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A high rate of recurrence after curative therapy is a major
challenge for the management of hepatocellular carcinoma (HCC).
Currently, no effective adjuvant therapy is available to prevent
HCC recurrence. We designed a personalized neoantigen-loaded
dendritic cell vaccine and neoantigen-activated T-cell therapy,
and used it as adjuvant therapy to treat 10 patients with HCC
who had undergone curative resection or radiofrequency ablation
in the first stage of a phase II trial (NCT03067493). The primary
outcomes were safety and neoantigen-specific immune response.
Disease-free survival (DFS) was also evaluated. The immuno-
therapy was successfully administered to all the patients without
unexpected delay and demonstrated a reasonable safety profile
with no grade >3 treatment-related side effects reported. Seventy
percent of patients generated de novo circulating multiclonal
neoantigen-specific T-cell responses. Induced neoantigen-specific

Introduction

Approximately 70% of hepatocellular carcinoma (HCC) cases recur
within 5 years of curative treatment (1). The high rate of recurrence
highlights the urgent need for adjuvant therapies (2). Many therapies,
like transarterial chemoembolization (TACE) and chemotherapy,
have been used to prevent HCC recurrence, but it remains unclear
how beneficial these are (3-5). The international “STORM” trial
investigated the use of sorafenib versus placebo as an adjuvant therapy
to reduce HCC recurrence, but no benefit was observed (6). The failure
of the STORM trial may be partly due to the substantial heterogeneity
among HCC tumors and patients (7, 8). Therefore, development of
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immunity was maintained over time, and epitope spreading
was observed. Patients who generated immune responses to treat-
ment exhibited prolonged DFS compared with nonresponders
(P = 0.012), with 71.4% experiencing no relapse for 2 years after
curative treatment. High expression of an immune stimulatory
signature, enhanced immune-cell infiltration (i.e., CD8" T cells),
and upregulated expression of T-cell inflammatory gene profiles
were found in the primary tumors of the responders. In addi-
tion, neoantigen depletion (immunoediting) was present in the
recurrent tumors compared with the primary tumors (7/9 vs.
1/17, P = 0.014), suggesting that immune evasion occurred
under the pressure of immunotherapy. Our study indicates
that neoantigen-based combination immunotherapy is feasible,
safe, and has the potential to reduce HCC recurrence after
curative treatment.

new, effective, personalized adjuvant treatments for the prevention of
HCC recurrence is urgently needed.

Immune checkpoint inhibitors have achieved promising results for
many types of cancer (9-12). However, the objective response rate is
only around 20% in patients with advanced HCC (9, 13). Therefore,
there has been a great deal of interest in designing a personalized
strategy to improve immunotherapy efficacy (14). Neoantigens are
mutated antigens specifically expressed by cancer cells with high
individual specificity and can induce robust specific antitumor immu-
nity (15, 16). Effective antitumor immunity is strongly associated with
the presence of T cells directed at tumor-specific antigens (15);
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therefore, increasing the presentation of neoantigens and the quantity
of neoantigen-specific T cells is critical. Adoptive cellular therapy
(ACT) can actively increase a patient’s T-cell numbers (17, 18).
Currently, however, these adoptive T-cell therapies are mainly specific
for tumor-associated antigens (TAA), rather than neoantigens, and
therefore they are not tumor-specific, leading to problems of insuf-
ficient antitumor effects (19). In recent years, neoantigen vaccines in
the form of dendritic cells (DC), peptides, or mRNAs have been
demonstrated to be feasible, safe, and capable of inducing specific
antitumor immune responses in melanoma and glioblastoma (20-24).
In addition, neoantigen-specific T-cell receptor (TCR)-expressing T
cells have been designed and shown to successfully eliminate large
solid tumors in mice (25). However, the clinical efficacy of neoantigen
vaccines and TCR-based ACT monotherapies in patients with solid
tumors remain to be proven (26).

Combination therapy is currently a major trend in cancer immu-
notherapy. A neoantigen-loaded DC vaccine has the potential to
induce long-term immunity by increasing neoantigen presentation,
activating host antigen-specific T cells, and accelerating T-cell hom-
ing (14, 21, 27), but its efficacy as a monotherapy might be restricted
due to potential issues of the immunosuppressive microenvironment
and T-cell dysfunction (22, 28). Given that neoantigen-activated T-cell
therapy has the potential to boost the quantity of tumor-specific T cells
in a short period of time, we hypothesized that combining these two
neoantigen-based immunotherapy approaches could augment the rate
and durability of the antitumor immune response and eventually result
in an improved clinical outcome. To the best of our knowledge, no
previous study has ever evaluated the potential of this combination
neoantigen-based immunotherapy against cancer.

In this study, we report the results of the first stage of the ongoing
RAMEQC trial (NCT03067493) to investigate the safety, efficacy and
immunologic effects of combination treatment with a neoantigen-
loaded DC vaccine and neoantigen-activated T-cell therapy to prevent
HCC recurrence after surgical resection or radiofrequency ablation
(RFA). In addition, we also performed comprehensive bioinformatic
and immune analyses to explore the factors associated with the
immune response and recurrence using serial tumor tissue samples
and peripheral blood mononuclear cells (PBMC) obtained prior to
curative treatment, before immunotherapy, and after immunotherapy.

Materials and Methods

Study design

This is the first stage of an open-label phase II clinical trial
(NCT03067493) where the safety and immunologic effect of adjuvant
neoantigen-based combination immunotherapy after resection or
RFA for patients with HCC is evaluated. We recruited 10 patients
for safety evaluation and immune response assessment. The study
design is shown in Supplementary Fig. S1. In brief, the design was that 3
patients would be recruited and safety assessed after one cycle of
combined immunotherapy; if no dose-limiting toxicity (DLT)
occurred, another 7 patients would be recruited; if 2 or more patients
developed DLT, the study would be terminated; if only 1 patient
developed DLT, then the procedure would be repeated until 10 patients
were recruited; only if the immune response rate was over 50% could
the second stage of the trial be started (a phase II randomized clinical
trial).

Patients were enrolled based on eligibility assessments at two
time points, before resection/RFA and 4 weeks after resection/RFA
(Fig. 1A). The key inclusion criteria before resection/RFA were: age
> 18 years; primary patient with HCC receiving RFA or resection as
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initial treatment; a solitary tumor measuring 2.0 to 5.0 cm in diameter
or 2 to 3 tumors with the largest < 5.0 cm; without vascular invasion,
lymphatic metastasis, or distant metastasis; Eastern Cooperative
Oncology Group (ECOG) score of 0/1; Child-Pugh score 5 to 7; life
expectancy of 6 months or more; adequate hematologic, liver, and
renal function. The main inclusion criteria at 4 weeks after resection/
RFA were: curative resection or ablation confirmed by contrast-
enhanced CT/MRI; successful harvesting of adequate samples of
matched tumor and adjacent nontumor normal liver tissues; sensitive
mutations detected by gene sequencing in tumor tissue; prediction of
>10 neoantigen peptides; successful synthesis of >5 neoantigen pep-
tides. Other detailed inclusion and exclusion criteria are described in
the online Supplementary Methods. Only patients who fulfilled all of
these eligibility criteria were enrolled.

In this trial, resection or RFA were performed, and matched tumor
and adjacent normal nontumor liver tissue samples were obtained
during the treatments. The patients decided between resection and
RFA after detailed counselling for the pros and cons of both treatments
by attending physicians. Whole-exome sequencing (WES) and RNA
sequencing (RNA-seq) were performed to identify tumor-specific
mutations, and this information was used to predict neoantigens that
would likely be processed and bound to autologous human leukocyte
antigen (HLA) class I alleles. For epitope prediction, we adopted two
independent methods and selected the top-ranked epitopes from both
methods to select neoantigen peptides for therapy (see Prediction
of personalized neoantigens). Contrast-enhanced CT/MRI was per-
formed 4 weeks after resection/RFA to evaluate whether curative
resection or ablation had been achieved. For the enrolled patients,
selected neoantigen peptides were manufactured under GMP condi-
tions. Then, the neoantigen-loaded DC vaccine and neoantigen-
activated T cells were prepared and administered to patients following
the predefined protocol (Fig. 1B). One course of treatment consisted of
three cycles of the adjuvant combined immunotherapy. The priming
vaccine dose of the DC vaccine was administered in the first cycle,
followed by two booster doses for the remaining two cycles in the first
course and three booster doses in each following course. DC vacci-
nation followed by adoptive T-cell therapy was administered in one
cycle, and repeated throughout the 18 cycles of the adjuvant combi-
nation immunotherapy. Since the recurrence rate of HCC in the first
year is approximately two times higher than that in the second year
(29), the adjuvant combination immunotherapy was administered
to patients once a month in the first year and once every second
month in the second year. During neoepitope discovery and neoanti-
gen peptide manufacturing (4 months on average), patients received
TAA-based immunotherapy until the synthesis of the neoantigen
peptides (20, 24). PBMCs were collected via leukapheresis before
the beginning of each course of the adjuvant combination immuno-
therapy for the purpose of preparing the neoantigen-based combina-
tion immunotherapy and evaluating the patients’ immune responses
to neoantigen for each course via ELISPOT assay.

The patients received treatment cycles until unacceptable toxicity,
withdrawal of consent, or recurrence. During treatment, the patients
had follow-up every 3 months or anytime they felt uncomfortable.
After completion of the adjuvant combination immunotherapy, the
patients had follow-up every 3 months in the first year and every
4 months thereafter. The trial protocol and all amendments were
approved by the trial management team. The trial was conducted
following the Declaration of Helsinki and Good Clinical Practice
Guidelines and with approval from the institutional ethics committee
for Clinical Research and Animal Trials of the First Affiliated Hospital
of Sun Yat-sen University (Guangzhou, Guangdong, China). All
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patients provided written informed consent both before enrollment
and before registration, following the trial protocol. The patients were
enrolled from September 25, 2017, to November 26, 2018. The date of
the final follow-up was November 26, 2020.

Study end points

The primary outcomes were safety and neoantigen-specificimmune
response. Safety was evaluated after 9 patients had received at least one
cycle of adjuvant combination therapy by recording DLT, which was
defined as any grade > 3 hematologic toxicity or nonhematologic
toxicity [based on the Common Terminology Criteria for Adverse
Event (CTCAE), version 4.0], alopecia not included. In addition, the
following events occurring within 7 days after cell injection or infusion
were considered to be severe adverse events (AE) grade > 2 uveitis and
grade > 2 interstitial pneumonia. The adjuvant combination immu-
notherapy was considered safe if no DLT occurred. A neoantigen-
specific immune response was defined as a positive neoantigen
ELISPOT test after the combination immunotherapy. The threshold
for a positive response was set at a net 50 spots per 1 x 10° cells, and a
positive neoantigen-specific immune response rate over 50% was
considered as the success criteria for inducing an immune response.
Responders were defined as patients who generated an immune
response to the neoantigen-based combination immunotherapy.
Disease-free survival (DFS) was also evaluated. It was defined as the
time from curative treatment to tumor recurrence, metastasis, or death
from any cause, whichever occurred first.

Preclinical safety evaluation

Male and female NOD/SCID mice aged 3 to 4 weeks old were
purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd and housed under pathogen-free conditions at the animal
facility of Guangdong Lewwin Pharmaceutical Research Institute Co.,
Ltd. All experiments were performed according to protocols approved
by the Institutional Animal Care and Use Committee of Guangdong
Lewwin Pharmaceutical Research Institute Co., Ltd (approval number
IA-SE2020074-01).

Mice were randomly separated into three groups, A, B, and C, in
which mice were given vehicle, low dose of treatment (two times of
clinical dose), and high dose of treatment (five times of clinical dose),
respectively. LW2011-01 and LW2011-02 are cell products contain-
ing T cells and DC, which were generated as described below (see
Neoantigen-loaded DC vaccine and neoantigen-activated T-cell prep-
aration). These cell products were given to mice by subcutaneous
injection or tail vein injection respectively. Specifically, LW2011-02
was subcutaneously injected on day 1, day 3, and day 5, and then
LW2011-01 was injected intravenously via the tail vein on day 8,
day 10, and dayl2. Three days later, one dose of LW2011-02 was
administered subcutaneously followed by one intravenous dose of
LW2011-01 via tail vein injection 2 days afterwards (as one cycle).
Ten more treatment cycles were administered followed by a 42-day
recovery period before the mice were sacrificed. Grouping, number of
mice, and treatment details are listed in Supplementary Table S1, and
the experimental design is summarized in Supplementary Fig. S2.

The preclinical experiment data on safety of DC vaccine and T-cell
transfer are reported in Supplementary Tables S1 to S9.

Prediction of personalized neoantigens

The personalized neoantigens were predicted using WES (depth:
352.4x) and RNA-seq data generated from fresh-frozen match tumors
and adjacent nontumor liver tissue samples obtained during resection/
RFA. Somatic mutations including single-nucleotide variation (SNV)
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and short insertions and deletions (indels) were filtered with an allele
fraction more than 5% and at least 10 supported reads. Subsequently,
all mutations were confirmed by RNA-seq data in which there was
at least one mutated read. For nonsynonymous mutations, peptide
sequences of 31 or 33 amino acids in length were extracted with
the mutated site located at the central site for epitope predictions.
Neo-open reading frames caused by inframshift mutation were also
predicted by extracting several amino acids ahead of mutation sites
and extending to the first stop codon. Details of the WES and RNA-seq
protocols can be found below (see Exome capture, library preparation,
and sequencing and RNA-sequencing data analysis). Patient HLA
allotype was assessed with sequencing-based typing using the Sanger
method (ABI 3730xl). Each HLA locus was amplified using 200-ng
template genomic DNA, amplification primer mix (NGSgo-AmpX),
and GenDx-LongRange PCR kit (GenDx). HLA amplicons were
verified on an agarose gel and the amplicon concentration was
determined by Qubit (Qubit DNA BR Assay Kit, Thermo Fisher
Scientific). After quantification, the amplicons of different HLA loci
per sample were pooled in equimolar ratios prior to library prep-
aration. The ends of DNA fragment were repaired (NGSgo-LibrX)
and Illumina Adaptor was added (NGSgo-IndX). After adapter
ligation, the individual libraries were pooled together in equivolume
ratio. Size-selection and clean-up of the library pool was performed
with solid phase reverse immobilization beads. Finally the libraries
were sequenced on Illumina platform (Illumina) with 150 base
paired-end reads. The next-generation sequencing (NGS) data were
analyzed with the software package NGSengine (GenDx) to deter-
mine the HLA genotype.

For epitope prediction, we adopted two methods independently,
and selected the top-ranked ones from both methods to get the final
peptides for therapy (priority was given to the common peptides
predicted by both methods). In the first method, netMHC4.0 and
netMHCpan2.8 were used to predict the binding affinity to individual
HLA alleles, and netMHCstab1.0 and netMHCstabpan1.0 were used to
predict the binding stability (30-32). Epitopes were defined by the
stability over 2 hours and higher than that of the corresponding wild
type (33). The long peptide neoantigens were ranked in the following
order: (i) containing more than two epitopes, (ii) only one high affinity
epitope with less than 150 nmol/L, (iii) only one epitope with affinity
between 150 and 500 nmol/L, (iv) only one weak epitope more than
500 nmol/L. The ranked neoantigens were then BLAST against the
other normal peptides (34), and sequences with 100% identity were
discarded. In the second method, all mutations were manually checked
by the Integrative Genomics Viewer (IGV) for both WES and RNA-seq
data (35). NetMHCpan4.0 was used to predict the binding affinity. The
peptides were chosen based on the following criteria: (i) the binding
affinity between HLA and mutant peptide was ranked in the top 2%;
(ii) the fold change of binding affinity (nM) of mutant/wild-type (WT)
was less than 0.5; (iii) the expression level [reads per kilobase per
million (RPKM)] of the mutated gene in tumor sample was larger than
1. Finally, up to 11 neoantigen peptides were selected for each patient.

Exome capture, library preparation, and sequencing

Total DNA was extracted from the above tissues using the QTAGEN
DNeasy Blood & Tissue Kit (Qiagen, catalog no. 69581). The qualified
genomic DNA of tumor and matched adjacent normal tissue from
patients with HCC was fragmented to 200 to 300 bp by Covaris
technology with resultant library (KAPA Biosystems, catalog no.
KK8504; Roche Diagnostics), and then adapters were ligated to both
ends of the fragments. Next, extracted DNA was amplified by ligation-
mediated PCR (LM-PCR), then purified and hybridized used the xGen
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Exome Research Panel v1 (Integrated DNA Technologies, Inc., catalog
no. 1056115) for enrichment. Nonhybridized fragments were washed
out with xGen Hybridization and Wash kit (Integrated DNA Tech-
nologies, Inc., catalog no. 1080584). Each captured library was then
loaded on a NovaSeq S4 PE150 instrument (Illumina Inc.) and
sequencing was performed using a NovaSeq 6000 S1 Reagent Kit
v1.5 (Illumina Inc., catalog no. 20028317). The sequences of each
individual were generated as 150-bp paired-end reads.

Reads mapping and variation detection

Raw sequencing reads from the WES were first input to FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to
check the sequencing quality, and adapter sequences were trimmed
by cutadapt. Then, high quality reads were gapped aligned to the
NCBI human reference genome (hgl9) (https://hgdownload.cse.
ucsc.edu/goldenPath/hgl19/bigZips/hgl9.fa.gz) using Burrows-Wheeler
Aligner (BWA; ref. 36) by default parameters. We performed local
realignment of the original BAM alignment using the GATK (37)
package and followed by Picard (https://broadinstitute.github.io/
picard/) to mark duplicates reads.

Somatic substitutions were detected by MuTect2 (38) based on
BWA alignment and only high confident somatic SNVs were retained
when the following criteria were met: (i) both the tumor and normal
samples were covered sufficiently (210x) at the genomic position;
(ii) the variants were supported by at least 5% of the total reads in the
tumor and less than 1% in the normal; (iii) the variants were supported
by at least five reads in the tumor.

High confident somatic indels were called using the following steps:
(i) candidate somatic indels were predicted with GATK Somatic Indel
Detector with default parameters; (ii) high confident somatic indels
were defined after filtering germline events. All high confident somatic
mutations were then filtered out by Single Nucleotide Polymorphism
Database (dbSNP; version 135) sites which are commonly polymorphic
without known medical impact. The remaining mutations were
annotated with ANNOVAR (39) and subjected to subsequent analyses.

Tumor purity and cancer cell fraction estimation

Tumor purity was estimated from FACETS using the somatic
mutations and copy-number variations information (40). The cancer
cell fraction (CCF) was estimated from somatic SNV frequencies and
copy number profiles using PyClone (41). For each sample, the
corresponding tumor purity was used to adjust the estimated CCF.

Specifically, the vast majority of somatic SNVs shared by primary
and recurrent tumor samples have CCF values larger than 40%, and
such a cut-off can also optimally distinguish the clonal and subclonal
clusters in the primary- or recurrent-private somatic SNVs. We thus
used the 40% CCF as a cut-off value to define clonal versus subclonal
SNVs in the neoantigen prediction.

RNA-seq

Total RNA was extracted using the ReliaPrep FFPE Total RNA
Miniprep System according to manufacturer’s instruction ( Promega
Corp., catalog no. Z1002). Total 1 g RNA was used to construct RNA
library with the KAPA RNA HyperPrep kit with RiboErase according
to manufacturer’s instruction (KAPA Biosystems, catalog no. KK8561;
Roche Diagnostics). First, Hybridization Oligos (HMR) were used to
remove the rRNA. Second, fragmentation buffer was added for inter-
rupting RNA to short fragments. The first-strand and the second-
strand cDNA were sequentially synthesized. Then the short fragments
were connected with sequencing adaptors, followed by amplification
with PCR to prepare the library. The quality and distribution of
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libraries were analyzed using the the LabChip GX Touch 24 Nucleic
Acid Analyzer (PerkinElmer). At last, the library was sequenced using
a NovaSeq S4 PE150 instrument (Illumina Inc.) and sequencing was
performed using a NovaSeq 6000 S1 Reagent Kit v1.5 (Illumina Inc.,
catalog no. 20028317).

RNA-seq data analysis for quantifying immune
microenvironment

After removing adapters or low-quality reads from the raw data,
qualified reads were aligned to the human genome (hg19) by hierar-
chical indexing for spliced alignment of transcripts with default
parameters (40). RSeQC was used to measure gene expression abun-
dance (42), such as immune stimulator gene signature and T-cell
inflamed genes (43, 44), as RPKM mapped reads. A curated list of 66
immune markers that encompass cell surface markers of different
immune cell populations was collected from the genomic sequencing
project of HCC by The Cancer Genome Atlas (TCGA; ref. 45). The
comparison of the expression levels of immune-related genes was
performed with unpaired ¢ test between responders and nonrespon-
ders, and between responders without recurrence and nonresponders
with recurrence.

HLA type and HLA LOH prediction

To infer the HLA type for each sample, we inputted the BAM file
with the aligned RNA-seq reads of normal tissue to POLYSOLVER
and employed a Bayesian classifier using default parameters
to determine the genotype (46). The LOH events for class I HLA
genes were predicted by LOH HLA based on the genotyping result
from POLYSOLVER (47). An LOH event for a given HLA allele
was determined if the estimated copy number was less than 0.5
and the significance of allelic imbalance was smaller than 0.05.

Immunoediting analysis

Following the method developed by Rooney and colleagues (48), we
computed the immunoediting score for each sample. According to
Rooney’s work, we first constructed the background model of immu-
noediting using the somatic SNVs of 363 liver hepatocellular carci-
noma (LIHC) samples downloaded from TCGA project (TCGA-
LIHG; ref. 48). Specifically, we generated 192 mutational spectra based
on the WT base, the mutated base, and the nucleotides 1 base upstream
and 1 base downstream. For each spectrum, the expected number of
nonsilent mutations per silent mutation, N, and the expected number
of neoantigens per nonsilent mutation, B;, were calculated. Based on
these two background rates, we used the number of silent mutations in
each tumor sample to predict the number of expected nonsilent
mutations, N4, and the number of expected neoantigens, Byre,
under background model in which there is no immunoediting on
HLA binders.

Silent SNVs B
Npred = Ns(m)
m
Silent SNVs B B
Bpred = Ns(m)Bs(m)

m
In the above equations, s(m) represents the spectrum of the given
mutation. Given that two values, the immunoediting score R is
calculated by comparing to the actual counts in the sample, Ny and
Bops-
_ Bobs/ Nobs
B Bpred / Npred
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Specifically, the HLA genotype of each patient in the TCGA- LIHC
dataset used for constructing the background model were downloaded
from Shukla’s study (46).

Tumor mutational burden analysis

Tumor mutational burden (TMB), defined as numbers of mutations
per megabase (mb) of genome examined, was detected and quantified
with WES data using Johnson method by filtering out driver mutations
curated in Catalogue of Somatic Mutations in Cancer (COSMIC)
database (49, 50). Mutations likely or known to be bona fide oncogenic
drivers and germline polymorphisms were excluded. For patients with
more than one tumor nodule, TMB was calculated with their average
value.

Neoantigen peptide synthesis

Neoantigen peptides were chemically synthesized by Hanyu
Hybio Pharmaceutical Co. using the procedure of solid-phase
peptide synthesis, followed by the purification with high perfor-
mance liquid chromatography. The purity of antigen peptides was
over 95%. Lyophilized peptides were reconstituted in sterile saline
or DMSO and sterilized in a GMP grade facility, and then frozen at
—20°C until use. All peptides were chemically synthesized under
GMP conditions.

Neoantigen-loaded DC vaccine and neoantigen-activated T-cell
preparation

PBMCs were collected via leukapheresis from each patient and
isolated using Lymphoprep (NycomedPharma) before each course of
immunotherapy. PBMCs were cryopreserved in liquid nitrogen.

Neoantigen-loaded DC vaccines and neoantigen-activated T cells
were manufactured by HRYZ Biotech Co. in a GMP grade facility
according to the multi-antigen stimulated cell therapy (MASCT-I)
manufacturing protocol (51, 52), which is a therapeutic approach
combining tumor antigen peptide-loaded DC vaccines and adoptive
transfer of tumor antigen-specific T cells. In brief, monocytes were
separated from PBMC using the plastic adherence method, and were
cultured in AIM-V (Gibco, #0870112DK) with GM-CSF (1,000 U/mL;
Peprotech, #AF-300-03-200) and IL4 (500 U/mL; Peprotech,
#AF-200-04-200) for 6 days to differentiate into immature DCs, as
previously described (51). On day 5, immature DCs of patients with
HCC were pulsed with neoantigen peptides pool (1 pg/mL/peptide)
for 24 hours. The DCs were then matured with the cocktail containing
monophosphoryl lipid A (MPLA; 5 ug/mL; InvivoGen, #vac-mpls),
IFNY (500 IU/mL; Peprotech, #AF-300-02), and PEG2 (0.3 pg/mL;
Cayman Chemical, #14010) for 48 hours to obtain multiple neoantigen-
loaded mature DCs.

To prepare the neoantigen-activated T cells, frozen PBMCs were
thawed and cocultured with neoantigen-loaded mature DCs in the
presence of IL2 (1,000 U/mL; Peprotech, #200-02-250), IL7 (5 ng/mL;
Peprotech, #AF-200-07-200), IL15 (5 ng/mL; Peprotech, #AF-200-
15-200), IL21 (30 ng/mL; Peprotech, #AF-200-21-1000), and
anti-PD1 (15 pg/mL; Camrelizumab, Suncadia Biopharm Co., Ltd.).
Anti-CD3 (50 ng/mL; Biogems, #05121-25) was added on day 5 for
T-cell expansion. After 2 to 3 weeks, the neoantigen-activated T cells
were harvested for i.v. infusion.

Flow cytometry analysis of the infused cells

Before injection into patients, the infused cell products were stained
with antibodies against surface markers in stain buffer ( BD Bios-
ciences, catalog no. 554656) for 20 minutes at room temperature,
followed by fixation with 1% formaldehyde at 4°C for 20 minutes. The

732 Cancer Immunol Res; 10(6) June 2022

cells were then stained using antibodies specific for CD3 (APC/Cy7;
BD Biosciences, #557832, SK7), CD4 (FITC; BD Biosciences, #555346,
RPA-T4), CD8 (PerCP; Biolegend, #344708, SK1), CD11c (PE, BD
Biosciences, #555392, B-1y6), CD86 [FITC, BD Biosciences, #555657,
2331(FUN-1); Supplementary Table S10]. Flow cytometry analysis
was performed on a Guava EasyCyte 12HT (MERCK) instrument, and
data was analyzed with FlowJo v10 (BD Biosciences).

ELISPOT assay

Blood was collected before resection/RFA to prepare PBMCs as
pretreatment baseline, samples of each course were collected by
leukapheresis. Patients’ PBMCs were first cultured (1 x 10° cells/
well) in 96-well plates in AIM-V and stimulated with each neoanti-
gen peptide, including an irrelevant peptide (Ir-pep, HIV-1
ENV, LWDQSLKPCVKLTPLCVTLKCTNVNTTNLN) control for
48 hours. These PBMCs were then transferred to 96-well ELISPOT
assay plates (U-CyTech Biosciences; #CT230-PR2) and stimulated
again with peptides for another 16 hours for IFNYy detection. The
ELISPOT assay was performed according to the manufacturer’s
instructions. The number of spot-forming units was determined by
C.T.L. Immuno Spot S6 Analyzer and analyzed by Immuno Spot
v6.0 software. The responses were represented as spot-forming
units per 1 x 10° PBMCs/well, and normalized against PBMCs
stimulated with irrelevant peptide. The threshold for a positive
response was set at a net 50 spots per 1 x 10° cells.

Multiplex immunofluorescence staining

Multiplex immunofluorescence (mlIF) staining was performed on
5 umol/L tissue sections using Pano-7-color panel kit (Panovue,
catalog no. 0003100100) following the manufacturer’s instructions.
Slides were baked at 65°C overnight, dewaxed, rehydrated, fixed in
10% neutral formalin and then washed by ddH,O for 1 minute (three
times). Antigen retrieval was performed using a microwave with
EDTA-antigen retrieval buffer (Jiangsu KeyGEN BioTECH, catalog
no. KGIHC002) heated to 100°C for 15 minutes. After cooling to
room temperature, slides were washed with ddH,O for 1 minute, and
then washed with TRIS-buffered saline with Tween 20 (TBST) for 2
minutes and blocked with 20% blocking buffer (normal goat serum
diluted in PBS, Bioss, catalog no. C01-03001) for 10 minutes at room
temperature. Slides were incubated with primary anti-human CD8
(1:200, Abcam) at 37°C for 30 minutes. Slides were washed with
TBST for 3 minutes (three times) and incubated with secondary
antibody (Panovue, catalog no. 0003100100) for 10 minutes at room
temperature. Slides were washed with TBST for 3 minutes (three
times) and stained with Opal-650 (1:100, Panovue, catalog no.
0003100100) for 10 minutes at room temperature. Multiplex stain-
ing was performed by repeating staining cycles with microwave
heating between each step to remove the antibody complex. Suc-
cessive antibodies and incubating time were as followed: CD68
(1:200, CST, 37°C, 30 minutes, Opal-620, 1:100); granzyme B
(1:100, Abcam, 37°C, 30 minutes, Opal-540, 1:100); CDllc
(1:500, Abcam, 37°C, 30 minutes, Opal-690, 1:100); PD-1 (1:200,
Abcam, 4°C, overnight, Opal-560, 1:100); CD4 (1:200, Abcam,
37°C, 60 minutes, Opal-520, 1:100). Secondary antibodies (Pano-
vue, catalog no. 0003100100) were incubated for 10 minutes at
room temperature. Nuclei were stained with DAPI 1:200 for 10
minutes (Panovue, catalog no. 0003100100), washed, and mounted
with mounting medium (Panovue, catalog no. 0003100100). Details
on the antibodies used and the antibody order, dilution, and
fluorophore pairing for the panel described here are in Supplemen-
tary Tables S10 and S11. Upon completion of staining, slides
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were scanned using TissueFAXS Spectra
(TissueGnostics).

imaging system

Statistical analysis

Continuous variables were described as medians (interquartile
ranges) or means (SDs). Categorical variables were described as
numbers (percentages). DFS was described by Kaplan-Meier method
and tested by log-rank method. The immune marker gene, immune
cell density, TMB, and observed/expected neoantigen ratio between
groups of response and nonresponse, and between groups of response
without recurrence and nonresponse with recurrence were compared
by unpaired t test. All analysis was conducted by Stata/MP 14.0
software. Statistical significance was defined as a two-sided P of less
than 0.05.

Data availability

The RNA-seq data reported in this paper have been deposited in the
Genome Sequence Archive in National Genomics Data Center, Beijing
Institute of Genomics (China National Center for Bioinformation),
Chinese Academy of Sciences (Beijing, China), under accession num-
ber HRA001902. All other data generated in the study are available in
the article and its supplementary files or from the authors upon
reasonable request.

Ethics approval and consent to participate

The study was performed in accordance with the Declaration of
Helsinki and was approved by the institutional ethics committee for
Clinical Research and Animal Trials of the First Affiliated Hospital of
Sun Yat-sen University. All patients provided written informed con-
sent both before enrollment and before registration.

Results

Patients

From September 25, 2017, to November 26, 2018, 23 patients were
enrolled prior to curative resection/RFA. Eight patients were excluded
due to poor compliance and not enrolled into the trial, and 15 patients
were assessed before the combination immunotherapy. Five patients
were excluded due to the pathologic diagnosis of non-HCC (n = 4)
or an inadequate number of predicted neoantigen peptides less than
10 (n = 1). Ten patients received the adjuvant combination immu-
notherapy (Fig. 1A). Nine of the 10 patients were male, and the median
age at the time of enrollment was 57.6 years (range, 36.4-75.4 years).
Nine patients had a solitary tumor with a diameter between 2.1 cm
and 4.8 cm, and 1 patient had two tumors measuring 1.4 cmand 2.4 cm
in diameter, respectively. Among the 10 patients, three received RFA,
and the other 7 underwent surgical resection. The median number of
adjuvant combination immunotherapy cycles was 12 (range, 3-21). All
patients received the adjuvant combination immunotherapy as per
protocol (1.65 x 10°~18.8 x 10° DC cells and 0.56 x 10°-8.12 x 10°
neoantigen-activated T cells per infusion). The median time between
the curative treatment and the first cycle of adjuvant neoantigen-
loaded DC infusion and ACT was 16.6 weeks (range, 14.3-25.0 weeks)
and 20.2 weeks (range, 17.9-25.7 weeks), respectively. The patient
characteristics are summarized in Supplementary Table S12.

Therapeutic peptides, neoantigen-loaded DC vaccine, and
neoantigen-activated T cells

The proportion of the identified neoantigen peptides that were
eventually administered was 77.7% (80/103), due to the exclusion of
peptides that were difficult to synthesize; and the final number
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of administered peptides for each patient varied from 5 to 11
(Supplementary Table S13). Before cell infusions, we assessed the cell
composition of the infusion product by flow cytometry. For infusion of
DCs, CD11c¢t DCs accounted for 72.3% of live mononuclear cells on
average, of which 64.9% were CD11¢"CD86™ DCs. For infusion of
lymphocytes, the average percentages of CD3™ T cells, CD3*CD4" T
cells, and CD3"CD8™ T cells were 94.7%, 22.7%, and 64.7%, respec-
tively (Supplementary Fig. S3).

Preclinical safety evaluation

To test the safety of the combination immunotherapy, we injected
LW2011-01 (T cells) subcutaneously and LW2011-02 (DCs) intra-
venously into NOD-SCID mice following the experimental design
shown in Supplementary Fig. S2). Grouping and dosage are summa-
rized in Supplementary Table S1. Body weight was monitored at
different time points and was not affected by low dose of combination
immunotherapy (two times of clinical dose) but slightly decreased in
male mice of high dose group (five times of clinical dose; Supplemen-
tary Table S2). Hematologic parameters, circulating cell populations,
coagulation parameters, blood biochemical profiles were also moni-
tored after treatment. No severe toxicity nor treatment-related deaths
were observed (Supplementary Tables S3-S9).

Adjuvant combination immunotherapy induces neoantigen-
specific, durable T-cell responses

Neoantigen-specific T-cell responses against immunizing peptides
(IMP; Supplementary Table S13) were detected by ex vivo IFNy
ELISPOT assay at the beginning of the study (before RFA or surgery;
except for patients 6 and 7) and at the end of every course of the
adjuvant combination immunotherapy (Fig. 2A). As shown in Fig. 2B,
42.5% of the adopted and administered peptides generated immune
responses, and 76.5% of the response represented a de novo immune
response that did not exist before adjuvant combination immuno-
therapy. Among the 10 participants, 7 (70%; patients 3,4, 5, 6, 7, 8, and
9) had an immune response against multiple predicted epitopes and
were referred to as responders, while the other 3 (patients 1, 2, and 10)
did not generate IFNY responses to stimulation with adopted peptides
during the treated courses and were referred to as nonresponders
(Fig. 2A and B; Supplementary Fig. S4A). Minimal neoantigen-
specific T-cell responses were observed after resection or RFA but
before adjuvant combination immunotherapy in patients 1, 3, 5,6, 7, 8,
and 9 (Fig. 2A; Supplementary Fig. S4A), suggesting that resection or
RFA might induce weak neoantigen-specific immunity. After adjuvant
combination immunotherapy, responses against neoantigens were
enhanced when compared with prevaccination in all 7 responders
(Fig. 2C; Supplementary Fig. S4B). In patient 6, ex vivo responses to
IMPs were undetectable before therapy but became readily detectable
after, indicating the de novo generation of effective neoantigen-specific
T-cell responses as a result of adjuvant combination immunotherapy
(Fig. 2D; Fig. 3A). Moreover, for responding patients 6 and 7, the
ELISPOT assay showed that neoantigen-specific immune responses
were present even at 3 months after the completion of the therapy
(Fig. 3B and C).

We reasoned that adjuvant combination immunotherapy might
induce a broadened antitumor immunity (antigen spreading) in which
T-cell responses could be induced against other neoantigen peptides
that were identified but not administered as part of the therapy
[spreading peptides (SP)]. To assess whether antigen spreading
occurred after the immunotherapy, we tested the immune responses
to peptides that were highly ranked but were not used for immuni-
zation in 4 patients (patients 4, 6, 7, 8). Ex vivo responses to SPs were
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Figure 1.

Schematic showing patient enrollment and study design. A, Flow chart showing patient enroliment; B, Schematic of vaccine design, manufacturing, and clinical study

procedure.
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Figure 2.

Immune activation of T cells by neoantigen-loaded DC vaccine and neoantigen-activated T-cell transfer in patients with HCC. A, The dynamic responses of PBMCs to
IMP by ex vivo IFNy ELISPOT for 4 representative patients, including 3 responders (patients 6, 8, and 9) and Tnonresponder (patient 1) with duplicate or triplicate wells
for each sample [irrelevant peptide (Ir-pep)]; B, Statistics of T-cell response in IFNy ELISPOT assay for all 80 vaccination neoantigen peptides on cohort level (left)
and individual patient (right); C, Pre- versus postvaccination responses to IMPs for 3 representative responders (patients 6, 8, and 9) and 1 representative
nonresponder (patient 1). The highest value of postvaccination response to IMP was selected from ELISPOT assays in different vaccination cycles; D, Pre- versus
postvaccination responses to IMP examples. The statistical data are presented as mean. Pt, patient.
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Figure 3.

Adjuvant neoantigen-based combination immunotherapy induced sustainable neoantigen-specific immunity and epitope spreading. A, A sustainable immune
response to neoantigen peptides was observed 3 months after the end of treatment. The dynamic responses of PBMCs to IMPs by ex vivo IFNy ELISPOT for patient 6,
including the responses 3 months after the completion of the combination immunotherapy. IFNy secretion by PBMCs after IMP-09 stimulation 3 months after the end
of the treatment was indirect proof of the existence of memory T cells (with a positive threshold =50). B and C, Comparison of the IFNy responses of PBMCs against
individual IMPs for patient 6 before and after adjuvant combined immunotherapy. No immune response was detected for patient 6 before the combined
immunotherapy, whereas an immune response to IMP-09 was detected 3 months after the combined immunotherapy. D, Antigen spreading was observed after
adjuvant combined immunotherapy. Multiple patients (patient 4, 6, 7, 8) showed a relatively strong immune response in the whole trial. Their PBMC responses to
other neoantigens (SP) that were not used for immunization were checked by ELISPOT assay. In patients 4 and 7, PBMC responses to SPs showed a trend similar
to that of IMPs in the selected vaccination cycles (with positive threshold >50). E, WT peptide cross-reactivity of postvaccination PBMCs in patient 4. Pt, patient;
m, months.
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detected in 3 out of 4 tested immune responders (75%; patients 4, 6,
and 7; Fig. 3D), suggesting that neoantigen-based combination
immunotherapy indeed induced antigen spreading in the responding
patients. In patients 4 and 6, ex vivo responses were detected for all the
tested SPs, whereas in patient 7, ex vivo responses were detected for
77.8% of the tested SPs. All these responses to SPs were de novo, and
showed a trend similar to that of IMPs in the selected vaccination
courses (Fig. 3D). The immune responders with antigen spreading
were all tumor-free for at least 2 years after curative treatment. We
further used the corresponding predicted 8- to 11-mer MHC class I
epitope peptides (EPT) in the IMPs to stimulate PBMCs and determine
the CD8™ T-cell response in responders (patients 3, 4, 5, 6,7, 8,and 9).
We found that responses against multiple EPTs were observed in 4
responders (patients 3, 4, 7, and 8; Supplementary Fig. S5), suggesting
the generation of multiclonal CD8 " T-cell responses. To determine the
specificity of these responses, PBMCs were loaded exogenously with
mutated or WT peptides. In patient 4, preferential reactivity to the
mutated peptides compared with the corresponding WT peptide was
observed (Fig. 3E).

Safety and clinical outcomes

The median follow-up time after curative treatment was 28.3
(IQR = 26.3-33.9) months. There were no grade >3 treatment-
related AEs or treatment-related deaths in the study, indicating that
the adjuvant combination immunotherapy was safe. Six out of 10
patients developed grade 1 or 2 treatment-related AEs (Supplementary
Table S14). The observed AEs included vomiting (n = 1, 10.0%),
coughing (n = 4, 40.0%), gum bleeding (n = 2, 20.0%), pain (n = 1,
10.0%), itchiness (n = 1, 10.0%), dizziness (n = 5, 50.0%), tinnitus
(n = 1, 10.0%), abdominal pain (n = 1, 10.0%), thrombocytopenia
(n =1, 10.0%), anaphylactic reaction (n = 1, 10.0%), allergic rhinitis
(n = 2, 20.0%), and balanitis (n = 1, 10.0%).

The patient outcomes are summarized in Supplementary Table S15.
Among the 10 patients, five (50%; patients 4, 6, 7, 8, and 9) did not
relapse for 2 years after curative treatment (Fig. 4A). Median DFS was
18.3 months [95% confidence interval (CI), 4.9-NA; Fig. 4B]. Patients
with an immune response had significantly longer DFS than patients
without a response (log-rank P = 0.012; Fig. 4C). 71.4% of the
immune responders did not relapse for 2 years after curative treatment
whereas all 3 nonresponders developed recurrence and 1 died. More-
over, patients with antigen spreading had significantly prolonged DFS
compared with those who did not have antigen spreading (log-rank
P =0.019; Fig. 4D). Among the 5 patients with recurrence, 3 (patients
1, 2, and 10) were immune nonresponders. Nonresponding patient 1
developed de novo multiple intrahepatic recurrences just after 10 cycles
of adjuvant treatment. Nonresponding patient 2 also developed mul-
tiple intrahepatic recurrent tumors and portal vein thrombus after
seven cycles of adjuvant treatment, making further curative treatments
impossible; combination therapy (TACE and sorafenib) was given.
This patient died due to rapid tumor progression 3 months after
recurrence. Nonresponding patient 10 relapsed very quickly (true
recurrence) after one cycle of adjuvant treatment and underwent
surgical resection for the recurrent tumors. Unfortunately, they devel-
oped another two recurrences within a year. Collectively, these obser-
vations appear to suggest that patients without immune response are
more likely to develop early and multiple recurrences.

Tumor mutational burden and high immune cell infiltration are
associated with an immune response

To better identify patients who may respond to or benefit from the
adjuvant combination immunotherapy, we stratified patients into four
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categories according to immune response and clinical outcome: immune
responders, immune nonresponders, nonresponder with recurrence,
and responder without recurrence. In these four categories, we analyzed
TMB, immunogenomic profile, immune gene expression signature,
immune cell infiltration using WES data, RNA-seq data, and mIF staining
of serial tumor tissue samples (primary and recurrent tumors) to identify
factors associated with patients’ immune response and/or recurrence.

First, TMB was found to be significantly higher in the primary
tumors of the responders without recurrence than in the tumors of the
nonresponders with recurrence (P = 0.018, Supplementary Fig. S7A).
Then, we calculated the immunoediting score in the primary tumors of
the above four categories to compare the possibility of neoantigen
depletion, where a lower score indicated a higher likelihood of neoanti-
gen presentation impairment and immune evasion (48, 53). The
immunoediting score tended to be lower in the primary tumors of the
nonresponders than in the primary tumors of the responders (median:
1.9 vs. 3.9, P = 0.45; Supplementary Fig. S7B). Similarly, the immu-
noediting score in the primary tumors of patients with recurrence was
also lower than that in the primary tumors of patients without
recurrence (median: 1.9 vs. 3.9, P = 0.57; Supplementary Fig. S7C).
Although it did not reach statistical significance, the primary tumors of
the nonresponders presented a tendency to neoantigen depletion.

In addition to the genome, the tumor microenvironment is asso-
ciated with immunotherapy response (54). To characterize the
immune microenvironment of the primary tumors across different
patient categories, immune gene expression analysis and mIF staining
were performed. We compared the immune functional genes between
the responders and nonresponders (43, 54, 55, 56), and between
responders without recurrence and nonresponders with recurrence.
Tumors in the responder category showed higher expression of an
immune stimulator signature than tumors in the nonresponder cat-
egory (P = 0.049; ref. 43), suggesting that the immunity of the tumors
for the responders was more active and partially explained the immune
response for these patients (Fig. 5A; Supplementary Fig. S8A). Sim-
ilarly, the primary tumors of the responders without recurrence
expressed marginally higher expression of the immune stimulator
signature (P = 0.066) than those of nonresponders with recurrence
(Fig. 5A; Supplementary Fig. S8B). Moreover, we found that the
responders with or without recurrence exhibited a tendency to higher
levels of the T-cell-inflamed gene expression profile (Fig. 5B). This is
related to antigen presentation, chemokine expression, cytotoxic
activity, and adaptive immune resistance, and closely correlated with
immunotherapy in multiple solid malignancies (44).

Next, we tried to evaluate distinct immune cell infiltrations asso-
ciated with neoantigen presentation and antitumor immunity, includ-
ing DCs, T cells, and myeloid cells, in primary tumors. mIF staining
with markers of DCs, T cells, macrophages, and their functional
states showed more infiltration of CD11c¢™ DCs (P < 0.05), CD8"
cytotoxic T cells (P < 0.05), and granzyme B cells (P = 0.0873) in the
primary tumors of responders without recurrence compared with
those of nonresponders with recurrence (Fig. 5C and D). Collectively,
these data suggest that high TMB, high infiltration of DC and CD8™"
T cells, and high T-cell-inflamed gene expression profile score in
primary tumors were associated with the positive immune response
and good prognosis of patients receiving this adjuvant combination
immunotherapy.

Recurrent tumors escape immune surveillance through
neoantigen depletion

Immune evasion mechanisms such as immunoediting, HLA-LOH,
and mutation of genes in the antigen-presenting pathway are reported
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to decrease neoantigen presentation and thus are inversely associated
with the immunotherapy response and survival outcome (57, 58). In
our study, 5 patients developed recurrence during the adjuvant
combination immunotherapy. To explore potential mechanisms
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linked to tumor recurrence under the combination immunotherapy
pressure, we investigated whether the abovementioned immune eva-
sion mechanisms could be observed in our cohort. Core mutated genes
in the antigen-presenting pathways, such as the B2M gene, were not
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detected for either the primary or recurrent tumors. The proportion of
HLA-LOH events was only 16% (4/25) in all the tumor samples and
9.1% (1/11) in the recurrent tumor samples (Supplementary Fig. S9),
suggesting that HLA-LOH was also not a major factor contributing to
the recurrence of HCC after adjuvant combination immunotherapy.
However, we found that the immunoediting score of most recurrent
tumor samples was lower than 1 (Fig. 6A and B), which was also
significantly lower than those of primary tumor samples (7/9 vs. 1/17,
P = 0.014), suggesting that neoantigen depletion occurred in the re-
current tumors. Moreover, we further analyzed the dynamic changes
in the CCF of immunogenic (neoantigen) clones from paired primary
and recurrent tumors in 3 recurrent patients with paired tumor
samples. It demonstrated that the CCF of immunogenic clones tended
to be lower in the recurrent tumors than in the paired primary tumors
(i-e., cluster 0 in patient 1; clusters 0 and 1 in patient 5; and clusters 1,
2, 3, and 9 in patient 10), and that the immunogenic clones of the
recurrent tumors could be newly generated clones that were not
present in the paired primary tumors (cluster 1 and 2 in patient 1,
cluster 0 in patient 10; Fig. 6C). Together this suggested that neoanti-
gen depletion and generation of de novo immunogenic clones might
be associated with immune evasion and tumor recurrence under the
pressure of adjuvant combination immunotherapy.

Discussion

In this trial, the personalized neoantigen vaccine plus neoantigen-
activated T-cell therapy we tested was demonstrated to be feasible
and safe. The adjuvant combination immunotherapy induced
sustained neoantigen-specific immunity and antigen spreading.
Immune responders to this immunotherapy yielded an improved
DFS compared with nonresponders. However, due to the small
sample size at this stage of the study, these promising findings
require validation from a large-scale randomized-controlled trial
(RCT) with a comparator cohort.

Our neoantigen-based combination immunotherapy success-
fully induced the generation of multiclonal CD8* T cells and
specific anti-HCC immune responses in 70% of the treated
patients. We believe that the major reason for achieving such a
high immune response rate is the use of rationally selected,
personalized neoantigens for vaccination. In our study, we not
only used NetMHCpan4.0 to predict the binding affinity of the
peptide, but also added NetMHCStabPan to predict the peptide-
binding stability, which we consider an important method to
improve the accuracy of neoantigen selection. Our approach is
substantially different from that of Carreno and colleagues, where
T2 assay or fluorescence polarization assay was used to confirm
the peptides binding by HLA-A*02:01 (21).

Our results show that 76.5% of the responses were de novo immune
responses, indicating that the neoantigen peptides successfully
induced neoantigen-specific immune responses that were not present
in the patients before the combination immunotherapy. Concordantly,
several previous personalized neoantigen vaccines have also stimu-
lated de novo responses (20, 22, 23). The induced de novo T-cell clones
with tumor-antigen specificity help eliminate the tumor cells, and have
been reported to be associated with better clinical outcomes. Moreover,
immune responses to spreading peptides were also detected, which
indicated that our adjuvant combination immunotherapy broadly
enhanced patients’ antitumor immunity that was not restricted to the
targeted therapeutic peptides. Similarly, two previous studies relevant
to neoantigen vaccine also reported the phenomenon of epitope
spreading (23, 59). This finding is clinically important as it implies
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that neoantigen-induced T cells are not only able to traffic to the
tumor, but also able to kill the tumor cells, resulting in the release of
additional nontargeted neoantigens that become targets for additional
T cells. It also suggests the possibility that it may only require targeting
a subset of neoantigens to induce a broad immune response against the
expressed neoantigens (59). The occurrence of epitope spreading may
help target tumor cells that do not carry truncal neoantigens and thus
might be a mechanism to control tumor heterogeneity (5). Consistent
with this, the subset of patients with epitope spreading exhibited a
significantly prolonged DFS compared with those without it in our
cohort. In addition, we observed that immune responses were already
established after resection/RFA and before immunization in some
patients (1, 3,5, 6,7, 8,and 9), despite the fact that these responses were
relatively weak. This finding implies the possibility of neoantigen
release and effective stimulation of host T cells due to resection/RFA,
as long hypothesized in the field (15). It provides a rationale for
combining adjuvant immunotherapy after resection/RFA to further
enhance neoantigen exposure and specific antitumor immunity in
HCC, which also partly explains the efficacy of our adjuvant combi-
nation immunotherapy after resection/RFA.

In addition to inducing a high immune response rate, another
advantage of using neoantigens is a very favorable safety profile. All
treatment-related AEs in our study were Common Terminology
Criteria for Adverse Events (CTCAE) grade 1 or 2, and there was
not a single severe event observed. With this favorable safety profile,
our adjuvant combination neoantigen-based immunotherapy was
successfully administered to all the included patients without
unexpected delay, establishing the feasibility of this treatment in
clinical practice. Concern about the specificity of TAAs has been
raised in previous reports about HCC vaccines, given that some
TAAs are expressed not only by tumors but also in normal tissue,
which may induce unexpected organ damage to some extent (19).
Our personalized neoantigen-based immunotherapy addressed this
problem by using neoantigens to selectively target specific tumors
relative to healthy tissues. This aims to improve the specificity and
efficacy of immunotherapy while guaranteeing safety without other
organ damage. It is tempting to speculate that the low rate and
grade of side effects of our combination immunotherapy also carry
the additional advantage of preserving liver function; this may
provide a flexibility to combine such immunotherapy with other
adjuvant antirecurrence therapies and may consequently play an
important role in improving the long-term outcomes.

Besides the precise use of neoantigens, the combination of a DC
vaccine (a therapy of active immunization) and ACT might also
contribute to the high rate of immune response and improved survival
for our patients. DC vaccines are able to increase the proportion of
tumor neoantigen exposure, activate host antigen-specific T cells, and
accelerate T-cell homing and therefore are important in maintaining
long-term antitumor immunity (14, 21, 27). However, DC vaccines
cannot induce a large number of antitumor T cells in a short period of
time, and their efficacy might be restricted due to potential issues of
the immunosuppressive microenvironment and T-cell dysfunction
(24, 60). ACT can immediately supplement a large number of tumor-
specific activated T cells in patients. For HCC, a malignancy with high
rates of early and late recurrence, both short-term and long-term
antitumor immune responses are required to prevent tumor recur-
rence. Therefore, we reason that in theory, combining DC vaccines
and ACT should achieve strong short-term and long-term treat-
ment effects by mutual complementation and synergistic effects.
In our study, a sustained neoantigen-specific immune response
was detected at 3 months after the end of adjuvant combination
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immunotherapy, implying the presence of memory T cells capable of
providing a long-term immune protection (or related to prolonged
survival) to the patients. Consistent with this, the DFS of the
immune responders was significantly better than that of the non-
responders. When compared with the survival data of patients with
HCC with similar baseline characteristics who underwent local
therapy alone during the same period in our center, the immune
responders receiving adjuvant immunotherapy in our study tended
to have a higher 2-year DFS rate (71.4% vs. 60%). These data
support the potential of the combination immunotherapy based on
neoantigens in helping to prevent HCC recurrence. Our study may
help pave the way for further development of cell-based immuno-
therapy for high-heterogeneity solid cancers such as HCC. How-
ever, due to the small sample size of this study, our findings, while
promising, should be considered hypothesis-generating and further
verification is needed.

To further explore the biomarkers associated with the patients’
immune response and tumor recurrence under the scenario of neoanti-
gen-based immunotherapy, we compared the immunogenomic profiles
and immune cell infiltration between responders and nonresponders,
and between responders without recurrence and nonresponders with
recurrence. In the responder category, we observed a higher expression
of immune-related markers, more immune cell infiltration (i.e., CD8"
T cells) and upregulation of the T-cell-inflamed gene expression pat-
tern that correlated with antigen presentation, chemokine expression,
cytotoxic activity, and adaptive immune resistance (37). All of these
factors reflect a “hot” immune state of the responders’ tumors which
correlated with antitumor immune response and better survival out-
comes. Moreover, a higher TMB was found in those patients who had
an immune response. These data collectively demonstrate that a “hot”
immune state and high TMB could serve as indicators of a positive
immune response for adjuvant combination immunotherapy in HCC.
On the other hand, for patients with recurrence, we tried to evaluate
whether any immune evasion mechanism occurred during the evolu-
tion from primary to recurrent HCC. Neoantigen depletion (immu-
noediting) was found in recurrent tumors, and the immunogenic
clones of the recurrent tumors could be newly arising that did not
exist for the paired primary tumors, suggesting that immune evasion
occurs under the treatment pressure of the combination immunother-
apy. Under such a circumstance, the combination immunotherapy
based on the neoantigens of the primary HCC might fall short of
controlling the recurrent HCC with reduced neoantigens and de novo
neoantigens. These observations associated with immune evasion
under the treatment pressure of immunotherapy will guide future
design of immunotherapies to overcome such challenges.

Our study had several limitations. First, we tested the combination
immunotherapy in patients receiving RFA or resection, and could not
provide the comparison results for these two different curative treat-
ments due to small sample size. However, several RCT's and large-scale
cohort studies (60-64) have shown that the overall survival and
recurrence-free survival between RFA and resection are comparable
without significant difference for tumors within the inclusion criteria
of our trial, and thus we think this influence might be acceptable. The
comparison of neoantigen-based combination immunotherapy in
patients who underwent RFA or resection requires further larger
RCTs to investigate. Second, due to the small sample size, our
promising findings warrant further validation in our ongoing RAMEC
study with a comparator cohort. Third, most of our study subjects had
Hepatitis B virus-related HCC, and the role of our treatment in HCC
with other etiologies cannot be evaluated.

742 Cancer Immunol Res; 10(6) June 2022

This is, to our knowledge, the first prospective clinical trial to
evaluate the feasibility, safety, and efficacy of an adjuvant combination
treatment of neoantigen-loaded DC vaccine and neoantigen-activated
T-cell therapy in patients with HCC undergoing curative treatments.
Our study provides insight into the potential efficacy of neoantigen-
based combination immunotherapy as an adjuvant treatment for
patients with HCC to induce anti-HCC immunity and prevent HCC
recurrence.
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