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Abstract: Therapeutic cancer vaccines are valuable tools for educating the immune system to fight tumors precisely.
Cancer cells are characterized with genetic instability and abundant somatic mutations, leading to the production of
tumor specific antigens (TSA) called neoantigens. The main goal of neoantigen-based cancer vaccines is to activate
the immune system and elicit effective tumor-specific T-cell responses. There have been no reports of advanced
esophageal squamous cell carcinoma (ESCC) cases achieving partial remission after personalized mRNA (mes-
senger RNA) vaccine treatment. As personalized neoantigen-based immunotherapies are emerging, here we report
a 67-year-old male patient diagnosed with ESCC and multiple enlarged mediastinal lymph nodes, where mRNA
vaccines were used for the first time. Tissue samples from the recurrence focus in the esophagus were subjected
to whole transcriptome sequencing. The neoantigens were identified by bioinformatics analyses. The top 20 neo-
antigens were selected to compose the polyneoantigen vaccine, which were administered at 1 mg every 3 weeks
for 4 cycles in combination with a PD-1 (programmed death-1) inhibitor. The patient was boosted with a single dose
of the PD-1 inhibitor 8 weeks after the 4th cycle. In addition, immune responses were evaluated before and after
the 4 cycles of vaccine therapy, and the lesions were evaluated by imaging examination. Our results revealed that
neoantigen-based vaccines significantly activated the tumour-specific immune response. TCR (T cell receptor) V-J
pairing analysis showed an increase in the abundance of oligoclonal TCRs, indicating improved homogeneity. No
grade 3 or higher drug-related adverse events were observed, except for grade 4 thrombocytopenia caused by PD-1
inhibitor treatment. The patient achieved a partial response (PR), with a progression-free survival (PFS) time of 457
days, the OS (overall survival) time of 457 days, and DOR (duration of response) of 377 days. Our report suggests
that combining the personalized mRNA vaccine therapy with PD-1 blockade therapy may be an effective treatment
strategy for patient with advanced esophageal cancer. However, further clinical trials are necessary to confirm the
efficacy and safety of personalized neoantigen-based immunotherapies in the treatment of advanced ESCC. This
trial is registered with ClinicalTrials.gov, NCTO3468244 on March 16, 2018, and is now complete.
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Introduction [2]. However, drug therapy has shown limited

effects on alleviating disease and prolonging

The prognosis of advanced esophageal squa-
mous cell carcinoma (ESCC) remains extremely
poor despite the use of chemotherapy and bio-
logical agents. The incidence of unresectable
esophageal cancer, whether locally advanced
or metastatic, ranges from 15 to 20% [1]. Due
to the notable success of chemotherapy in
combination with radiotherapy and/or immuno-
therapy, research on pharmaceutical therapy
for esophageal cancer has expanded rapidly

progression-free survival (PFS) and overall sur-
vival (0S) in patients with recurrent and meta-
static esophageal cancer [3]. Therefore, there
is an urgent need for effective therapeutics to
improve the prognosis of metastatic esopha-
geal cancer.

Therapeutic cancer vaccines serve as a valu-
able tool to educate the immune system to fight
tumors precisely [4]. Cancer cells exhibit genet-
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ic instability and abundant somatic mutations,
which can result in the production of tumour-
specific antigens (TSAs) called neoantigens.
The main goal of neoantigen-based cancer vac-
cines is to activate the immune system and
elicit effective tumor-specific T-cell responses
against cancer cells [5]. There have been no
reports of patients with advanced ESCC achi-
eving partial remission (PR) after personalized
MRNA vaccine treatment. Here we present a
case of personalized mRNA vaccine therapy
based on polyneoantigens in an individual
patient with advanced ESCC. Despite this mic-
rosatellite stabilized esophageal cancer patient
not being an ideal candidate for PD-1 inhibitor
therapy, the patient achieved a PR after 4
cycles of combined treatment with PD-1 inhibi-
tor and personalized mRNA vaccine, with a PFS
of 15.2. In our study, the neoantigens were
identified by bioinformatics analyses and the
top 20 were selected for the vaccine. Our re-
sults revealed that these neoantigens signifi-
cantly activated the tumour-specific immune
response. TCR CDR3 V-J pairing analysis show-
ed that both the abundance of oligoclonal
TCRs and clonal diversity of TCR libraries were
increased. After treatment, the patient’s blood
tumor mutation burden (bTMB) decreased from
7.63 to 1.53 Mut per Mb, indicating inhibited
tumour cell growth. These findings demon-
strate that the combination of the tumour vac-
cine and PD-1 inhibitor activates the immune
response, enhancing antigen recognition and
response abilities.

Materials and methods

Whole-exome sequencing (WES) and RNA se-
quencing (RNA-seq)

Esophageal cancer tissues were obtained by
gastroscopy and then preserved for WES and
RNA-seq. The WES-seq procedure included
DNA quality control, DNA shearing, end repair,
3’ adenlylate, adapter ligation, PCR amplifica-
tion, size selection, library hybridization with an
exome array, PCR amplification, library quality
assessment, bridging PCR, and sequencing.
The RNA-seq procedure involved RNA extrac-
tion and detection using an Agilent 2100 bio-
analyzer, library construction and quality ins-
pection, followed by sequencing using Illumina
NovaSeq 6000 with synthesis chemistry. The
results of WES data analysis showed that this
patient had an microsatellite instability-low
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(MSI-L) status. The mutations and major histo-
compatibility complex (MHC) types of the pa-
tient were further inferred from the sequencing
data.

Identification of the neoantigen and prepara-
tion of vaccines

Sequencing quality control was guranteed
using Trimmomatic (version 0.36) to trim the
reads with an average Phred score of less than
20 remove standard adapters. Reads were ali-
gned to the human genome (hg38) by employ-
ing Burrows-Wheeler Aligner (BWA) (version
0.7.12). The resulting mapping file in BAM for-
mat was sorted and generated with the Picard
(version 2.3.0) tool SortSam, and duplicate
reads were marked and removed using the
Picard tool MarkDuplicates. Base recalibration
was conducted with GATK (version 3.8.0) to
reduce false-positive variant calls. Somatic
mutations were called utilizing GATK Mutect2
(version 3.8.0). All the somatic mutations with
allelic fractions < 0.05 or coverage < 10x were
excluded to eliminate false-positive sites. Cla-
ssical human leukocyte antigen (HLA) class |
alleles (HLA-A, HLA-B, and HLA-C) in each
sample were inferred from WES data using
OptiType (version 1.3.4), while HLA class Il
alleles (HLA-DPB1) were detected by HLA-LA
(version 1.0.1). Kallisto (version 0.46.2) was
utilized to quantify the abundances of gene/
isoforms in transcripts per million (TPM) based
on the RNA-seq data. The reference transcrip-
tome was downloaded from the Ensembl data-
base for GRCh38 (version 89).

All the mutations were annotated with the
Ensembl Variant Effect Predictor (VEP) to iden-
tify nonsynonymous mutations. For each mis-
sense mutation, the binding affinity of 8-11
mer peptides containing mutated amino acids
for the patient’s HLA class | alleles was pre-
dicted by NetMHCpan-4.1, while the binding
affinity of the corresponding 15-mer peptide to
HLA class Il alleles was predicted by NetMH-
Cpanll-4.0. To identify the neoantigen candi-
dates, various characteristics of the mutant
peptides were evaluated, including the allele
frequency of mutations, the binding affinity
between HLA alleles and the mutant peptide,
the affinity between HLA alleles and MHC mol-
ecules, and the corresponding wild-type pep-
tides, as well as mutant peptide expression
profiles. Mutations that produce mutant pep-
tides with a corresponding gene expression
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Figure 1. Design steps of vaccination and patient timeline. A. Schematic diagram of the mRNA vaccine structure. To
design a suitable plasmid, the neoantigen and the target gene are subcloned into the 3 plasmids via the multiple
cloning site. After the plasmids were linearized, the transcription template was obtained by tailing PCR. A complete
linear DNA template containing the promoter, including the T7 promoter, 5’-UTR sequence, neoantigen or target
gene, 3'-UTR, and poly (A) tail, was obtained. A complete mRNA structure for transcription in vitro, including a cap
structure, T7 promoter, 5’-UTR sequence, neoantigen or target gene, 3’-UTR, and poly (A) tail was obtained. B. Time-

line of events and summary of administered treatments.

level of >1 TPM and IC50 of < 500 nM for both
HLA class | and HLA class Il alleles were
retained for further analysis. The remaining
neoantigen candidates were further ranked
using pTuneos (version 2.0.1) and the top
20 neoantigen sequences were selected for
the downstream mRNA vaccine design and
manufacturing.

Application of vaccines

The patient received an injection of this person-
alized vaccine combined with a PD-1 inhibitor,
repeated every 3 weeks for a total of 4 cycles.
The patient was then boosted with a single
dose of PD-1 inhibitor 8 weeks after the 4th
cycle. The treatment process is shown in Figure
1B. In each treatment cycle, a total dose of 1
mg vaccine (0.2 mg/injection site) was subcu-
taneously injected into the left upper limb, right
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upper limb, left lower limb, right lower limb, and
abdomen within a 2-day period. Additionally,
240 mg of the PD-1 inhibitor toripalimab was
injected one day before the mRNA vaccination.
In addition, we separated the peripheral blood
lymphocytes from the patient before and after
treatment. Polymorphisms of CDR3 in the TCR
(T-cell receptor) were analyzed by high-through-
put sequencing. In addition, ctDNA (circulating
tumour DNA) was obtained and the bTMB was
determined through high-throughput sequenc-
ing of 605 genes.

Case report and treatment process

On January 7, 2011, a 63-year-old male patient
underwent radical esophagectomy in the Tho-
racic Surgery Department of Shanghai Chang-
hai Hospital. The postoperative pathological
report indicated squamous cell carcinoma of
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the middle esophagus, with a pathological
stage of T2N1MO. In July 2020, the patient was
diagnosed with esophageal cancer recurrence
with mediastinal lymph node metastasis after
gastroscopy and mediastinal enhanced CT
examination. In September 2020, he was en-
rolled in the clinical trial of an mRNA vaccine
(NCT03468244). This clinical trial was app-
roved by the Shanghai Changhai Hospital Ethics
Committee of Naval Medical University.

To generate the mRNA vaccine, the designed
sequence was synthesized and subcloned into
an mRNA expression vector, which was then
transcribed into a single mMRNA chain before
being coated with nanoliposome (Lipopolyplex,
LPP), prepared and provided by StemiRNA
Therapeutics LLC (Figure 1A). The treatment
process of this case is shown in Figure 1B.
During the first 4 cycles of vaccine therapy, the
patient developed grade 1 fever without chills
or headaches on the second day. The most
common treatment-emergent adverse events
(TEAESs) (grade 1) were redness, swelling, pain-
ful heat, and muscle induration at the injection
sites, all of which subsided by Day 3 after each
injection. A single dose of toripalimab was given
in the 8th week after the 4th cycle. The platelet
count continued to decline in the following
days. Seven days after the PD-1 inhibitor admin-
istration, the grade 4 adverse events of throm-
bocytopenia occurred. According to the princi-
ple of dealing with adverse reactions related
to PD-1 inhibitor treatment, daily administra-
tion of methylprednisolone at 2 mg per kilo-
gram of body weight and Thrombopoietin (TPO)
at 15000 U was initiated. Human immunog-
lobulin (pH 4, 20 g) was given by intravenous
injection for 3 days. The platelet count recov-
ered to 5x10%/L 3 days later and 105x10°%/L 5
days later. TPO were then ceased. Glucocor-
ticoids were orally taken daily for one week and
were then gradually reduced and stopped 6
weeks later. There were no other grade 3 or
higher drug-related adverse events related to
vaccine treatment. After that, the patient did
not receive further vaccine or PD-1 inhibitor
treatment. However, 457 days after the first
vaccine treatment, the patient died of pulmo-
nary infection. A correlation between the pul-
monary infection and the treatment with the
vaccine and the PD-1 inhibitor was excluded.

Lesions were evaluated by imaging after cycle
2 and cycle 4 and thereafter on Day 154, Day
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247, and Day 457 according to the Response
Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 guidelines. Two target lesions we-
re identified in the mediastinal lymph nodes.
Compared with that before vaccination, the
sum of the short axis of the lesion was reduc-
ed by 36.4% (from 51 mm to 29 mm) after cy-
cle 4, indicating a partial response (PR) (Figure
2A-G). Notably, the left lymph node could not
be measured accurately on Day 154 and could
not be clearly visualized on Day 247 and Day
457. Unfortunately, the patient died of lung
infection 457 days after the first vaccine treat-
ment. It should be noted that the tumour con-
tinued to shrink even though the vaccine treat-
ment had been stopped for 38 weeks. The PFS
time for this patient was 457 days, the OS time
was 457 days, and the DOR was 377 days.

TCR CDR3 polymorphisms were analyzed
by high throughput sequencing. The results
showed that the types and frequency of TCR V
and J genes did not change considerably (Figure
3A-D). However, V-J pairing analysis showed
that the abundance of oligoclonals TCRs was
increased (Figure 3E-H), indicating improved
homogeneity of TCRs. This finding was also con-
firmed by the analysis of clonal diversity, with
evenness increasing from 0.6426 on Day 1 to
0.7751 on Day 84. Moreover, the Shannon
index also showed that the clonal diversity of
the TCR library of the sample on Day 84 was
higher than that on Day 1 (increasing from 5.9
to 7.0). This shows that the vaccine treatment
activated the immune response, resulting in
stronger antigen recognition and response abil-
ities. In addition, after 4 cycles of treatment,
the patient’'s bTMB decreased from 7.63 to
1.53 mut/Mb, indicating inhibited tumour cell

growth (Supplementary Table 1).

Discussion

Personalized vaccine therapy has been one of
the main hotspots in tumour immunotherapy
research in recent years [6-8]. Therapeutic can-
cer vaccines, including peptide-, DNA-, RNA-,
protein-, and tumour cell-based vaccines, aim
to produce new tumour-specific T-cell respons-
es against tumor cells [9-11]. Combinations
treatments with checkpoint modulators and
other novel drugs that reverse immunosup-
pression are rapidly advancing, although more
research studies are needed to establish the
best combinations and determine the optimum
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Figure 2. Details of lesions before and after vaccination. A-F. There were two target lesions of the mediastinal lymph
node. G. Compared with that before vaccination, the sum of the short axis of the lesion was reduced by 36.4% (from
51 mm to 29 mm) after cycle 4. The left lymph node could not be measured accurately on Day 154, and could not

be clearly visualized on Day 247 and Day 457.

dose scheduling for each component [12].
mRNA-based approaches have become a
promising platform for cancer immunotherapy.
Tuning of the administration routes and code-
livery of multiple mRNA vaccines with other
immunotherapeutic agents (e.g., checkpoint
inhibitors) have further boosted host antitu-
mour immunity and increased the likelihood of
tumour cell eradication [13].

ESCC is the most prevalent histological type of
esophageal cancer. Despite the development
of multidisciplinary therapeutic approaches, its
prognosis remains unfavourable. Recently, the
development of monoclonal antibodies inhibit-
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ing programmed death 1 (PD-1) or programm-
ed death ligand 1 (PD-L1) has led to marked
therapeutic responses in patients with multiple
malignancies, including ESCC. However, only a
few patients achieve clinical benefits due to
resistance [14, 15], especially those with MSI-L
status and a low TMB [16, 17].

Currently, personalized vaccine treatment, as
a new method of tumour treatment, warrants
more attention and deeper exploration. First,
as cancer vaccines are based on neoantigen, it
is crucial to analyse neoantigens quickly and
accurately. WES (Whole exome sequencing)
data alone does not reflect the transcription

Am J Cancer Res 2024;14(8):3896-3904
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Figure 3. Analysis of TCR CDR3 polymorphisms by high-throughput sequencing. A, B. The types of V genes in a single
sample and the corresponding use frequency. C, D. The types of J genes in a single sample and the corresponding
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use frequency. Different colours represent different frequencies. The darker the colour, the higher is the frequency
of use. We found that the types and frequency of use the V and J genes did not changed considerably. E, F. 3-D
histogram of V-J gene frequency. The abscissa and ordinate on the planes how the V gene and J gene, respectively,
and the height of the column represents the frequency of the V-J combination. G, H. Circos diagram of V-J gene
frequency. The wider the colour block is, the higher the frequency. The line represents a V-J combination. The V-J
combination represents a complete CDR3 sequence. We performed statistical analysis on the form and frequency
of the V-J combinations in a single sample. V-J pairing analysis showed that the abundance of oligoclonal TCRs was

increased.

characteristics of genes. Compared to WES,
integrated analyses combined with measure-
ment of MRNA expression may provide a more
accurate method for neoantigen analysis, for
example, combined analysis of gene muta-
tions, HLA affinity, wild-type gene profiles, HLA
affinity, transcription of mutant genes, and
mutant gene sharing, as mentioned above.
Second, immune recognition of mutation-
derived epitopes driven by MHC Il molecules
and CD4* T cells is also very important [18-
20]. Both MHC class I- and ll-restricted neoan-
tigens should be analyzed in designing mRNA
vaccine therapies. Third, nanoliposomes, cur-
rently used as tumour vaccine carriers, is one
of the most important vaccine delivery plat-
forms. Nanoliposomes deliver vaccine compo-
nents into antigen-presenting cells (APCs),
especially dendritic cells (DCs). It is indisput-
able that an efficient and accurate drug deliv-
ery platform for delivering vaccines into APC
cells is one of the important requirements for
the success of vaccine treatment [21, 22]. In
addition, peptide vaccines combined with PD-1
immune checkpoint inhibitors have exhibited
promising efficacy in patients with non-small
cell lung cancer, melanoma and human papil-
lomavirus 16-related cancer. Combination with
PD-1 inhibitors has historically been a common
method used in clinical trial for tumour vac-
cines. However, we must pay close attention to
the adverse reactions caused by the applica-
tion of PD-1 inhibitors.

This study inevitably has some limitations that
should be noted. First, this study is a single
case report, and further clinical trials are need-
ed to confirm the efficacy and safety of person-
alized neoantigen-based immunotherapies in
the treatment of advanced ESCC. Second, this
patient had esophageal cancer with lymph
node metastasis but no metastasis to distant
organs. Patients with metastasis to lymph
nodes, which are rich in immune cells, may
be more likely to benefit from immunotherapy
[23, 24]. It remains unclear whether ESCC
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patients with distant organ metastasis can
benefit from RNA vaccine treatment. Clinical
studies need to include more patients with
organ metastases to determine the potential
benefits of RNA vaccine treatment for such
patients. Third, antigen-specific TCR sequenc-
es activated by the 20 neoantigens could be
better analysed separately to more accurately
show the tumour-specific immune responses
activated by the sequenced neoantigens in
the future. The timing and dosage of PD-1 in-
hibitors could also be further explored to pre-
vent the occurrence of moderate to severe
adverse reactions related to immunotherapy in
the future.

In conclusion, we report the first case of per-
sonalized vaccine therapy with polyneoantigen-
coding mRNA in a patient with MSI-L and TMB-L
advanced esophageal cancer, who achieved a
partial response. This case suggests that com-
bining the personalized mRNA vaccine with
PD-1 blockade may be an effective treatment
strategy for advanced esophageal cancer. The
therapies combined with vaccine therapy in
vivo remain to be further explored.
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Supplementary Table 1. bTMB and list of ctDNA gene mutations

Base Variability Mutation bTMB

Specimen No. Gene Chromosome Exon change %) type (Muts/Mb)
Baseline 1 HSD17B3 chr9 Exon7 c.521C>A 10.19 Point 7.63
2 CFD chr19 Exon5 c.728G>A 5.56 Point
3 KMT2D chrl2 Exon31 c.7417C>T 4.79 Point
4 ACVR1 chr2 Exon5 c.421C>G 4.14 Point
5 EP300 chr22 Exon2 c.361A>G 2 Point
6 DDX51 chrl2 Exon10 ¢.1510T>G 1.58 Point
7 TMEM127 chr2 Exon2 ¢.119C>G 0.93 Point
8 CDK8 chrl3 Exon7 c.656C>T 0.65 Point
9 LRP1B chr2 Exon64 ¢.9964-1G>C 0.48 Point
10 FGFR1 chr8 Exon11 c.1448G>T 0.46 Point
11 GATAL chrX Exon6 c.958A>T 0.46 Point
12 TP53 chrl7 Exon5 c.524G>A 0.44 Point
13 PPP2R2A chr8 Exon8 ¢.899dup 7.81 Insertional
14 TP53 chrl7 Exon5 c.486del 7.56 Insertional
After Treatment 1 TP53 chrl7 Exon5 c.524G>A 0.54 Point 1.53
2 TERT chrb Upstream  ¢.-362C>T 0.25 Point




