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Background: New predictors of the efficacy of hepatocellular carcinoma (HCC) immunotherapy are needed. The ability of a single
gene mutation to predict the therapeutic effect of immune checkpoint inhibitors (ICI) in HCC remains unknown.

Methods: The most frequently mutated genes in HCC were analyzed using the Cancer Genome Atlas (TCGA) and International
Cancer Genome Consortium (ICGC) datasets. Mutant genes that correlated with the tumor mutational burden (TMB) and prognosis
were obtained. The mutation pattern and immunological function of one of the most frequently mutated genes, LRP1B, were
determined. A pan-tumor analysis of LRP1B expression, association with cancer prognosis, and immunological role was also explored.
A retrospective clinical study was conducted using 102 HCC patients who received ICI treatment to further verify whether gene
mutations can predict the effectiveness of immunotherapy and prognosis of HCC.

Results: LRP1B is among the most frequently mutated genes in HCC cohorts in TCGA and ICGC datasets. TCGA data showed that
the LRP1B mutation activated immune signaling pathways and promoted mast cell activation. Patients with LRP1B mutations had
significantly higher TMB than those with wild-type LRP1B. LRP1B expression correlated with the cancer-immunity cycle and
immune cell infiltration. High LRP1B expression was also associated with poor survival among HCC patients. Results from the
clinical study showed that HCC patients in the LRP1B mutation group had a poor response to ICI and worse prognosis than the wild-
type group. The LRP1B mutation group had significantly higher TMB and mast cell infiltration in tumor tissues.

Conclusion: This study is the first to report that a single gene LRP1B mutation is associated with a poor clinical response to ICI
treatment and negative outcomes in HCC patients. HighLRP1B expression correlated with tumor immunity and HCC prognosis.
Keywords: LRP1B mutation, ICI treatment response, prognosis, HCC, TMB

Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer death worldwide. The prevalence of HCC is
increasing globally, resulting in at least 600,000 deaths annually.! Over 80% of HCC patients have lost the opportunity
for curative treatment by the time they are diagnosed. As a result, the treatment of advanced HCC remains a major
challenge to healthcare worldwide.

Studies suggest that immunotherapy may be an effective treatment approach for HCC. While anti-programmed cell
death protein-1 (PD1) antibodies as immune checkpoint inhibitors (ICI) have shown promise in HCC treatment, only
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a subset of patients is responsive.** In addition, ICI treatment has a number of side effects, some of which can be life-
threatening. Thus, it is important to identify markers that can predict the efficacy of ICI treatment for HCC.

Tumor mutation burden (TMB) and PD-L1 are the most commonly used biomarkers to predict response to
immunotherapy and both require the detection of tumor tissue. Liver cancer is the only solid tumor that can be diagnosed
clinically and obtaining tumor tissue for molecular testing causes trauma and increases the risk of bleeding in patients
with advanced tumors. Therefore, it is particularly important to find non-invasive predictive molecules that can identify
HCC patients who may benefit from immunotherapy.

The low-density lipoprotein receptor-related protein 1B (LRP1B) encodes an endocytic LDL-family receptor. LRP1B
binds to multiple extracellular ligands, including fibrinogen and apoE carrying lipoproteins and may participate in
extracellular ligand scavenging. This protein may also modulate the tumor microenvironment and cellular drug uptake.’
LRPIB expression is positively correlated with ten immune cell marker genes and there is evidence that it may act as
a tumor suppressor.” LRP1B is among the most commonly mutated genes in tumors, and alterations are shown to impact
antigen processing pathways.” LRP1B mutations also have a functional impact on tumorigenesis. Indeed, a deletion
mutation of LRP1B is associated with poor prognosis of glioblastoma patients.® LRP1B mutations are also implicated in
the development and progression of multiple myeloma in Chinese Han populations,” and associated with TMB and
prognosis of lung cancer and melanoma patients.'®'" Moreover, LRP1B mutations are associated with favorable
outcomes to ICI treatment of multiple cancer types.'”> LRP1B serves as a mediator of lipid metabolism in HCC,'® and
is one of 20 recurrent hepatitis B virus (HBV) targeted genes in HBV infected HCC patients.'"* However, knowledge
about the relationship between LRP1B and HCC prognosis remains limited.

This study showed that LRP1B is one of the most frequently mutated genes in HCC. The molecular characterization
and immunological characteristics of LRP1B mutation and expression were comprehensively analyzed using TCGA data.
The correlation between LRP1B mutation and both TMB and disease prognosis was assessed. A retrospective clinical
study of the LRP1B mutation and both ICI treatment response and HCC prognosis was conducted to validate the
findings.

Methods

Data Acquisition and Analysis

Pan-cancer RNA sequencing (RNA-seq) (FPKM value), somatic mutation, and survival data from TCGA were down-
loaded from the UCSC Xena data portal.'> Gene mutation and expression data from Chinese HCC patients (n=351) were
downloaded from the ICGC portal (http://dcc.icgc.org/ releases/current/Projects). Data on LRP1B expression in normal

tissues were downloaded from the Genotype-Tissue Expression (GTEx) project and data on LRP1B expression in cancer
cell lines were downloaded from the Cancer Cell Line Encyclopedia (CCLE) project. TMB was defined as the number of
somatic, coding, indels, and base substitutions per megabase of genome detected. Mutations without amino acid changes
were filtered out.

Molecular Characterization of LRPIB Mutation and Expression
Differentially expressed gene (DEG) analysis was performed using the “DESeq2” R package with the standard
comparison mode.'® Gene Ontology (GO) annotation (http://www.geneontology.org/) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway enrichment analysis were used to explore the biological functions and pathways
associated with the DEGs.'” All of these analyses were performed as described previously using DAVID (https://david.
abcc.Ncifcrf.gov/).18 Gene Set Enrichment Analysis (GSEA) (http://software.broadinstitute.org/gsea/index.jsp) was used

to define the pathways enriched in the gene rank involved in different groups.'® All hallmark gene sets with significant
enrichment were displayed. Gene set variation analysis (GSVA) was conducted to investigate how biological processes
changed between different LRPIB expression or mutation patterns using the GSVA R package.”’ The biological
signatures were derived from the hall marker gene set downloaded from the Molecular Signatures Database database
(MSigDB, http://software.broadinstitute.org/gsea/msigdb/index.jsp) v7.12" A P-value < 0.05 was set as the cutoff for
statistical significance.
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Evaluation of the Immunological Characteristics of LRPIB

A single sample gene set enrichment analysis (ssGSEA) based on the gene expression of individual samples was used to
evaluate the activity of the cancer-immunity cycle steps.”* The abundance of six tumor-infiltrating immune cells (TTICs)
subtypes in tumors was calculated using the Tumor Immune Estimation Resource (TIMER), an algorithm for predicting
the degree of immune infiltration.*?

Immune Cell Profiles Analysis Using CIBERSORT

Samples containing both mutation and transcriptome data were used for immune cell analysis using the CIBERSORT
database (https://cibersort.stanford.edu/index.php) which accurately quantifies the relative levels of 22 distinct immune

cell subtypes in a complex gene expression mixture.”* The relative proportion of various immune cell types was
calculated, and samples with P<0.05 were selected. From all the samples analyzed, 32/6 wild type/mutant samples
met the CIBERSORT requirements of a p-value <0.05, respectively. In the difference analysis, a ¢-test was used to
analyze differences in the immune profile score between the wild-type and mutant groups.

Quantification of the Immune Response Predictor

The immunophenoscore (IPS) is a predictor of the response to ICI treatment.”> The scoring scheme was developed
from immune-related genes associated with effector cells, immunosuppressive cells, checkpoints or immunomodula-
tors, and MHC molecules. The IPS of HCC patients was determined from The Cancer Immunome Atlas (TCIA)
(https://tcia.at/home). The Tumor Immune Dysfunction and Exclusion (TIDE) score was performed to model distinct

tumor immune evasion mechanisms using the TIDE database(http://tide.dfci.harvard.edu).>® The Estimation of Stromal

and Immune Cells in Malignant Tumors using Expression Data (ESTIMATE) algorithm?’ was performed to predict the
level of infiltrating immune and stromal cells based on the immune and stromal score, and the estimated score of each
sample.

Prediction of the Chemotherapeutic Response

The chemotherapeutic response for patients in the LRP1B mutant and wild-type subgroups was predicted based on the
largest publicly available pharmacogenomics database, the Genomics of Drug Sensitivity in Cancer (GDSC) (https://
www.cancerrxgene.org/). The response of 183 small molecular targeted drugs was forecasted and the prediction process

was conducted using the “pRRophetic” R package. The half-maximal inhibitory concentration (IC50) of the samples was
estimated.”®

Methylation Analysis

The SMART database (http://www.bioinfo-zs.com/smartapp/) was used to compare the degree of methylation between

different groups.*’ Distribution of methylation sites in the LRP1B gene in various tumor types was provided. Pan-tumor
analysis of LRP1B methylation was compared between tumor and normal tissues. Microsatellite instability (MSI) data
were collected from the study by Bonneville et al.>° Pan-tumor analysis of the correlation between LRP1B and DNA
methyltransferase expression as well as expression of mismatch repairs (MMRs) in HCC was conducted using TCGA
expression profile data. The methylation levels of LRP1B in HCC patients with wild-type and mutant LRP1B was also
assessed.

Retrospective Clinical Study Design

The clinical study was approved by the Ethics Committee of Nanfang Hospital, and all patients provided written
informed consent. A total of 102 HCC patients with complete Medical records and prognosis data who received ICI
treatment from Jan 2018 to Aug 2020 were enrolled. Clinical data are shown in Table 1. The patients received an average
of 9 cycles of ICI treatment with a mean follow-up duration of 14 months. The efficacy of treatment was evaluated every
4-8 weeks. Of the patients, 20 received mono treatment with anti-PD-1 antibody, and 82 received combination treatment
with anti-PD-1 antibody and molecular targeted therapy with sorafenib, lenvatinib, or apatinib. Samples of peripheral
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Table | Clinical Characteristic and Treatment Response of Patients in the Retrospective Cohort Study

Characteristics All Patients Mutation(%) Wild Type(%)
Patients Number 102 17 (17%) 85 (83%)
Median Age 50 48 50
Gender
Male 85 12 (71%) 73 (86%)
Female 17 5 (29%) 12 (14%)
Stage
A-B 30 (29%) 3 (18%) 27 (32%)
C 72 (71%) 14 (82%) 58 (68%)
HBV Infection(%) 91 (89%) 16 (92%) 75 (90%)
AFP
>400 49 (48%) 7 (41%) 42 (49%)
<400 53 (52%) 10 (59%) 43 (51%)
ICls Response
CR I (1%) 0 (0%) 1 (1%)
PR 16 (16%) 0 (0%) 16 (19%)
SD 52 (51%) 7 (41%) 45 (53%)
PD 33 (32%) 10 (59%) 23 (27%)
ORR 17 (17%) 0 (0%) 17 (20%)
DCR 69(68%) 7(41%) 62(73%)

Abbreviations: PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective release rate; DCR, disease control
rate.

blood and liver tumor tissue were collected. Pathology data is shown in Supplementary Table S1. Objective response

rates (ORR) were measured according to RECIST, version 1.1. Progression-free survival (PFS), overall survival (OS),
and duration of response were recorded.

Whole Exon Sequencing of HCC Patients and TMB Analysis

Somatic mutation of the 102 HCC patients was detected by whole exon sequencing of peripheral blood. Single nucleotide
variants (SNV) and indel variants were detected. Variant sites were annotated using ANNOVAR software.”’ Mutations
were detected using the Novaseq 6000 Platform. Patients were divided into two groups based on LRP1B mutation status.
Survival analyses of the two groups was performed using Kaplan-Meyer’s curves. For TMB analysis, the encoding area
length of the bed file (bed-length) was calculated and the population allele mutation with a mutation frequency >0.05 was
filtered. TMB was determined by the number of mutations/bed-length.

Assessment of Tumor-Infiltrating Mast Cells in HCC Tissue

Mast cell infiltration in tumor tissue was detected in 47 patients using immunohistochemistry with anti-mast cell tryptase
antibody (Abcam) as described previously.>? Images were captured and processed using Image-Pro. Mast cell count was
performed independently by two investigators.

Statistical Analysis

Statistical analyses were performed using SPSS 24.0 and GraphPad Prism 5.0 software (San Diego, CA, USA). Kaplan-
Meier analysis was used to determine the association between gene mutations and prognosis and evaluated using the Log
rank test. An unpaired ¢-test was performed to analyze the correlation between mutant genes and TMB. Correlation
between immune cell subtypes was calculated using Pearson correlation coefficients. Univariate and multivariate Cox
regression analyses were used to assess the association of different patient characteristics, including gender, age, AFP
level, BCLC stage, treatment strategy, and LRP1B mutation, on survival. For comparisons between individual data,
a two-tailed p-value <0.05 was considered statistically significant.
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Results

Landscape of Gene Mutations in HCC Patients

Mutation patterns of American HCC patients in the TCGA database (n=331) and Chinese HCC patients in the ICGC
database (n=351) were analyzed. The frequency and patterns of the top 30 most common mutant genes were shown in
Figure 1A and B. The five most frequently mutated genes in HCC samples were TP53, TTN, CTNNB1, MUCI16, and ALB
in the TCGA database, and TP53, TTN, MUCI16, IGFN1, and AHNAK? in the ICGC database. There were 13 overlapping
genes in the top 30 mutant genes in both the TCGA and ICGC databases, TP53, TTN, TNN, MUC16, PCLO, APOB,
LSMD3, FLG, OBSCN, USH2A, ADGRV1, RYR3, and LRP1B (Figure 1C). Patients with mutations in TNN, APOB, FLG,
LRP1B, OBSCN, USH2A, ADGRV1, and RYR3 had a significantly higher TMB (Figure 1D). Kaplan-Meier analysis
showed that LRP1B mutations were the only ones associated with a significantly poor HCC prognosis (Figure 1E).

LRPIB Mutation Analysis in HCC

LRP1B gene mutations were analyzed in 33 tumor types from the TCGA (Supplementary Figure S1). Somatic mutations

of LRP1B were found in 7.97% of liver hepatocellular carcinoma (LIHC). An LRP1B mutation map was also analyzed
using the cbioportal database where the mutation frequency in liver cancer reached 11% (Figure 2A). In the ICGC
database, the mutation frequency of LRP1B was 18% in liver cancer indicating that LRP1B mutations were even
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Figure | Mutation patterns and survival analysis of commonly mutated genes. (A)Mutation patterns of the top 30 most common mutant genes among HCC patients in the
TCGA and ICGC (B). Mutation types are summarized by color-coding. Clinical features are displayed at the bottom. (C) The Venn diagram shows the number of commonly
mutated genes found in the TCGA data, ICGC data, or both. (D) TMB in the gene mutant and wild-type groups in HCC. *P<0.5; **P<0.01; ***P<0.001; ***P<0.0001. (E)
Survival analysis of HCC patients with gene mutations (n=331).
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Figure 2 LRPIB mutation analysis. (A) Mutation map of LRPIB in the cbioportal database. (B) The percentage of genome changes in the LRPIB mutant and wild-type
samples. (C) The relationship between gene mutations and surgical resection status. (D) GSEA of the LRPIB mutation. (E) GSVA of the LRPIB mutation. Blue bars
represent the up-regulated signaling pathways, green bars represent the down-regulated signaling pathways, and gray bars represent signaling pathways with insignificant
differences. (F and G) GO and KEGG analysis of the DEGs between the LRPIB mutant and wild-type groups.

common in Chinese than Western patients (Figure 1B). Missense mutations, splice mutations, truncating mutations,
amplification, and deep deletions in LRP1B have been observed in liver cancers.

The percentage of genome changes was also significantly higher in LRP1B mutant samples than wild-type samples
(Figure 2B). This suggests that the mutation of LRP1B in liver cancer can be related to more genomic mutations.

Surgical resection status in patients with or without LRP1B mutations was explored. The RO resection rate was lower
in the mutant than in the wild-type group and while the mutant group included patients with R2 resection, there were no
patients with R2 resection in the wild-type group (Figure 2C). These findings suggest that tumors in the mutant group
may be more aggressive and have a higher rate of recurrence.

GSEA showed that the LRP1B mutation was associated with humoral immune activation, mast cell activation, mast
cell-mediated immunity, negative regulation of cytokine production, and production of molecular immune mediators
(Figure 2D). GSVA of the LRP1B mutation was conducted (Figure 2E). GO and KEGG analysis for DEGs in the LRP1B
mutant and wild-type groups is shown in Figure 2F and G. The heatmap and volcano map for the DEGs in the two groups
is shown in Supplementary Figure S2. These findings indicated that the LRP1B mutation correlates with negative

regulation of tumor immunity in HCC.
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Correlation Between the LRPIB Mutation and HCC Immune Status
Expression of immune checkpoint molecules and immunomodulators such as MHC, chemokines, and chemokine
receptors were assessed in HCC. There were no significant differences in the expression of immune checkpoint
molecules and the majority of immunomodulators between the LRP1B mutation and wild-type groups (Figure 3A and
Supplementary Figure S3A-C). The activity of the tumor-immunity cycle helps to assess the direct comprehensive
performance of the chemokine system and other immune modulator.>*** No significant differences were observed in
steps of the cancer-immunity cycle between the LRP1B mutant and wild-type groups in HCC (Figure 3B). In addition,
there were no significant differences in TIDE and IPS scores between the two groups (Supplementary Figure S3D and E)
which indicated that there is no association between LRP1B mutation and TIDE/IPS scores.

The association between the LRP1B mutation and TIICs was evaluated using the CIBERSORT algorithm. The
composition of 22 immune cell subtypes is shown in Supplementary Figure S3F. Activated mast cells were significantly

enriched in the LRP1B mutant group while resting mast cells were significantly higher in the wild-type group
(Figure 3C). The correlation matrix of immune cell proportions showed that mast cell activation was positively correlated

with dendritic cell activation, and negatively correlated with resting memory CD4+ T cells. In addition, resting mast cell

IMmmn 1] s ns ns ms ns ms ns ns ns ns ns ns ns ns ns ms ns ms ns ns ns s

o873
N A_
004 I -

'k
& ﬁ"b@ ﬁm‘” »‘& &
y@‘x@y @ S o fﬁfﬁﬁj s
PR 4?’ & o f
J«f

NVPBEZ235
INKSL KU55833 P -007003e2:
P = 004766147 P = 002053637 1C50 Rat

1C50 Ratio = 0,616 1C50 Ratio =

Estimated IC50
Estimated IC50

6 _m_
%,
- -
Estimated IC50
) -’_mi-

W02009093972 GC

P = 002136236 P =0,00502472 %
1C50 Ratio = NaN 1C50 Ratio = 1.408 1C50 Ratio = 1.061
.

Estimated IC50
Estimated IC50
S ol e~
- -._U]_
‘I'.
Estimated IC50
2T e s o
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were positively correlated with the proportion of macrophages M1 (Figure 3D). The chemotherapy response of the two
subgroups was also forecasted. Drug susceptibility prediction using GDSC showed that six chemotherapy drugs had
a significantly lower IC50 in the LRP1B mutant group than the wild-type group (Figure 3E and Supplementary Figure

S4). These findings suggested that the LRP1B mutation in HCC was associated with increased mast cell activation and
reduced the sensitivity of some targeted small-molecule drugs.

Expression Pattern of LRPIB and Prognostic Significance
Comprehensive analysis of TCGA and GTEx expression database showed that LRP1B was differentially expressed in tumor
and normal tissues in most tumor types (Figure 4A and Supplementary Figure S5A and B). LRP1B was widely expressed in

various cancer cell lines, including HCC cell lines from the CCLE database (Supplementary Figure S5C). LRP1B expression

was significantly higher in liver tumor tissues than normal tissues, although the level was relatively low. Chi-square analysis
showed no correlation between LRP1B expression and demographic or clinical characteristics including age, gender, TNM
stage, metastasis, and pathology grade in 273 HCC patients from the TCGA dataset (Table 2). GSEA showed that high
LRP1B expression was enriched in ribosomes in HCC (Figure 4B). GSVA in addition to GO and KEGG analysis for the
DEGs between LRP1B high and low expression groups were conducted (Figure 4C—G). LRP1B expression correlated with
increased receptor regulatory and receptor-ligand activity and a lower unfolded protein response.

A pan-cancer survival analysis was conducted to explore the prognostic value of LRP1B expression. The high LRP1B
expression group had significantly longer low-grade glioma (LGG) and prostate adenocarcinoma (PRAD) survival time and
significantly shorter lung adenocarcinoma (LUAD) and rectum adenocarcinoma (READ) survival time than the low expres-
sion group (Supplementary Figure S6). HCC patients with high LRP1B expression had a significantly shorter OS than those

with low LRP1B expression (p = 0.0186) (Figure 4H). Univariate and multivariate COX regression analysis indicated that
LRP1B expression was not an independent prognostic factor for HCC (Table 3). However, there was no significant difference
in the OS of HCC patients with high or low LRP1B expression who were treated with anti-PD1/PDL1 antibody (Figure 41
and J). These results suggest that high LRP1B expression level was associated with low survival in HCC patients.

Immunological Correlation of LRPIB Expression
The correlation between LRP1B expression and immune infiltration was explored in different cancer types
(Supplementary Figure S7). TIMER database analysis showed that LRP1B expression was positively correlated with

the infiltration of immune cells, including B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic
cells in HCC (Figure 5A). The relationship between LRP1B expression and the ESTIMATE score was also assessed
using pan-tumor analysis (Supplementary Figures S8-S10) LRP1B expression was positively correlated with the
ESTIMATE in HCC (Figure 5B).

The correlation between LRPIB expression and immune checkpoint expression is shown in Figure 5C. LRPIB
expression was positively correlated with expression of PDCD1LG2, LA1R1, CD86, CD70, CD44, CD276, and CD274
in HCC. The correlation between LRP1B expression and common immune checkpoint genes in pan-tumor tissues,

normal tissues, and pan-tumor cell lines was also analyzed (Supplementary Figure S11). LRP1B expression was
significantly correlated with PD1, TIM3, and CD274 expression in HCC tissue from the TCGA dataset, and significantly
correlated with CTLA4 expression in liver tumor cell lines (Figure SD and E).

Pan-tumor analysis of the correlation between LRP1B expression and the number of neoantigens, TMB, and
microsatellite instability (MSI) is shown in Supplementary Figures S12 and 13. LRP1B expression was significantly

correlated with all three factors in several cancer types, suggesting that LRP1B may reflect cancer immunogenicity in
these cancers. LRP1B expression also correlated with the infiltration of activated CD4" T cells, activated dendritic cells,
memory B cells, natural killer T cells, Type 17 T helper cells, and Type 2 T helper cells in HCC (Figure 5F and G).

Cancer immunity cycle analysis showed that the release of cancer cell antigens (Step 1) was significantly lower while
trafficking of immune cells to tumors (Step 4) was higher in the high LRP1B expression group than with the low
expression group (Figure SH). The high LRP1B expression group also had a high IPS suggesting that this group may be
more sensitive to ICI treatment (Figure 5I). These findings indirectly demonstrated that LRP1B expression may play
a role in regulating the immune response.
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Figure 4 Expression pattern of LRPIB and prognostic significance. (A) Integrated analysis for LRPIB expression in tumor and normal tissues in different cancer types using
TCGA and GTEx data. (B) GSEA analysis of LRPIB expression in HCC. (C) GSVA of LRPIB expression in HCC. (D) Heatmap for the top 40 DEGs between high and low
LRPIB expression groups. (E) Volcano map of DEGs in the high and low LRPIB expression groups. (F) KEGG analysis showing the most activated pathways for LRPIB
expression. (G) GO analysis showing the top ten enriched biological processes (BP), cellular components (CC), and molecular functions (MF) in HCC. (H) Survival analysis

for the OS in HCC patients with LRPIB high or low expression using TCGA data. (I and J) The OS of HCC patients treated with anti-PDL| or anti-PDLI antibodies using
TCGA data. *P<0.05, ***P<0.001.

The sensitivity of small molecule chemotherapy drugs in LRPIB high and low groups was also assessed
(Supplementary Figure S14). There were significant differences in the IC50 values of the two groups in response to
32 different drugs. The high LRP1B expression group had significantly lower sensitivity to most drugs.

LRPIB Methylation Analysis

LRPIB has 31 methylation sites and its methylation level was significantly lower in many tumor tissues, including HCC,
than in normal tissues (Figure 6A—C and Supplementary Figure S15). There was no difference in LRP1B methylation
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Table 2 Association Between Clinicopathological Parameters and LRPIB Gene Expression

LRPIB Gene Expression Total (237) P
Low (118) High (119)

Age
<60 64 6l 125 0.6969
>60 54 58 112

Gender
Female 42 33 75 0.2107
Male 76 86 162

T classificaion
TI+T2 85 84 169 0.8860
T3+T4 33 35 68

N classificaion
NO 116 117 233 1.0000
NI+N2 2 2 4

M classificaion
Mo 115 118 233 0.3697
Mi 3 | 4

Stage classificaion
Stage I+11 82 83 165 1.0000
Stage llI+IV 36 36 72

Grade classificaion
GI+G2 6l 71 132 0.2404
G3+G4 57 48 105

Table 3 Univariate and Multivariate Regression Analysis to Determine the Independent Prognostic Factor

Characteristics Univariate Cox Multivariate Cox
p HR 95% CI p HR 95% CI

Lower Upper Lower Upper
Gender 0.245 0.759 0.478 1.208 0.937 1.021 0613 1.699
Age 0.476 1.007 0.989 1.025 0.401 1.008 0.989 1.027
T stage 0.000 1.829 1.453 2.301 0.273 1.685 0.663 4.285
N stage 0.303 2.098 0513 8.584 0418 2.147 0.338 13.655
M stage 0.020 3.972 1.245 12.673 0.741 1.248 0.335 4.655
Stage 0.000 1.893 1.478 2.424 0.848 1.105 0.397 3.079
Grade 0.866 1.026 0.758 1.390 0.408 1.147 0.829 1.585
LPRIB gene expression 0.406 1.634 0513 5.206 0.770 1.184 0.380 3.691

between patients with different HCC stages (Supplementary Figure S16), however, survival analysis showed that the low
LRP1B methylation group had significantly shorter HCC survival than the high LRP1B methylation group (Figure 6D).
LRP1B methylation was significantly lower in LRP1B mutant than wild-type samples (Figure 6E and Supplementary

Figure S17).
Pan-tumor analysis to assess the correlation between LRP1B and DNA methyltransferases expression is shown in

Supplementary Figure S18. LRP1B expression in HCC correlated moderately with DNMT1 and DNMT?2 expression, and
weakly with DNMT3A and DNMT3B expression. Pan-tumor analysis of the correlation between LRP1B and MMRs
expression was also assessed (Supplementary Figure S19). LRP1B expression in HCC correlated moderately with MSH2
and MSHG6 expression, and weakly with PMS2 and MLH1 expression.
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Taken together, these results suggest that the lower methylation level of LRP1B, such as that seen in the LRP1B
mutant group, may be associated with a worse prognosis of HCC. In addition, LRP1B expression was positively
correlated with methyltransferase expression.

The LRPIB Somatic Mutation Was Associated with Poor Prognosis in HCC Patients
Receiving Anti-PD-1 Antibody Treatment

A retrospective study was conducted to elucidate whether the LRP1B mutation was associated with clinical responses to
anti-PD-1 antibodies and the prognosis of HCC patients. Peripheral blood assessments revealed LRP1B mutations in 11
patients and a mutation rate of 19%. LRP1B mutations did not correlate with gender, age, BCLC stage, metastasis, HBV
infection, or AFP level (data not shown). The disease control rate (DCR) was 45% and 65% in patients with mutant and
wild-type LRP1B, respectively. The ORR was zero in the LRP1B mutation group and 22% in the wild-type group
(Table 1). In addition, the OS and PFS were significantly shorter in the mutant than in the wild-type group (Figure 7A
and B).

Patients in the retrospective study were further divided into monotherapy (anti-PD-1 antibody) and combination
therapy subgroups (anti-PD-1 antibody plus molecular targeted agent). Clinical features and LRP1B mutation patterns
were included in a multivariate COX regression analysis (Figure 7C and D). Results indicated that the LRP1B mutation
was an independent risk factor for OS (Table 4). PFS was impacted by both the LRP1B mutation pattern and treatment
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Figure 6 LRPIB methylation analysis. (A) Distribution of LRP|1B methylation sites in various tumor types. (B) Pan-tumor analysis of LRP 1B methylation in tumor and normal
tissues. (C) Aggregation of differences in methylation between tumor and normal tissues in HCC. (D) Survival analysis of HCC patients with low and high DNA methylation
of LRPIB. (E) Methylation levels of LRPIB mutant and wild-type samples.

type (Table 5). Subgroup analysis showed that patients with the LRP1B mutation had significantly shorter OS and PFS
than those with wild-type LRP1B in both the monotherapy and combination therapy subgroups (Figure 7E-H).

The LRPIB Mutation Was Associated with Higher TMB and Mast Cell Infiltration in

HCC Patients
Patients with the LRP1B mutation had a significantly higher TMB than those with wild-type LRP1B (9.2 vs 3.8,
P=0.006, Figure 8 A). There was no significant difference in PDL1 expression in tumor tissues from the mutant and wild-
type groups (Figure 8B). However, patients with the LRP1B mutation had significantly higher mast cell infiltration than
those with wild-type LRP1B (Figure 8C and D).

Taken together, these results suggest that the mutation of LRP1B is associated with elevated TMB and increased mast
cell infiltration in HCC patients. LRP1B mutations correlate with poorer treatment response and worse prognosis in
patients receiving anti-PD1 antibody treatment.

Discussion

While ICI treatment benefits some patients with HCC, biomarkers are needed to predict treatment responsiveness.
Whether a single gene mutation can predict the ICI treatment response in HCC patients has not yet been determined. This
study showed that LRP1B is among the most frequently mutated genes, and interestingly, the mutation rate is much
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Figure 7 Impact of the LRPIB mutation on the prognosis of HCC patients receiving anti-PD-| antibody treatment. (A and B) Kaplan—Meier analysis of the OS and PFS of
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Table 4 Univariate and Multivariate COX Regression Analysis of Factors Associated with Overall Survival in the Retrospective
Cohort Study

Variables Univariate Multivariate
P value HR 95% CI Lower 95% CI Upper P value

Gender(Female/Male) 0.674 0.973 0314 3.014 0.963
AFP (>400/<400) 0.728 0.924 0.460 1.858 0.825
LRPIB (Wild/Mutation) 0.000 4.725 2.058 10.849 0.000
Age(s50/>50) 0.989 0.946 0.448 1.996 0.884
Therapy 0.608 0.623 0.287 1.353 0.232
BCLC Stage(A+B/C) 0.199 1.698 0.740 3.895 0.211

Abbreviations: HR, hazard Ratio; Cl, confidence interval.

Table 5 Univariate and Multivariate COX Regression Analysis of Factors Associated with Progression-Free Survival in the
Retrospective Cohort Study

Variables Univariate Multivariate
P value HR 95% CI Lower 95% CI Upper P value

Gender(Female/Male) 0917 1.260 0.591 2.688 0.549
AFP (>400/<400) 0.555 1.297 0.780 2.158 0316
LRPIB (Wild/Mutation) 0.001 3.450 1.831 6.499 0.000
Age(<50/>50) 0.059 0.771 0.445 1.336 0.354
Therapy 0.001 0.427 0.232 0.788 0.006
BCLC Stage(A+B/C) 0.137 0.601 0.352 1.026 0.062

higher in Chinese than American populations (18.2% vs 8%). Findings showed that the LRP1B mutation correlated with
high severity, TMB, and risk of recurrence, as well as poor prognosis of patients with HCC.

The LRP1B mutation is primarily involved in the negative regulation of tumor immunity in HCC. The CIBERSORT
immune cell estimation algorithm showed that the LRP1B mutation increased mast cell activation and the correlation
matrix of immune cell proportions showed that mast cell activation was positively correlated with dendritic cell
activation, and negatively correlated with resting memory CD4 T cells. The LRP1B mutation was also associated with
reduced sensitivity to some targeted small molecule drugs.

DNA methylation, induced by a DNA methyltransferases or somatic mutations, plays an important role in the
regulation of gene expression and tumorigenesis.** Indeed, aberrant methylation is found in many tumors.’®> The
methylation profiles of HCC tumor DNA correlated highly with treatment response and prognosis.>® The current study
showed that the LRP1B mutant group had lower LRP1B methylation and this may be linked to poor prognosis in patients
with HCC.

Recently, Liu et al’” and Xu et al®® reported that the LRP1B mutation is associated with high TMB and is an
independent predictor of HCC prognosis. This is consistent with the findings shown here. Liu et al found that the LRP1B
mutation in HCC was significantly associated with expression of the immune checkpoint gene, HHLA?2, suggesting that
this mutation can act as marker for ICI treatment outcomes. Xu et al indicated that the poor prognosis of HCC patients
with the LRP1B mutation may be the result of an immunosuppressive microenvironment. However, neither of these
studies assessed the ability of the LRP1B mutation to predict ICI responsiveness during HCC.

A retrospective cohort study was conducted to verify whether LRP1B mutations could predict the clinical ICI
response of HCC patients. Findings showed that the somatic LRP1B mutation in peripheral blood was associated with
a poor clinical response to immunotherapy. Moreover, the LRP1B mutation was shown to be an independent predictor of
HCC immunotherapy treatment response. Treatment strategies that combine molecular targeted therapies with
PD-1-targeted immunotherapy are currently being explored in patients not suitable for localized treatment. Thus,
a stratified analysis was conducted to evaluate whether the LRP1B mutation could predict treatment response and
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infiltrated mast cells in tumor tissue from HCC patients. **P<0.01.

prognosis in patients receiving combination treatment. Subgroup analysis showed that patients with the LRP1B mutation
had significantly shorter OS and PFS than those with wild-type LRP1B in both the monotherapy and combination therapy
subgroup. It is critical to identify non-invasive predictive indicators of ICI treatment response in HCC patients. The
present study showed that somatic LRP1B mutations in peripheral blood samples may be used to predict clinical response
and prognosis in patients receiving ICI treatment.

PDLI expression evaluated by immunohistochemistry may serve as a prognostic biomarker in HCC,*” though TMB
was more reliable at predicting response rate than PD-L1 expression.*” In HCC patients, high TMB was predictive of
poorer outcomes than low TMB.*' The current study also explored PDL1 expression and TMB in clinical HCC tissues.
While higher TMB was found in HCC patients with LRP1B mutations, no significant correlation was found between the
LRPI1B mutation and PDL1 expression.

Mast cells are underrecognized but very promising target for cancer immunotherapy** because they are able to
translate local signals into systemic tumor modulating immune responses. Activated mast cells upregulate MHC-II and
costimulatory molecules and act as local antigen-presenting cells for T cells. They have also been shown to modulate
T-cell function, including reducing the activity of IFN-y producing CD8 T cells.** Total mast cell numbers are lower in
HCC patients and infection with HBV or HCV further lowers activated mast cell infiltration in HCC patients. A higher
proportion of resting mast cells may predict a shorter survival time of patients with HCC,** while a high density of
activated mast cells in peritumoral hepatic tissues may predict late disease recurrence.* The current study showed that
the LRP1B mutation was associated with increased mast cell infiltration in liver tumor tissues. These results suggested
that the LRP1B mutation may be an event occurring during HCC progression that reduces mast cell activation and
ultimately impacts responsiveness to immunotherapy.
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The expression pattern and immunological role of LRPIB were also explored. In pan-tumor analysis, LRP1B
expression was significantly correlated with the number of neoantigens, TMB, and MSI in several cancer types,
suggesting that LRP1B may be associated with tumor immunogenicity. LRP1B expression was positively correlated
with immune cells infiltration in HCC. This study found that LRP1B expression was negatively correlated with the
release of cancer cell antigens and positively correlated with the trafficking of immune cells to tumors. IPS can determine
tumor immunogenicity and predict responsiveness to ICI therapy in many kinds of tumors. High IPS in LRP1B
expression group suggested that LRP1B expression may be positively correlated with increased sensitivity to ICI
treatment.

The prognostic analysis showed that LRP1B expression was a prognostic biomarker in several cancers. High LRP1B
expression was associated with poor survival in HCC patients and was predicted to reduce sensitivity to targeted small
molecule drugs.

Conclusion

This study reported that a single gene LRP1B mutation was correlated with high TMB in HCC patients and could predict
the treatment response and prognosis of HCC patients receiving ICI therapy. The LRP1B mutation may result in higher
mast cell infiltration. Moreover, high LRP1B expression correlated with the cancer-immunity cycle and immune cell
infiltration and was associated with poor survival in HCC patients.

A limitation of this study was the low number of clinical patients receiving ICI treatment and the limited number of
samples with the LRP1B mutation. Further studies are needed to confirm the relationship between the blood somatic
mutation of LRP1B and both TMB and the outcomes of HCC patients receiving immunotherapy. Additional under-
standing of the molecular mechanisms involved in the LRP1B mutation and mast cell infiltration is also needed.
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