.490-1.145) 0.1826

Virus 0.000(0.000-2.408)

shown). Therefore, we spe-
culate the possible molecu-
lar mechanism that induc-

0.0776

Trrrrrrrrrrrrrrrrrr .11

02557510 15 20 25 30

35

Hazard ratio

Figure 6. The association between 9 variables and relapse or death risk using
multivariate Cox regression analysis. Note: AST, Aspartate Aminotransferase;
DBIL, Direct bilirubin; ALT, Alanine transaminase; ALP, Alkaline phosphatase;
TBIL, Total bilirubin; AFP, Alpha-fetoprotein; CHE, Cholinesterase.

NSCLC, adenoid cystic carcinoma, and myelo-
ma [6, 19]. However, controversial result was
obtained in clear cell renal cell carcinoma [17],
which showed TMB or neoantigen load had no
association with prognosis. In our study, we
observed the same result that DFS was not cor-
related with neoantigen or TMB load. The specf-
ic reasons for such inconsistency are indistinct,
which may be attributed to cancer histologic
type, treatment, or sample sizes.
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40

45

50; 18587 es the increased infiltration

of these cells may be attri-
buted to increased TGFf
expression and PISK-AKT
signaling activation. TGFf
has been suggested to play
an important role in shap-
ing the cancer-associated fibroblasts (CAF)
landscape, which contributes to CAF prolifera-
tion and differentiation [20-22]. Also, TGFf
could involve in the generation of dendritic cells
by protecting progenitor cells from apoptosis
[23]. In previous studies, researchers found
that activation of PI3K-Akt signaling pathway
would increase the proliferation of fibroblasts
and suppress the autophagy and apoptosis
[24, 25].
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Figure 7. Identification of specific neoantigen mark-
ers among 16 HCC patients with tumor thrombus. A.
Comparison of the number of patients (grouped ac-
cording to the median DFS) carrying the TP53/ARID2
neoantigen. B. DFS comparison of 16 HCC patients
with tumor thrombus.

There remains considerable controversy over
the influence of tumor-infiltrating B lympho-
cytes. Although positive results have shown
that high tumor-infiltrating B cells predicts a
better prognosis in HCC [26], several studies
have shown that high infiltration of B cells is
associated with shorter survival and tumor pro-
gression in melanoma [27], renal cell cancer
[28], and lung adenocarcinoma [29], as it is
likely that patients with malfunctioning B cells
and less efficient B-cell subsets have a higher
infiltration of B TILs [30]. B cells exerted pro-
tumoral functions and caused poor prognosis
due to numerous mechanisms, including im-
mune regulatory cytokines, production of auto-
antibodies and complement conjugation [31].

For myeloid dendritic cells, despite the com-
mon belief that myeloid dendritic cells provide
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specific stimulatory functions, this concept has
been overturned in many reports [32, 33].
Dendritic cells might be polarized into immuno-
suppressive or tolerogenic regulatory cells, lim-
iting the activity of effector T cells and support-
ing tumor growth and progression. This means
that myeloid dendritic cells may differentiate
into different phenotypes and exhibit differen-
tial anti-tumoral or pro-tumoral functions. CAFs
are components of the tumor microenviron-
ment that promote the proliferation and inva-
sion of cancer cells by secreting various growth
factors and cytokines, which has been shown
to correlate with poor prognosis tumor progres-
sion in cancers, including HCC [34]. Activated
fibroblasts could secrete a lot of extracellular
matrix (ECM), which can cause liver fibrosis. In
summary, poor prognosis in the short-term
group is likely attributable to stronger immuno-
suppression.

In this study, genes involved in ribosome, pro-
teasome, and ECM-receptor interaction was
significantly higher expressed in the short-term
group, which might be caused by higher expres-
sion of TGFB and antigen processing and pre-
sentation signaling. TGFp could promote CAF
to secrete ECM-cell-adhesion proteins includ-
ing collagen, fibronectin, and integrins [35, 36]
and stimulate fibroblast to evolve into myofi-
broblast. Ribosomes are cytoplasmic granules
containing ribosomal RNA (rRNAs) and ribo-
somal proteins (RPs) in which protein synthesis
occurs. Over the decades, accumulative stud-
ies have shown that many genes with tumori-
genic extra-ribosomal functions involved in
translation [37, 38] and played important roles
in cell cycle regulation and apoptosis [39]. Also,
researchers have found that elevated expres-
sion of ribosomal genes was associated with a
poor prognosis of patients with solid tumors
[40-43], including HCC. Proteasome is a multi-
functional proteinase account for the degrada-
tion of intracellular proteins, like proteins vital
for cell cycle regulation and cell apoptosis. For
example, several studies have shown that over-
expression of PSMD14 gene (the regulatory
particle subunit of proteasome) could promote
the development of cancer and cause a poor
prognosis in HCC by: (a) deubiquitinating and
stabilizing E2F1 [44], (b) deubiquitinating GRB2
and inducing continuous activation of PI3K/
AKT signaling [45], (c) deubiquitinating P53/
Bim to prevent cell apoptosis [46]. ECM could
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control homeostasis and tissue development,
and its dysregulation might lead to neoplastic
progression. ECM plays an important role in
biochemical process that contributes to cell
growth, differentiation and migration. ECM mol-
ecules could stimulate signaling pathways by
bind to cell surface receptors. Sustaining prolif-
erative signals from ERK and PI3K could be
induced by ECM adhesion and its receptors
[47]. Also, cell-ECM interactions can inhibit
growth suppressors to subvert cell cycle arrest
by regulating TGFB signaling [48]. Besides, a
stiffened ECM could promote TGF to induce
EMT and stimulate cancer metastasis [49].
Higher expression of ITGA6 and laminin pre-
dicts a poor prognosis for HCC patients [50,
51].

Tumor thrombus plays a vital role in the progno-
sis among patients with HCC [52]. Interestingly,
among the 16 patients with tumor thrombus,
those carrying the TP53/ARID2 neoantigens
showed a better prognosis. Although TP53 and
ARID2 are important tumor suppressor genes
[53], we found a positive relationship between
TP53/ARID2 neoantigens and better progno-
sis. It is in line with the previous study that
MUC16 neoantigen, which facilitates a lasting
neoantigen-specific immunity, had an associa-
tion with a long-term survival in patients with
pancreatic cancer [15]. It is probable that the
‘TP53/ARID2 neoantigens’ stimulate the spe-
cific antitumor immune response in long-term
HCC in this study. Thus, the TP53/ARID2 neo-
antigens may be used for predicting prognosis
or offer new treatment options among HCC
cohort with tumor thrombus in the future.
Moreover, it is worthwhile to perform more
research to further explore the potential molec-
ular mechanisms of ‘TP53/ARID2 neoantigen’
via other techniques, like T cell receptor (TCR)
sequencing or single-cell sequencing.

Conclusions

In summary, this study provided insights into
the mutational spectrum, immune infiltration,
and potential mechanisms responsible for dif-
ferent clinical prognoses. Additionally, we pro-
vide new insight that patients carrying the
specific TP53/ARID2 neoantigens showed a
longer DFS with tumor thrombus, which might
help guide future investigations of developing
personalized immunotherapeutic approaches.
More studies are also required to thoroughly
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explore the molecular mechanisms and factors
that can affect or predict better prognosis in
HCC patients.
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Supplementary Table 1. Part of significant-enriched pathways in Short-term through GSEA analysis

Enrichment pathways Normalized Enrichment Score (NES) NOM p-val FDR g-val
Ribosome -1.7009071 0 0.005358497
Proteasome -1.6258279 0 0.017680043
ECM-receptor interaction -1.5425298 0.001121076 0.1031432
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Supplementary Figure 1. TMB, neoantigen load comparison between Long-term and Short-term. A. TMB compari-
son between Long-term and Short-term, P = 0.2293. B. Neoantigen number per patient in PtO1~Pt27. C. Total
neoantigen (IC,, < 500 nM) load comparison between Long-term and Short-term. D. High-quality neoantigen (IC_, <

150 nM) load comparison between Long-term and Short-term.
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Supplementary Figure 2. Correlation between TMB, neoantigen load and prognosis. A. TMB and prognosis, P =
0.4065. B. Total neoantigen (IC,, < 500 nM) load and prognosis, P = 0.0949. C. High-quality neoantigen (IC_, < 150
nM) load and prognosis, P = 0.0949.
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Supplementary Table 3. Clinical variables included in univariate-Cox proportional hazards model

Factor HR 95% Cl P value
Neutrophil ratio 13.600 0.267-696.000 0.1930
Tumor thrombus 4.070 1.120-14.800 0.0329
Albumin/Globulin ratio 1.430 0.209-9.790 0.7150
Family history of liver cancer 1.350 0.467-3.890 0.5810
Diabete 0.000 0.000-Inf 0.9980
Thrombocytocrit (%) 1.210 0.083-17.500 0.8900
Alcohol 1.170 0.391-3.500 0.7790
Prothrombin time (s) 1.160 0.564-2.390 0.6850
Gender 1.120 0.313-4.050 0.8570
AST (U/L) 1.020 1.000-1.030 0.0188
Neutrophil number (/L) 1.020 0.784-1.320 0.8940
DBIL (umol/L) 1.010 1.000-1.020 0.0023
ALT (U/L) 1.010 1.000-1.020 0.0336
ALP (U/L) 1.010 1.000-1.020 0.0020
TBIL (umol/L) 1.010 1.000-1.010 0.0027
AFP (nk/mL) 1.000 1.000-1.000 0.0201
CHE (U/L) 1.000 0.999-1.000 0.0475
Platelet number (/L) 1.000 0.998-1.010 0.1580
Neutrophil/Lymphocyte Ratio 0.997 0.862-1.150 0.9700
Hemoglobin (g/L) 0.985 0.955-1.020 0.3470
CRE (umol/L) 0.981 0.948-1.020 0.2770
Age 0.980 0.922-1.040 0.4990
Leukocyte number (/L) 0.964 0.743-1.250 0.7840
Smoke 0.964 0.322-2.890 0.9480
Prothrombin activity 0.957 0.889-1.030 0.2340
Albumin (g/L) 0.938 0.798-1.100 0.4370
Globulin (g/L) 0.914 0.787-1.060 0.2370
TP (g/L) 0.913 0.813-1.030 0.1270
Erythrocyte number (/L) 0.887 0.285-2.770 0.8370
Lymphocyte number (/L) 0.784 0.369-1.670 0.5270
BUN (mmol/L) 0.765 0.465-1.260 0.2920
Antiviral therapy 0.679 0.227-2.030 0.4890
Monocyte number (/L) 0.176 0.006-5.350 0.3190
Virus 0.049 0.004-0.571 0.0160
Lymphocyte ratio 0.040 0.000-4.930 0.1900

Abbreviations: AST, Aspertate Aminotransferase; DBIL, Direct bilirubin; ALT, Alanine transaminase; ALP, Alkaline phosphatase;
TBIL, Total bilirubin; AFP, Alpha fetoprotein; CHE, Cholinesterase; CRE, Creatinine; TP, Total protein; BUN, Blood urea nitrogen.



