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epatocellular carcinoma (HCC) is one

of the most lethal cancer types, and

treatment options for patients with
advanced-stage HCC are limited. Neoantigens
are newly expressed antigens on tumor cells that
may derive from viral proteins or unmutated or
mutated cellular proteins.(l) Technical advances in
high-throughput genomic and proteomic sequenc-
ing and the development of algorithms to predict
major histocompatibility complex (MHC) class I
and II neoepitopes have made personalized cancer
immunotherapy targeting neoantigens a reality.(z)
With the recent surge of interest in neoantigens
as immunotherapeutic targets, several clinical tri-
als have been initiated to test neoantigen-based
therapy in HCC. More than 100 clinical trials are
registered at ClinicalTrials.gov to test neoantigen
vaccines for different solid tumors. However, recent
findings suggest that neoantigen-based immu-
notherapy for HCC and other solid tumors faces
major challenges.

Recent Clinical Application
of Neoantigens as
Therapeutic Targets

Heralded as a new era in cancer immunotherapy,
neoantigen-based therapy is advancing rapidly.(z) One
clinical approach to target neoantigens in cancer cells is
to adoptively transfer neoantigen-specific T cells from in
vitro—expanded tumor-infiltrating lymphocytes (TILs).
Impressive clinical efficacy was achieved after neoanti-
gen-specific T-cell transfer into a patient with meta-
static cholangiocarcinoma® and extended to other solid
tumors.? However, technical issues need to be resolved
before the wide application of the adoptive transfer of
neoantigen-recognizing T cells in cancer treatment. The
tumor materials procured for TIL expansion in patients
with advanced-stage cancer produce a variable quality
and quantity of neoantigen-specific TILs because of

the high intratumor heterogeneity (ITH) of the T-cell
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receptor repertoire. In addition, the associated time and
cost are extensive, and the success rates are low.

A second clinical approach to target neoantigens for
cancer immunotherapy is to identify neoepitopes from
tumor samples and vaccinate patients with neoantigen-
based cancer vaccines. Clinical studies employing per-
sonalized neoantigen peptide, nRNA, or dendritic cell
vaccines in patients with melanoma showed encour-
aging neoanti%en-speciﬁc T-cell induction and clini-
cal efﬁcacy.(5'7 This approach has also been tested in
glioblastoma, a low tumor mutation burden (TMB)
cancer type.®” In one study, 8 patients received pep-
tide vaccines of in silico-identified neoantigens and
standard radiotherapy after surgery.(g) Although neo-
antigen-specific T-cell responses were induced in the
immunized patients, the median overall survival (OS)
and 2-year survival were not superior (with the caveat
of a small number of patients) to those achieved by
standard adjuvant treatment.’”) There may be many
reasons that this vaccine could have been ineffective,
such as the unmethylated O°-methylguanine-DNA
methyltransferase promoter status in all patients or the
median time of 19.9 weeks to first vaccination admin-
istered after surgery; however, a fundamental issue
limiting the efficacy of neoantigen vaccines in glio-
blastoma may be the rare expression of neoantigens on
the surface of glioblastoma cells by MHC molecules.”’
Thus, although neoantigen vaccines have induced spe-
cific T cells in patients, these T cells cannot recognize
tumor cells lacking neoepitope presentation.
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In a second study, 15 patients with glioblastoma
received two types of personalized peptide vac-
cines in addition to standard chemoradiotherapy
after surgery.’” One vaccine contained unmutated
tumor-associated antigens (TAAs) and cellular pro-
teins identified from the human leukocyte antigen
(HLA) immunopeptidomes by mass spectrometry.
The second vaccine employed neoantigens identi-
fied in silico. Although the initial protocol planned
to use mass spectrometry—based HLA immunopep-
tidome analysis to identify mutated neoepitopes,
none of the 643 genomic mutations were detected
in the HLA peptidomes of the individual patients'”’
(Table 1). In contrast, mutated neoepitopes were
identified in patients with hypermutated glioblas-
toma,” demonstrating the sensitivity of this strat-
egy. The clinical trial presented a median OS of
29.0 months and a 2-year survival rate of 50% (8 of
16), which outperformed standard adjuvant radio-
chemotherapy.'?’ The different clinical outcomes
between these two trials may suggest a strategy of
combining TAAs and neoantigens in personalized
vaccines. However, the favorable efficacy in the sec-
ond trial may be due solely to personalized TAA
vaccines. The fact that none of the 643 genomic
mutations were detected as HLA-presented neo-
epitopes suggests that these neoantigens are rarely
expressed on the surface of individual tumors, and
their roles in antigen-specific T cell-mediated tumor
rejection remain unclear.
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TABLE 1. Identification of Neoepitopes in HCC and Other Tumors by Mass Spectrometry and Cancer Genomics

HCC Melanoma Glioblastoma Colorectal Cancer Cholangiocarcinoma
Number of patients 16 5 15 5 1
DNA mutations 1,039 50-1,200* 643 612 54
Unique peptides 1,403* 95,662 NA 9,936 1,318
Neoepitope 0 11 0 3 0
TMB rank* 12th Tst 22nd 7th 12th
Number of clonal
Neoantigens rank® 8th 1st 14th 3rd NA

References for HCC,m) melanoma,(12) glioblastoma,(g) colorectal cancer,(lg) cholangiocarcinoma,(zo) TMB rank,m) and clonal neoantigen

rank.®?
*Number per patient.
Total number of unique peptides from 25 patient samples.

The median number of tumor mutations in 30 different cancers was ranked. Liver cancer is listed as a reference for HCC and cholangio-
carcinoma as intrahepatic cholangiocarcinoma has a similar mutation rate to that of HCC.“
The median number of clonal neoantigens in 16 different cancers was ranked.

Abbreviation: NA, not available.

Three Levels of Neoantigen
Identification Strategies

in Clinical Application:
Feasibility and Pitfalls

Neoantigens serving as effective immunotherapeu-
tic targets need to both have strong immunogenicity
to induce potent antigen-specific cluster of differen-
tiation 4-positive (CD4") and CD8" T cells and be
presented (ideally abundantly) by MHC class I and
IT molecules on the tumor cell surface. These two
features of neoantigens, immunogenicity and targ-
etability, ensure the recognition and efficient lysis of
tumor cells by vaccine-induced or ex vivo—expanded,
neoantigen-specific T cells. We propose to categorize
neoantigen identification strategies for clinical appli-
cation into three levels, with level III as the most
desirable strategy (Fig. 1).

At level I, mutations are identified by high-through-
put DNA/mRNA sequencing of tumor samples and
normal tissues. Neoepitopes are algorithmically pre-
dicted in sifico based on a predefined set of criteria.
Four clinical trials used the level I neoantigen identifi-
cation strategy, *” although the level III strategy was
attempted in one trial.”) The advantages of computa-
tional iz sifico prediction are the small sample size and
short time required for neoantigen prediction. Major
drawbacks of the level I neoantigen identification
strategy are the uncertainty of whether the predicted

416

neoepitopes can induce a strong antigen-specific T-cell
response in patients (immunogenicity) and whether the
neoepitopes are presented by tumor cells (targetability).

The level II clinical neoantigen identification strat-
egy consists of level I identification plus confirma-
tion of neoantigen-specific T-cell clones in patients
(Fig. 1). Neoantigen-based adoptive T-cell transfer
therapies have identified T-cell clones recognizing
neoepitopes from patients’ TILs.®) Treatment effi-
cacy suggests that these neoepitopes are presented
by MHC molecules on tumor cells, though this was
not confirmed. The advantage of level II neoantigen
identification is the firm establishment of neoantigen-
specific T cells in patients for clinical use. However,
the extensive time and cost associated with the level
I1 strategy remain a concern.”

The level III neoantigen identification strategy for
clinical application consists of level II plus the con-
firmation of surface-expressed neoepitopes by tumor
MHC-I and MHC-II molecules (Fig. 1). The level
III strategy has been demonstrated in mouse tumor

models?

and has identified neoepitopes in human
melanoma samples.(lz) Practical and technical hurdles
to implementing the level III strategy to clinical ther-
apy include the requirement for a significant amount
of tumor tissue, insensitivity to very low-abundance
peptides, and bias toward detecting soluble peptides
with high affinity to HLA. Nevertheless, the detection
of abundant peptides from TAAs and normal cellular
proteins in HLA immunopeptidomes from different
tumors indicates the validity of the methodology.
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FIG. 1. Three levels of neoantigen identification strategies in clinical application. Level I: patient’s tumor tissues and adjacent tissues
or peripheral blood are collected for whole-exome and transcriptome sequencing to identify mutations. Neoepitopes are predicted by
different algorithms based on MHC affinity, location and type of mutations, and mRNA expression abundance. Level II: neoepitopes are
predicted with level I strategy. Peptides or tandem minigenes are synthesized and cocultured with patient-derived TILs to validate the
immunogenicity. Level III: based on the level I prediction, some neoepitopes are confirmed in HLA ligandomes presented by patients’
tumor MHC-I and MHC-II molecules and then verified for their immunogenicity using patient-derived TILs in level II strategy. The
neoepitope identification in HCC"® used the level III strategy. Abbreviations: FPKM, fragments per kilobase of transcript per million;
IP, immunoprecipitation; LC-IMS/MS, liquid chromatography—tandem mass spectrometry; RNA-seq, RNA sequencing; TMG, tandem

minigene; WES, whole-exome sequencing.

Quantity and Quality of
Neoantigens in HCC

A recent study on the neoantigen landscape in
HCC raised concern about the potential pitfalls of
targeting neoantigens in this type of tumor.’® Of
1,039 nonsynonymous mutations identified in 16
patients with HCC, no neoepitopes were detected in
HLA class I complexes upon mass spectrometric anal-
ysis. In contrast, an average of 1,403 unique peptides
derived from TAAs and normal cellular proteins were
found in each patient(l3) (Table 1). The median TMB
of liver cancer, of which HCC accounts for 90%, is
ranked twelfth of 30 different types of cancers,(14) and
HCC has a TMB of ~2.0 mutations/megabase, over-
all an intermediate TMB cancer.!31°718) Importantly,
a comparison of HLA-presented neoepitopes among
five different solid tumor types revealed that the
identification of neoepitopes in HLA immunopep-
tidomes is a rare event in tumors with intermediate
and low TMBs, like HCCO12131920) (Taple 1). These
results clearly demonstrated the low quantity of pre-
sented neoantigens in these tumors and suggest that

neoantigen-specific T cells induced by personalized
vaccines may not be able to exert cytotoxic killing.
The quality of neoantigens is a critical determi-
nant in tumor rejection and is defined by clonality
(uniformly expressed), dissimilarity to self-antigens,
mRNA/protein expression levels, HLA binding, and
likelihood of neoantigen loss.”" The importance
of clonal neoantigen expression for effective ther-
apy is supported by clinical and animal studies.?**")
However, HCC has poor-quality neoantigens due to
high ITH at both the genomic and proteomic levels.
ITH in HCC has been extensively studied at mul-
tiomics levels and shown to be at a high degree.*
At the genomic level, the number of clonal nonsilent
mutations in HCC is ranked eighth among 16 types
of cancers, while melanoma is ranked first, indicating
that a high TMB does not necessarily translate into
high TTH.®? When the regional distribution of non-
silent mutations was analyzed in patients with HCC,
it was found that the percentages of ubiquitous muta-
tions detected in all lesions varied from 8% to 90%%”
and that those of heterogenous mutations varied from
12.9% to 68.5%.° In addition to genomic ITH as a
quality feature, true predicted neoantigens (TPNAs)
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should share no homology to self-antigens (dissim-
ilarity). By this criterion, only a handful of TPNAs
were found in sifico despite a large number of pre-
dicted neoantigens from HCC.®?

The proteomic ITH of neoepitopes in HCC is
another major factor impacting on their quality. In
two multiomics studies, the majority of the detected
somatic mutations in HCC at the DNA and RNA
levels were not found at the protein level.®™% Of
> 100,000 DNA and RNA variants from 159 patients
with HCC, only 1,973 proteomic variants (1.75%)
were confirmed by mass spectrometric analysis.*? In
a second study on 21 tumor lesions from 8 patients
with HCC, of 11,266 and 14,706 nonsynonymous
single-nucleotide DNA and RNA variants, respec-
tively, a total of 1,875 single—amino acid variants at
the protein level were detected.®V Importantly, the
proteomic ITH in these patients was extensive as only
a few expressed proteins were common to all samples
from the same patients.(31) Taken together, these data
suggest that mutated neoantigens in HCC have a
high degree of ITH at both the genomic and pro-
teomic levels. Therefore, both the quantity and quality
of HCC neoantigens may be limited to serve as effec-
tive immunotherapeutic targets.

Strategies to Target
Neoantigens in HCC

The rarity of mutated neoantigens in HLA immu-
nopeptidomes from HCC and three other solid
tumors is sobering news for clinical trials develop-
ing neoantigen-targeted immunotherapies for solid
tumors with intermediate/low TMBs. Recent clinical
application of neoantigen targeting has largely focused
on single-nucleotide variations in coding regions
because this type of mutation accounts for the vast
majority of cancer mutations.? Furthermore, most of
the analyzed tumor samples are unmanipulated. Thus,
two major strategies can be used to broaden the scope
of neoantigen targeting. The first strategy is to explore
other types of neoantigens derived from largely
untapped sources such as frameshift mutations, cryptic
noncanonical reading frames, RNA transcription and
splicing errors, RNA editing, gene fusion, gene inser-
tions and deletions, intron retentions, noncoding but
transcribed and translated regions, posttranslationally
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modified glycopeptides, class I-associated phospho-
peptides, and nonmutated epitopes presented by the
transporter associated with antigen processing (TAP)-
independent pathway. Last, but perhaps most import-
ant, are the abundantly expressed unmutated epitopes
derived from TAAs and normal cellular proteins that
are presented by classical antigen presentation path-
ways.(l) Two clinical studies suggested that using per-
sonalized nonmutated epitopes identified by the level
III strategy in cancer treatment is effective at con-
trolling disease and prolonging patient survival®?%)

The second strategy involves tumor manipulation
to enhance neoantigen generation, expression, and pre-
sentation by three potential approaches (Fig. 2). The
first approach is to use existing chemotherapeutic/
targeted agents and radiotherapy. Chemotherapeutic
agents kill tumor cells by causing DNA damage and
enhancing tumor mutations. Treatment of tumor cells
with epigenetic modulators such as histone deacetyl-
ase inhibitors results in increased expression of tumor
antigens.GS) Radiotherapy ~enhances neoantigen
expression.®®  Additionally, targeted agents against
epidermal growth factor receptor/B-Raf proto-
oncogene mutations down-regulated mismatch repair
(MMR) and enhanced colorectal cancer mutation.®”
These studies suggest that existing treatments are
useful means to enhance neoantigen generation and
expression for combination therapy.

The second approach is to use oncolytic viruses.
Viral oncolysis of tumors plus anti-programmed cell
death 1 (PD-1) significantly broadened the spec-
trum of CD8" T-cell responses to neoepitopes and
controlled disease better than anti-PD-1 monother-
apy.®® The efficacy of oncolytic virus therapy is likely
due to both enhanced cross-presentation of neoanti-
gens by host dendritic cells and enhanced expression
and presentation of neoepitopes on tumor cells.®”
Given the rapid development of oncolytic viruses as
cancer drugs, an oncolytic virus-mediated approach
to enhance neoantigen expression and presentation
is feasible and may become an important strategy in
cancer therapy.

The third approach is to disrupt endogenous path-
ways in tumor cells by genetic means. Patients with
tumor cells deficient in the DNA MMR pathway have
high numbers of somatic mutations and are extraordi-
narily sensitive to immune checkpoint blockade-based
therapy. (40 Supporting these observations, clustered reg-
ularly interspaced short palindromic repeats (CRISPR)/
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FIG.2. Strategies to enhance neoantigen generation, expression, and presentation in HCC and other solid tumors. (A) Chemotherapeutic/
targeted agents and radiotherapy kill tumor cells by causing DNA damage and enhance neoantigen expression. (B) Oncolytic virus infection
can increase expression and presentation of neoepitopes on tumor cells and enhance cross-presentation of neoantigens by host dendritic
cells. Viral oncolysis of tumors plus anti-PD-1 broaden the spectrum of CD8" T-cell responses to neoepitopes. (C) Genetic means to
disrupt endogenous pathways in tumor cells to increase neoepitope release: inactivation of the MMR pathway through CRISPR-Cas9-
mediated gene editing; TAP down-regulation through TAP small interfering RNA conjugated to tumor-targeting nucleolin aptamer;
activation of endogenous genes in tumors by CRISPR activation-based technology. Abbreviations: siRNA, small interfering RNA; TCR,

T-cell receptor.

CRISPR-associated 9 (Cas9)-mediated disruption of
MMR genes resulted in increased generation of neo-
antigens and improved tumor control through immune
surveillance.*? TAP-deficient cells can present non-
mutated neoepitopes,(42) and silencing TAP expression
in tumor cells inhibited tumor growth in mice and
enhanced the antitumor-specific T-cell response.*”
Recent studies demonstrate that CRISPRa-based
technologies augment both antigen presentation and
antitumor T-cell priming.*¥ Although promising in
animal studies, these approaches still need tremendous
technical advancement for human application.

In summary, although neoantigens are promis-
ing targets in cancer therapy, application of this class
of antigens for immunotherapy of HCC and other
tumors with intermediate and low TIMBs faces major
challenges. The major limitation in these cancers is
the lack of targetability due to rare presentation by

HLA complexes on tumor cells. Thus, strategies are
needed to enhance the generation, expression, and
presentation of neoantigens in tumors. The three
approaches outlined herein will likely enhance the
generation, expression, and presentation of TAAs and
neoantigens and warrant further clinical investigation.

Author Contributions: L.L. and Y-W.H. were respon-
sible for the conception. Y-W. H., J.J. and H.Z. were
drafting and revising the paper. M.Z., Q-T'W.,, S-N.S,,
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uted to conception, discussion and review of the paper.
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