
Received: 24 August 2021 Revised: 9 June 2022 Accepted: 21 June 2022

DOI: 10.1002/jev2.12243

RESEARCH ARTICLE

Neoantigen-based cancer vaccination using chimeric RNA-loaded
dendritic cell-derived extracellular vesicles

Xiao Xiong Xiurong Ke, LuWang Yusheng Lin,, ShuhongWang

Zhimeng Yao Kai Li Yichen Luo Fan Liu Yunlong Pan

Sai-Ching J. Yeung, Wijnand Helfrich Hao Zhang,

1Institute of Precision Cancer Medicine and Pathology, and Department of Pathology, School of Medicine, and Department of General Surgery, The First Affiliated Hospital of Jinan
University, Jinan University, Guangzhou, Guangdong, China
2Department of Surgery, Laboratory for Translational Surgical Oncology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands
3Shantou University Medical College, Shantou, Guangdong, China
4Department of Hematology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands
5Department of General Surgery, The First Affiliated Hospital of Jinan University, and Institute of Precision Cancer Medicine and Pathology, School of Medicine, Jinan University,
Guangzhou, Guangdong, China
6Department of Emergency Medicine, University of Texas MD Anderson Cancer Center, Houston, Texas, USA
7Department of Endocrine Neoplasia and Hormonal Disorders, University of Texas MD Anderson Cancer Center, Houston, Texas, USA
8Minister of Education Key Laboratory of Tumor Molecular Biology, Jinan University, Guangzhou, Guangdong, China

Correspondence
Hao Zhang, Institute of Precision Cancer Medicine
and Pathology, School of Medicine, Jinan
University, 601 Huangpu Avenue West,
Guangzhou, Guangdong 510632, China.
Email: haolabcancercenter@163.com

Xiao Xiong and Xiurong Ke contributed equally to
this work.

One Sentence Summary: Development and
preclinical evaluation of an extracellular
vesicles-based therapeutic cancer vaccine
exploiting an immunogenic neoantigen encoded
by an aberrant transcription-induced
exon-intronantisense chimeric RNA.

Abstract
Cancer vaccines critically rely on the availability of targetable immunogenic cancer-
specific neoepitopes. However, mutation-based immunogenic neoantigens are rare
or even non-existent in subgroups of cancer types. To address this issue, we
exploited a cancer-specific aberrant transcription-induced chimeric RNA, designated
A-PaschiRNA, as a possible source of clinically relevant and targetable neoanti-
gens. A-PaschiRNA encodes a recently discovered cancer-specific chimeric protein
that comprises full-length astrotactin-2 (ASTN) C-terminally fused in-frame to
the antisense sequence of the 18th intron of pregnancy-associated plasma protein-A
(PAPPA). We used extracellular vesicles (EVs) from A-PaschiRNA-transfected den-
dritic cells (DCs) to produce the cell-free anticancer vaccine DEXA-P. Treatment of
immunocompetent cancer-bearing mice with DEXA-P inhibited tumour growth and
prolonged animal survival. In summary, we demonstrate for the first time that cancer-
specific transcription-induced chimeric RNAs can be exploited to produce a cell-free
cancer vaccine that induces potent CD8+ T cell-mediated anticancer immunity. Our
novel approach may be particularly useful for developing cancer vaccines to treat
malignancieswith lowmutational burden orwithoutmutation-based antigens.More-
over, this cell-free anticancer vaccine approachmay offer several practical advantages
over cell-based vaccines, such as ease of scalability and genetic modifiability as well
as enhanced shelf life.
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 INTRODUCTION

Ideally, a cancer vaccine targets a fully defined immunogenic cancer-specific neoantigen that induces adequate amounts of
potent cancer-selective T-cells with no or minimal deleterious activity towards normal cells or tissues (Banchereau & Palucka,
2018; Tran et al., 2019). Recent insights indicate that cancer-specific aberrant mRNA processing may significantly expand
the repertoire of targetable neoantigens for cancer immunotherapy (Frankiw et al., 2019; Yang et al., 2019). Transcription-
induced chimeric RNAs (chiRNAs) are fused mRNA transcripts derived from two (or more) unrelated genes which are
generated by aberrant ‘read-through/splicing’ or ‘trans-splicing’ (Ke et al., 2020; Lin et al., 2019; Varley et al., 2014; Zhang et al.,
2013). Detailed analyses of aberrant mRNA processing events in cancer cells have identified potential new targets for cancer
immunotherapy.
In this respect, we recently discovered an aberrant transcription-induced exon-intronantisense chimeric RNA ASTN-

PAPPAantisense (A-PaschiRNA) that is selectively present in esophageal cancer (EC) tissue (Zhang et al., 2013). The nucleotide
sequence of the cDNA of the A-PaschiRNA consists of the full-length coding sequence of the ASTN gene, the subsequent
nucleotide sequence corresponds to the antisense strand of part of 18th intron of the PAPPA gene (Wang et al., 2021). Normally,
the ASTN gene encodes for astrotactin 2, an integral membrane protein involved in neural development (Glessner et al., 2009),
whereas PAPPA encodes pregnancy-associated plasma protein-A, a secretedmetalloproteinase which cleaves insulin-like growth
factor binding proteins (Bonaca et al., 2012; Conover et al., 2016). Given its selective presence in EC tissue (Zhang et al., 2013),
we wondered whether A-PaschiRNA could be exploited for the development of neoantigen-based therapeutic vaccine to induce
T cells against A-PaschiRNA-positive EC.
Dendritic cells (DCs) are highly effective antigen-presenting cells with unique capacity to (cross-) present antigens to naive

cognate T cells (Garg et al., 2017). Consequently, DC-based vaccines are considerably promising for cancer immunotherapy
(Banchereau & Palucka, 2018; Garg et al., 2017; Sabado & Bhardwaj, 2015). However, cell-based DC vaccine approaches are highly
complex and require costly good manufacturing practices (GMP) (Garg et al., 2017; Sabado & Bhardwaj, 2015). Extracellular
vesicles (EVs) are nanoscale lipid bilayer-enclosed particles of endocytic origin that are released by numerous cell types, including
DCs. DC-derived EVs (DEXs) harbourmany of the key immunostimulatory characteristics of DCs, including exposure ofMHC-
I, MHC-II and various key co-stimulatory molecules (Pitt et al., 2016). Consequently, DEXs maintain the intrinsic capacity of
DCs to present foreign antigens to T cells (Pitt et al., 2016). The lipid bilayer makeup endows DEXs with significant serum
stability, long shelf-life when frozen, and relatively simple GMP handling (El Andaloussi et al., 2013; Jiang & Gao, 2017). In this
respect, DEXs can be considered as ‘natural nanodrugs’ of controllable size and composition, andwith stable immunomodulatory
capacity.
Here, we describe a novel therapeutic cell-free anticancer vaccine that is based on EVs derived from DCs transduced with

A-PaschiRNA. To the best of our knowledge, this is the first example of a therapeutic DC-EV anticancer vaccine based on an
immunogenic neoantigen encoded by a cancer-specific transcription-induced chiRNA.

 MATERIALS ANDMETHODS

. Study design

The purpose of this studywas to evaluate the effects of EV-based therapeutic cancer vaccine in esophageal cancer.We investigated
the possibility of exploiting transcription-induced chimeric RNA as neoantigen and developed a cell-free EV-based vaccine
containing the neoantigen. The antitumour efficacy was evaluated in mouse model. Sample sizes were chosen on the basis of
previously published studies. Mice were randomized into various groups before treatment. Experiments were not performed in
a blinded fashion.

. Cell lines

All cell lines (except TE-1) were provided by the Cell Bank of the Chinese Academy ofMedical Sciences and cultured in a humid-
ified atmosphere containing 5% CO2 at 37◦C using the indicated culture medium supplemented with 10% FBS, 100 unit/ml
penicillin and 100 unit/ml streptomycin, unless indicated otherwise. Human EC cell line TE-1 (HLA-A24+), kindly provided by
Dr. X.C. Xu (UT M.D. Anderson Cancer Centre, USA) was cultured in Dulbecco’s Modified Eagle Medium (DMEM). Human
EC cell line KYSE140 (HLA-A2+) was cultured in RPMI medium. Murine DC cell line DC2.4 (H-2b), murine EC cell line AKR
(H-2b), and HEK 293T were cultured in DMEM supplemented with 10% FBS. Before EV isolation, the culture medium of DC2.4
cells was replaced by DMEM with 10% of EV-depleted FBS and cultured for 48 h, after which the conditioned culture medium
was collected for subsequent EV isolation.



XIONG et al.  of 

. Generation of A-Pas fusion protein-encoding lentivirus particles

The cDNA encoding the A-Pas fusion protein (4.2 kb) was fused at its C-terminal in-frame to a 3×FLAG detection tag and
then cloned into lentivirus expression vector pCDH-CMV-puro (System Biosciences, CA, USA). Recombinant A-Pas-encoding
lentivirus particles (LVA-P) were produced according to standard procedures using HEK293T cells. Cell lines stably expressing
Flag-taggedA-Pas were generated by repeated infectionwith LVA-P for three times every 18 h and followed by puromycin selection
(2 μg/ml). Analogously, empty vector-LV (LVVEC) particles were generated and used to conduct appropriate control experiments.

. Generation of mAb A-Pas- against ASTN-PAPPAantisense

The mAb A-Pas-16 was generated using conventional mouse hybridoma technology (Abmart company). In brief, three peptide
sequences derived from the 81 aa of PAPPA in A-Pas (seven NTRVLIPTVSYSEE 20; 32 QKRMDSPHEPSLSN 45; 62 DED-
HVGSMHIQITF 75) were used as immunogens. ELISA was used to screen for A-Pas-specific mAbs, which yielded 17 mAbs
that were specific for an A-Pas peptide. From this panel we selected mAb A-Pas-16 for further validation by immunoblot analysis.

. MHC-I peptide prediction

NetMHCpan (www.cbs.dtu.dk/services/NetMHCpan/) was used to predict A-Pas-derived peptides for binding to mouse MHC
class 1 (H-2Db, H-2Kb) and human MHC class 1 (HLA-A01:01, HLA-A02:01, HLA-A03:01, HLA-A24:02, HLA-A26:01, HLA-
B07:02,HLA-B08:01,HLA-B27:05,HLA-B39:01,HLA-B40:01,HLA-B58:01,HLA-B15:01)molecules. Subsequently, shared amino
acid sequences within each group were selected and use to synthesize as the epitope peptides (Table S1)

. Preparation of cell-free vaccine DEXA-P

The cell-free vaccine DEXA-P was produced in the absence of exogenous LPS stimulation using EVs derived from the murine
DC cell line DC2.4 (H-2b) transduced with LVA-P. In a similar manner, control vaccine DEXVEC was produced using DC2.4 cells
transduced with LVVEC.
In short, DC2.4 cells transduced with LVA-P or LVVEC were cultured for 48 h in DMEM supplemented with 10% EV-depleted

FBS; then DEXA-P and DEXVEC were collected from the respective conditioned culture medium by sequential centrifugation
(first at 500 × g for 10min, followed by 10,000 × g for 30min; EV-containing supernatants were filtered through a 0.22-μm
filter; then Evs in the filtrate were pelleted by centrifugation at 100,000 × g for 1 h and resuspended in PBS). The total protein
concentration of EV preparations was quantified by Bradford assay (Sangon Biotech, USA).

. Isolation and generation of human DCs

HumanDCswere generated from venous blood of healthy volunteers (HLA-A24+ and/orHLA-A2+)after informedwritten con-
sent. Briefly, PBMCs obtained by standard density gradient centrifugation (Lymphoprep) were subjected to magnetic-activated
cell sorting (MACS) using anti-CD14-beads andMS columns (Miltenyi Biotec) to isolatemonocytes. Immature DCs (iDCs) were
generated by treatment with 500U/mlGM-CSF and 1000U/ml IL-4 for 5 d. On day 6, LVA-P, empty LVorA-Pas-derived peptides
were added to the DCs followed by incubated in the presence 500 U/ml GM-CSF and 1000 U/ml IL-4 for 24 h. Subsequently,
DCs were cultured for 2 days in the presence of 1 μg/ml LPS to generate mature DCs (mDCs). DC phenotype was confirmed by
flow cytometric analysis of CD14, CD83, CD86, HLA-ABC and HLA-DR expression.

. T cell proliferation assays

For human T cell proliferation assays, antigen-loaded DCs were pretreated with 10 μg/ml mitomycin C (Sigma, St Louis, MO,
USA) to inhibit cell division. Autologous CD3+ T cells were obtained using the human Pan T Cell Isolation Kit (Miltenyi Biotec).
These T cells were co-incubated with antigen-loaded DCs (10,000 cells/well) at a cell ratio of 10:1 for 72 h. Formouse T cell prolif-
eration assays, T lymphocytes derived from the spleen of C57BL/6 mice were co-incubated with antigen-loaded DC2.4 cells at a
cell ratio of 10:1, or re-stimulation with 40 μg DEX for 72 h. Antigen-loadedDC2.4 cells were pretreated with 10 μg/mlmitomycin
C to inhibit cell division. Subsequently, cell viabilitywas determinedusingCCK-8 assay (Cell CountingKit-8,MedChemExpress).

http://www.cbs.dtu.dk/services/NetMHCpan/
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. Real-time cytolysis assays using the xCELLigence RTCA

Real-Time Cell Analysis (RTCA, xCELLigence Roche, Penzberg, Germany) (Wang et al., 2019; Wang et al., 2018; Xiong et al.,
2020) was used to monitor T cell-mediated cell killing. Briefly, target cells (7,000 cells/well for KYSE140, 6,000 cells/well for TE1,
and 10,000 cells/well for AKR cells) were seeded in duplicate wells of a 96-well E-plate (Roche) and allowed to adhere for 16–25
h. Then 50 μl of the spend culture medium was removed and replaced with 50 μl of fresh medium containing (or not) DC- or
DEX-pulsed effector T cells at the indicated E:T cells ratios. Fresh medium containing 1% Triton X-100 was used as set point for
maximum cell killing.

. Mouse vaccination and subsequent isolation of murine splenocytes

Female C57BL/6 mice were injected i.v. with DEXA-P, DEXVEC, DEX or PBS, respectively (40 μg/mouse/week for 3 weeks).
Three days after the last vaccination, splenic T cells were harvested from the mice, followed by re-stimulated with DEXA-P (40
μg) or DEXVEC (40 μg) for 72 h. Briefly, spleens of vaccinated mice were harvested, crushed and vigorously resuspended to make
single-cell suspensions. To remove aggregates or clumps, the resuspended cells were filtered through a 70 μm cell strainer.

. Esophageal tumour mouse model, T-cell depletion and vaccination

A total of 5× 105 AKR cells were resuspended in 100 μl PBS and s.c. inoculated in the flanks of 6-wk-old female C57BL/6mice (H-
2b) and nude athymicmice (strain NU/NUCrl:NUFoxn1nu), respectively. DEXA-P, DEXVEC and PBS were administered i.v. into
7-day-established AKR tumour-bearing mice every 5 days for three times, respectively. Tumour volumes were measured every 5
days, and tumour mass was calculated using the following formula: volume= 0.5236 × length × width2. Mice were sacrificed by
cervical dislocation at desired time-points, and tumours were excised for paraffin block preservation. For T-cell depletion studies,
antibodies to deplete CD4+ T cells (clone GK1.5; BioXcell) or CD8+ T cells (clone 2.43; BioXcell) were injected i.p. at 100 μg per
mouse on day 5, 10, 15 and every other 5 days thereafter until completion of the study. 7-day-established AKR tumour-bearing
mice were treated three times with DEXA-P (40 μg) i.v. and were monitored for tumour growth, body weight and survival. The
extent of T cell depletion was determined at the end of the study by flow cytometry of PBL and spleen cell homogenate. Animal
experiments were reviewed and approved by the Ethics Committee of Shantou University Medical College.

. Measurement of T lymphocytes in mouse spleen and tumour tissues

Splenocytes were collected from mouse spleen and incubated at 37◦C for 6 h in DMEM/F-12 medium supplemented with 10%
FBS. Golgi stop (1.5 μg/ml, BD Biosciences, USA) was added for the final 5 h of incubation to block cytokine secretion. Cells were
harvested, washed and blocked with CD16/CD32-blocking Ab (BD Bioscences, USA) for 5min at room temperature, and stained
with 0.4 μg/ml BV510-labelled CD45, PerCP-Cy5.5-labelled CD3, FITC-labelled CD8, PE-Cy7-labelled CD4, BV421-labelled
CD25 (BD Bioscences, USA) for 15 min at room temperature. Then cells were washed and incubated with permeabilisation
solution (BD Bioscences, USA) for another 20 min at 4◦C. Finally, cells were further labelled with 0.4 μg/ml Alexa 647-labeleld
IFN-γ, PE-labelled FOXP3 (BD Bioscences, USA) for 15 min at room temperature and analysed by flow cytometry. Tumour
tissues were minced into small pieces and digested in collagenase type IV suspension (0.05 mg/ml, Worthington Biochem) for
40 min at 37◦C. The resulting suspension was filtered through the 70 μm cell strainer. The extract was centrifuged at 500×g for
10 min after which the supernatant was removed. The mixture was re-suspended in ACK lysis buffer to remove red blood cells
and the rest cells were stained with different fluorescently-labelled antibodies as described above.

. Cytokine release assay

Supernatants from human T cells co-incubated with antigen-loaded DCs were collected and secretion of IFN-γ was quantified
using ELISA kit (# 88–7316, Invitrogen,USA). Splenocytes were harvested fromDEXA-P, DEXVEC or PBS treated tumour-bearing
C57BL/6 mice as described above. The supernatant was collected and levels of IFN-γ (# BMS606, Invitrogen, USA), IL-2 (# 88-
7024-88, Invitrogen, USA), IL-10 (# 88-7105-88, Invitrogen, USA) and TGF-β (# 88-8350-88, Invitrogen, USA) in supernatant
were quantified using ELISA kits. For measurement of cytokine released in vivo, mouse serum was harvested from tumour-
bearing mice 3 days after the last vaccination and centrifuged at 3000×g for 10 min at room temperature, followed by analysis of
IFN-γ, IL-2, IL-10 and TGF-β content, respectively.
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. Flow cytometry analysis

Human DCs were stained with 0.6 μg/ml FITC-labelled CD14, HLA-ABC and CD86, PE-labelled HLA-DR and CD83 (Thermo
Fisher Scientific, MA, USA) mAbs for 45 min at 4◦C and analysed by flow cytometry. Murine DCs were stained with FITC-
labelled ICAM1 and MHC-II, PE-labelled CD80, CD86 and MHC-I (Thermo Fisher Scientific, MA, USA) mAbs at the final
concentration of 0.6 μg/ml at 4◦C for 45 min, respectively, followed by flow cytometry. For DEX assay, 30 μg of EVs (or 30 μg
of FCS as negative control) were incubated with 10 μl of 4 μm diameter aldehyde/sulphate latex beads (Interfacial Dynamics,
Portland, OR) for 15 min at room temperature in a 30–100 μl final volume, followed by 2 h with gentle shaking in 1 ml PBS. The
reaction was stopped by incubation for 30 min in 100 mM glycine. EV- or FCS-coated beads were washed three times PBS with
3% FCS and 0.1% NaN3 and resuspended in 200 μl of the same buffer. 10 μl coated beads were incubated for 1 h at 4◦C with each
fluorescently-labelled abs as described above.

. Multiplexed Immunofluorescence (mIF)

Multiplexed Immunofluorescence (mIF)was performed formultiplemarkers staining using PerkinElmerOpal kit (Perkin-Elmer,
Waltham, MA, USA) (Wang et al., 2020). Briefly, 4 μm sections cut from FFPE mouse tumour tissues were deparaffinized,
rehydrated, followed by endogenous peroxidase blockade and antigen retrieval. For the detection of various T cell subpopu-
lations, sections were incubated with Ab against CD4 (Cat. ab183685; Abcam), followed by HRP-conjugated secondary Ab. A
second antigen retrieval was performed to denature any antibodies in these tissues, followed by incubationwith Ab against CD8α
(Cat. #98941; Cell Signalling Technology) and then incubated with HRP-conjugated secondary Ab. A third antigen retrieval was
conducted in these slides, followed by incubated with Ab against FoxP3 (Cat. ab99964; Abcam) and then incubated with HRP-
conjugated secondary Ab. Between the consecutive antigen retrieval steps the slides were visualized using Opal 650 TSA Plus
(1:50). For the detection of macrophage subpopulations, slides were triple stained with F4/80 (Cat. ab240946; Abcam), CD206
(Cat. ab64693; Abcam), along with CD11c (Cat. ab52632; Abcam) were perform according to the sequential staining protocol
above. For all sections, nuclei were stained with DAPI. Images were acquired using a Vectra 3 pathology imaging microscope
(PerkinElmer, Waltham, MA, USA).

. Histology

For haematoxylin and eosin (H&E) staining, mice were euthanized 3 days after the final vaccination. Tumous, various organs
and tissues were fixed in 10% formalin, embedded in paraffin, and stained with haematoxylin and eosin. Histological images were
photographed using a microscope.

. RNA analysis

Total RNAwas extracted from the cells or clinical specimens usingTRIzol (Invitrogen). RNA (4μg)was reverse-transcribed using
M-MLV Reverse Transcriptase (Invitrogen) and oligo-(dT)20 primer (Invitrogen) according to the manufacturer’s instructions.
Then an equal amount of cDNAwas amplified using an SYBRGreen PCR amplification kit (Invitrogen) with the Applied Biosys-
tems 7500 Real Time PCR system (Applied Biosystems, Foster City, CA, USA) as described previously (Dong et al., 2017; Feng
et al., 2014). PCR product was visualized in a 2% agarose gel. The results were normalized to β-actin as an internal control. All
reactions were run in triplicate. The cDNA was subjected to PCR with the following primers:
A-Pas forward: 5′-TGGTGTCAATGGCCCGAAACA-3′ (designed to hybridize to ASTN2 exon 22)
A-Pas reverse: 5′-TCACCAGGGGTGTCTGGTGT-3′ (designed to hybridize to PAPPA intron 18)
β-actin forward: 5′-GAACCCCAAGGCCAACCGCGAGA-3′
β-actin reverse: 5′-TGACCCCGTCACCGGAGTCCATC-3′

. Quantitative Real-Time PCR

The amplified PCR product from Real Time PCR analysis was used as standard in quantitative real-time PCR. The DNA target
sequence of A-Pas was ligated into a pUC57 vector to produce pUC57-A-Pas. The concentration of the isolated and purified
pDNA was measured with a Cytation 5 (BioTek, USA). The quantification of the pUC57-A-Pas in picomoles was performed
considering the average weight of a one pair base (660 Da) and the number of base pairs of vector and insert (Nb). The following
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mathematical formula was applied: pmol of dsDNA = (μg of dsDNA × 106)/(660 × Nb). Avogadro’s constant (6.02214086 ×
1023 mol–1) was used to estimate the number of pUC57-A-Pas molecules. Number of copies was calculated per μ, which was
the volume used as template in each quantitative real-time PCR. Dilutions containing 10–107 copies were used to generate the
standard curve. The quantification analysis was carried out in a CFXConnect Real-Time PCRDetection System (Bio-Rad, USA)
using SYBRGreen. Standards and negative control were added to the 96-well plate in triplicate at each running. Data acquisition,
standard curve fittings, and analysis were performed with the CFX Maestro software.

. Western blot

Western blotting was performed as described previously (Gan et al., 2016). Briefly, the cells or tissues were lysed in RIPA buffer,
and then equivalent amounts of the protein extractswere separated using 10%SDS/PAGEand then transferred to a polyvinylidene
difluoride (PVDF) membrane. The membranes were blocked in 5% skim milk in TBS containing 0.1% Tween-20 (TBST) buffer
and then incubated with the primary abs against A-Pas-16, FLAG tag (#F1804, Sigma-Aldrich, USA), Alix (#2171, Cell Signalling
Technology, USA), Calnexin (#2433, Cell Signalling Technology, USA), GAPDH (#5174, Cell Signalling Technology, USA), at 4◦C
for 16 h. Subsequently, the secondary antibodies were added and incubated at room temperature for 2 h. The immunoreactive
bands were visualized with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) using X-ray film (Eastman
Kodak).

. Statistical analysis

All statistical analyses were performed using the SPSS 13.0 statistical software package (SPSS Inc.). Overall survival was estimated
using the Kaplan–Meier method, and the difference in survival was evaluated using the log-rank test. Comparisons between two
groups were performed with a Student’s t test, or paired t test, and comparisons among more than two groups were performed
with one-way ANOVAwith post hoc intergroup comparisons. All bar graphs show themean± SEMof at least three independent
experiments. A p value of less than 0.05 was considered statistically significant.

 RESULTS

. A-PaschiRNA is selectively transcribed and translated in primary human EC

Transcription read-through and splicing in EC cells produced a 4296-nt-longA-PaschiRNA that contained almost the full-length
coding sequence of the ASTN gene followed by a 243-nt-long antisense sequence of part of 18th intron of the PAPPA gene
(Figure 1A) (Wang et al., 2021). The predictedASTN2-PAPPAantisense (A-Pas) fusion protein has the 1339 amino acids fromASTN2
protein at its N-terminal, and the subsequent 81 new amino acids at the C-terminal portion are in a novel sequence that does not
correspond to any part of the PAPPA protein (Figure 1B). Recombinant lentivirus particles encoding the A-Pas fusion protein
tagged with three FLAG peptide sequences at the C-terminal (LVA-P-FLAG) were produced, as illustrated in Figure 1(B).
In 14 out of 42 EC patients, the transcription of A-PaschiRNA was restricted to cancerous tissues, and was undetectable in

the respective adjacent noncancerous tissues of all 42 patients (Figure 1C, and Figure S1). To examine expression of the A-Pas
fusion protein translated fromA-PaschiRNA,we generated a series of 17A-Pas-specificmonoclonal antibodies (mAbs) using three
A-Pas-derived peptides. From this series, we selectedmAbA-Pas-16, which was generated against the 14-amino acid antigen pep-
tide NTRVLIPTVSYSEE, which is located in the PAPPAas portion. MAb A-Pas-16 selectively bound to A-PaschiRNA-negative
KYSE140 and HKESC-2 cells, but only when transduced with LVA-P-FLAG. Parental, LVvector and LVASTN2-FLAG transduced
KYSE140 and HKESC-2 cells were used as negative controls. Immunoblot analysis using mAb A-Pas-16 detected a protein band
of 160 kDa in LVA-P-FLAG-transduced cells only. This apparent molecular weight (MW) is in good agreement with the calculated
molecular weight of 156 kDa for A-Pas. Immunoblot analysis of LVASTN2-FLAG and LVA-P-FLAG-transduced cells using an anti-
FLAGmAb revealed the FLAG-tagged protein bands of expected MW (Figure 1D and E). To further evaluate the sensitivity and
specificity of this antibody for A-Pas, KYSE140 cells were transduced with LVA-P-FLAG at increasing DNA concentrations, and
immunoblots images were obtained at short and long exposures. Even at short exposure, reasonably specific detection of low
level of A-Pas is demonstrated (Figure 1F). Importantly, in consistent with the RT-qPCR result, endogenous expression of the
A-Pas fusion protein was detected in cancerous tissues derived from patient 14 and patient 23, but not in that from patient 4 by
mAb A-Pas-16 (Figure 1G).
Taken together, these results indicated that cancer cells could indeed translate A-PaschiRNA into a fusion protein A-Pas, and

that mAb A-Pas-16 would be a useful tool to analyse A-Pas protein expression. Subsequently, we analysed whether A-Pas might
be exploited as an immunogenic neoantigen.
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F IGURE  A-PaschiRNA is produced by aberrant mRNA processing and is selectively transcribed in EC tissues. (A) Schematic diagram of the
A-PaschiRNA. Exons are represented by solid blocks connected lines representing introns. Transcription read-through and splicing produce the A-PaschiRNA.
ASTN-derived sequences are in blue; antisense sequence derived from the 18th intron of the PAPPA gene are in red; RNA splice junctions are shown in capital
letters. Positions of the forward (F) and reverse (R) primers for detection A-PaschiRNA by RT-PCR are indicated by red arrows. (B) The predicted structure of
A-Pas fusion protein. (C) The expression levels of A-PaschiRNA in EC and paired noncancerous tissues were evaluated by RT-qPCR. The data were from three
independent RT-PCR reactions. Error bars indicate SEM. (D) Expression of A-Pas fusion protein in KYSE140 cells transduced with LVvector, LVASTN2-FLAG and
LVA-P-FLAG was evaluated by immunoblotting using an A-Pas-specific mAb (A-Pas-16) and an anti-FLAG mAb. GAPDH was used as a loading control. (E)
Similar results from HKESC-2 cells are shown. (F) Ectopic expression of A-Pas fusion protein in KYSE140 cells transduced with different DNA concentrations
of LVA-P-FLAG was detected by immunoblotting using mAb A-Pas-16. (G) Endogenous expression of A-Pas fusion protein in EC and paired noncancerous
tissues were evaluated by immunoblotting using the mAb A-Pas-16. A-PaschiRNA-positive cell line HKESC-3 served as a positive control,
A-PaschiRNA-negative cell line KYSE140 served as a negative control. GAPDH was used as a loading control

. Ectopic expression of A-PaschiRNA in DC promotes maturation status and enhances capacity
to prime A-Pas-specific anticancer T cells in vitro

Both transcription of A-PaschiRNA and subsequent translation into a A-Pas fusion protein were confirmed in LVA-P-FLAG-
transduced DCs (DCA-P) (Figure 2A and B). In immunoblot analysis, A-Pas fusion protein could be detected by both mAb
A-Pas-16 and anti-FLAG mAb (Figure 2B). Of note, DCA-P showed downregulation of CD14 expression and upregulation of
CD83, CD86, MHC-I (HLA-ABC) and MHC-II (HLA-DR) expression, collectively indicative of a matured DC phenotype
(Prechtel & Steinkasserer, 2007) (Figure 2C).
Upon co-culturing, DCA-P exhibited an enhanced potency to promote the capacity of autologous T cells to proliferate and

secrete IFN-γ compared to unstimulated T cells and T cells that were primed by LVvector-transduced DCs (DCVEC) (Figure 2D
and E). Importantly, DCA-P showed enhanced capacity to prime and activate T cells that selectively targeted and killed HLA-
matched LVA-P-FLAG-transduced KYSE140 EC cells (KYSE140A-P) (Figure 2F to H), but not empty-vector transduced cells
(KYSE140VEC) (Figure 2I). Moreover, DCA-P-primed T-cells selectively killed HLA-matched TE1 EC cells that have endoge-
nous A-Pas expression, but not KYSE140 cells that lack A-Pas expression (Figure S2). Of note, the observed T cell responses
towards A-Pas transduced cells were not attributable to FLAG-related immunogenic peptides processed from the FLAG-tagged
A-Pas fusion protein (Figure S3 and Table S1).
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F IGURE  Protein product encoded by A-PaschiRNA induces antigen-specific immune T cell responses against human EC cell. (A-B) Expression of
A-PaschiRNA in human DCA-P and DCVEC was evaluated by RT-PCR using β-actin as loading control (A) and by immunoblotting using mAb A-Pas-16 and an
anti-FLAG mAb, GAPDH as a loading control (B). (C) Flow cytometric analysis of cell surface protein expression on DCA-P or DCVEC. (D) The viability of
autologous T cells primed with DCA-P or DCVEC at a ratio of 1:10 (DC:T) for 72 h was evaluated by Cell Counting Kit-8 (CCK-8) assay. (E)Measurement of
IFN-γ in supernatants from the co-culture of autologous T cells with DCA-P or DCVEC. (F-G) Expression of A-PaschiRNA was evaluated by RT-PCR (F) and
immunoblotting (G) in KYSE140A-P or KYSE140VEC cells. (H)Monitoring of cytotoxicity mediated by DCA-P-activated T cells against KYSE140A-P cells at the
indicated E:T ratios by RTCA using the xCELLigence apparatus. (I)Monitoring of cytotoxicity mediated by DCA-P or DCVEC-activated T cells against
KYSE140VEC (left panel) and KYSE140A-P (right panel) at an E:T ratio of 40:1. 1% Triton X-100 was added instead of T cells as positive control. Samples shown
are representative of three independent experiments. Error bars indicate SEM. **p < 0.01 by one-way ANOVA with post hoc intergroup comparisons in (D-E)

Taken together, these results indicated that ectopic expression of A-PaschiRNA promotes maturation and subsequent capacity
of DCA-P to prime and activate A-Pas-specific T-cells with cytolytic activity towards A-Pas-positive cancer cells.

. Mouse DC.A-P cells prime A-Pas-specific anticancer T cells in vitro

Upon transduction with LVA-P-FLAG, murine DC2.4A-P cells showed a marked upregulation of MHC-I, CD80, CD86, and
ICAM and a moderate upregulation of MHC-II, collectively indicative for a matured DC phenotype (Figure 3A to C). Impor-
tantly, DC2.4A-P cells showed enhanced capacity to promote proliferation and IFN-γ secretion by splenic T-cells derived from
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F IGURE  A-PaschiRNA induces antigen-specific immune T cell responses against murine EC cell. (A-B) Expression of A-PaschiRNA was evaluated
by RT-PCR (A) and immunoblotting (B) in murine DC2.4A-P and DC2.4VEC. (C) Flow cytometric analysis of cell surface protein expression on DC2.4A-P
versus DC2.4VEC. (D) Splenic T cells were harvested from C57Bl/6 mice and primed with DC2.4A-P or DC2.4VEC at a ratio of 1:10 (DC:T) for 72 h. The viability
of splenic T cells was evaluated by CCK-8 assay. (E)Measurement of IFN-γ in supernatants from the co-culture of splenic T cells with DC2.4A-P versus
DC2.4VEC. (F-G) Expression of A-PaschiRNA was evaluated by RT-PCR (F) and immunoblotting (G) in AKRA-P and AKRVEC cells. (H)Monitoring of
cytotoxicity mediated by DC2.4A-P-activated T cells versus DC2.4VEC-activated T cells against AKRVEC cells (upper panel) or AKRA-P cells (lower panel) at an
E:T ratio of 40:1. 1% Triton X-100 was added instead of T cells as positive control. Samples shown are representative of three independent experiments. Error
bars indicate SEM. **p < 0.01 by one-way ANOVA with post hoc intergroup comparisons in (D-E)

H-2Kb-matched C57Bl/6 mice (Figure 3D and E). Moreover, DC2.4A-P-primed T-cells selectively killed H-2b-matched
LVA-P-FLAG-transduced AKR EC cells (AKRA-P) (Figure 3F to H). Of note, peptides containing potential FLAG tag-related
murine H-2Kb class-I epitopes failed to induce proliferation, IFN-γ secretion and antigen-specific cytolysis of AKRA-P cells
by CD8+ T cells (Figure S4).

. Characterization of DCA-P-derived EVs (DEXA-P)

DC-derived EVs (DEX) are secreted nanometre-sizedmembrane vesicles that maintain various key immunostimulatory charac-
teristics of DCs, including ability to present antigens to T cells (Pitt et al., 2016). A characteristic saucer-cup shape for DEXA-P was
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F IGURE  Characterization of DC.A-P-derived EVs (DEXA-P) and evaluation of their capacity to induce antigen-specific immune responses in
vitro. (A) Transmission electron microscopy (TEM) of DEXA-P. Scale bar is 200 nm. (B) NanoSight analysis of DEXA-P concentration and size distribution.
(C) Immunoblotting confirming the presence of fusion protein A-Pas and EV markers CD9, CD63, Alix and the absence of endoplasmic reticulum protein
calnexin in DEX. The A-Pas fusion protein was detected using mAb A-Pas-16 and an anti-FLAG mAb. (D) Flow cytometric analysis of cell surface protein
expression on DEXA-P versus DEXVEC. (E) Splenic T cells harvested from C57Bl/6 mice vaccinated with DEXA-P, DEXVEC, DEX or PBS were re-stimulated
with DEXA-P (40 μg) or DEXVEC (40 μg) for 72 h. The viability of splenic T cells was evaluated by CCK-8 assay. (F) IFN-γ production by splenic T cells from
DEXA-P-, DEXVEC-, DEX- and PBS-vaccinated mice after re-stimulation with DEXA-P versus DEXVEC. (G)Monitoring of cytotoxicity mediated by splenic T
cells harvested from DEXA-P-, DEXVEC-, DEX- and PBS-vaccinated mice after re-stimulation with DEXA-P or DEXVEC against AKRA-P cancer cells at an E:T
ratio of 40:1. Samples shown are representative of three independent experiments. Error bars indicate SEM. ***p < 0.001 by one-way ANOVA with post hoc
intergroup comparisons in (E-F)

visualized by transmission electron microscope (TEM) (Figure 4A). An average diameter of 103 nm of DEXA-P was determined
by nanoparticle tracking analysis (Figure 4B).

Next, we investigated whether DEXA-P derived fromDC2.4A-P contained the A-Pas neoantigen and displayed enhanced levels
of immunostimulatory molecules. Immunoblot analysis demonstrated that purified DEXA-P was enriched in EV markers CD9,
CD63 and Alix as wells as the A-Pas fusion protein, whereas the cellular endoplasmic reticulum protein calnexin was absent
(Figure 4C). Importantly, among the surface proteins that were evaluated, CD80, CD86, ICAM, MHC-I and MHC-II were ele-
vated on DEXA-P, as compared to those on EVs derived from DC2.4VEC (DEXVEC) (Figure 4D). This indicates that the elevated
presence of immunostimulatory molecules induced by ectopic expression of A-Pas in DC2.4A-P cells is maintained on DEXA-P.
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F IGURE  DEXA-P vaccination results in growth inhibition of syngeneic esophageal carcinoma tumours in immunocompetent CBL/ mice. (A)
DEXA-P were i.v. injected in AKRA-P tumour-bearing mice. Treatment scheme indicates the timing of tumour inoculation and repeated vaccination of C57BL/6
mice (n = 10 animals per group). (B) Tumour growth curves after vaccination with DEXA-P, DEXVEC or PBS. (C) Representative images (left panel) and
average weights (right panel) of tumours harvested on 20 d after AKRA-P cancer cell inoculation. (D) Kaplan-Meier survival curves of tumour-bearing mice
vaccinated with DEXA-P, DEXVEC or PBS. Error bars indicate SEM. ***p < 0.001 by one-way ANOVA with post hoc intergroup comparisons in (B-C).
Log-rank test was used in (D)

. DEXA-P induces A-Pas-specific anticancer T-cells

Next, we assessed in vivo the capacity of DEXA-P to prime and activate A-Pas-specific T-cells with cytolytic activity towards A-
Pas-positive EC. To this end, four groups of C57BL/6 mice were vaccinated with DEXA-P, DEXVEC, DEX or PBS, respectively for
3 weeks. After the final vaccination, splenic T cells were harvested and re-stimulated with DEXA-P or DEXVEC for 72 h in vitro,
after which proliferation and secretion of IFN-γ was evaluated. In vitro re-stimulation of T cells from DEXA-P-vaccinated mice
withDEXA-P potently triggeredT cell proliferation and IFN-γ secretion (Figure 4E andF). Importantly, onlyT cells fromDEXA-P-
vaccinated mice re-stimulated with DEXA-P showed potent A-Pas-selective cytolytic activity towards AKRA-P cells. (Figure 4G).

Of note, EVs from DC2.4 cells pulsed with FLAG tag-associated peptides failed to induce in vitro T-cell proliferation, IFN-γ
secretion and A-Pas-specific cytolytic activity (Figure S5).
Taken together, these results indicated that DEXA-P may be used as cell-free vaccine to induce immunity towards A-Pas-

expressing cancer cells.

. DEXA-P vaccination prolongs survival of EC-bearing mice

The capacity of DEXA-P vaccination to induce rejection of A-Pas-expressing tumours was investigated in vivo using a syn-
geneic immunocompetent mouse tumour model. To this end, C57BL/6 mice bearing 7-day-established AKRA-P tumours were
i.v. injected (3 times, once every 5 days) with DEXA-P, DEXVEC or PBS (Figure 5A). Already after two vaccination rounds with
DEXA-P the tumour volumes were remarkably reduced (Figure 5B). Moreover, a significantly decrease in tumour size and weight
was detected in mice that were sacrificed 3 days after the third and final vaccination with DEXA-P (Figure 5C). The log-rank
test indicated that DEXA-P vaccination prolonged the survival rate of tumour-bearing mice (Figure 5D). In addition, there were
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no differences in terms of tumour growth and survival rate between DEXVEC and DEXA-P vaccinated AKRVEC tumour-bearing
mice, demonstrating that the antitumour effects of DEXA-P vaccination are indeed specifically directed towards the A-Pas antigen
(Figure S6). Of note, DEXA-P vaccination appeared not to induce overt adverse effects, as mice did not show loss of bodyweight
(BW) or signs of autoimmunity in vital organs upon histological examination (Figure S7).

. DEXA-P vaccination modulates the tumour immune microenvironment as well as systemic
immune responses

Compared to controls, mice vaccinated with DEXA-P showed increased IFN-γ and IL-2 and reduced TGF-β and IL-10 serum
levels, respectively (Figure 6A and B). This suggests that DEXA-P vaccination appears to skew the tumour immune milieu from
an inhibitory ‘cold’ to immune-stimulatory ‘hot’ one.
Furthermore, an enhanced CD8+ to CD4+ T cell ratio was detected in tumour tissues fromDEXA-P-treatedmice compared to

controls (Figure 6C, and Figure S8A). Importantly, immunofluorescence showed that, compared to controls, DEXA-P vaccination
resulted in a decreased presence of tumour-infiltrating CD25+/CD4+ Tregs and an increased presence of CD8+ T cells at the
tumour site (Figure 6D and E). Additionally, compared to controls, DEXA-P vaccination resulted in an increased presence of
CD11c+ cells (M1macrophages) and a decreased presence of CD206+ cells (M2macrophages) in tumour tissues (Figure 6F). The
latter suggests that the anticancer activity of DEXA-P vaccination promotes innate immunity. Taken together, vaccination with
DEXA-P appears to stimulate both innate and acquired immunity whichmay reprogram the tumour immunemicroenvironment
to an activated status.
To further evaluate the effect of DEXA-P vaccination on systemic immune responses, the spleens of immunocompetent mice

were analysed. DEXA-P vaccination resulted in an increase in CD8+ - and a decrease CD4+ T cell number in the spleen
(Figure 7A). In particular, the number of IFN-γ-expressing CD8+ CTLs was significantly increased (Figure 7B, and Figure S8B)
which was accompanied by decreased number of CD4+FoxP3+CD25+ Tregs (Figure 7C). In line with this, DEXA-P vaccina-
tion enhanced the production of IFN-γ and IL-2 (Figure 7D) and reduced production of TGF-β and IL-10 by splenic T cells
(Figure 7E). This suggests that DEXA-P vaccination also systemically modulates immune responses in immunocompetent mice.

. Antitumour effect of DEXA-P vaccination is CD+ T cell-dependent

We then explicated whether T cells mediated antitumour effect of DEXA-P in vivo. DEXA-P vaccination delayed tumour growth
in tumour-bearing immunocompetent mice, but not in tumour-bearing immunocompromised nude mice (Figure 8A to D)
(Van Montfoort et al., 2018). This indicated that the antitumour effect of DEXA-P vaccination critically relies on the induction
and activation of anticancer T cells. To further examine which subset of T cells is responsible for the anti-tumour immunity
of DEXA-P, we treated tumour-bearing immunocompetent mice with DEXA-P in the presence of CD8- and/or CD4-depleting
antibodies (Figure 8E, and Figure S9). Depletion of CD4+ T cells alone had only a marginal effect on therapeutic efficacy of
DEXA-P vaccination to control tumour growth (Figure 8F and G). In contrast, depletion of CD8+ T cells, alone or combined
with depletion of CD4+ T cells, resulted in a marked reduction of the efficacy of DEXA-P vaccination to control tumour growth
(Figure 8F and G) and abrogated prolonged overall survival of DEXA-P-vaccinatedmice (Figure 8H). These results indicated that
antitumour effect DEXA-P vaccination is critically dependent on CD8+ T cells.

 DISCUSSION

EV-based therapies are increasingly being explored in various diseases, such as bronchopulmonary dysplasia, neonatal lung
injury, osteoarthritis and liver necrosis (Lee et al., 2021; Willis et al., 2018; Willis et al., 2021; Yin et al., 2022). Previously, several
DC-derived EVs (DEXs) approaches have been evaluated in mouse tumour models for melanoma, non-small cell lung cancer
(NSCLC), breast cancer, and liver cancer (André et al., 2004; Chaput et al., 2004; Lu et al., 2017; Nikfarjam et al., 2020; Pitt
et al., 2016; Taieb et al., 2006; Viaud et al., 2011; Viaud et al., 2010; Zitvogel et al., 1998). Moreover, DEXs were shown to induce
promising immunogenic responses in several phase I/II clinical trials in patients with NSCLC (Besse et al., 2016; Morse et al.,
2005) and in patients with advanced melanoma (Escudier et al., 2005; Viaud et al., 2009). Collectively, these clinical trials have
highlighted feasibility and safety of the use of DEXs in a clinical setting. Of note, most reports on treating cancer with DEXs
focus on DEX vaccines pulsed with cancer testis antigens, such as MAGE-1, MAGE-3, NY-ESO-1 (Besse et al., 2016; Morse et al.,
2005), or onco-fetal antigens like alpha-fetoprotein (AFP) (Lu et al., 2017). In the current study, we describe the construction
of the cell-free vaccine DEX-A-P that is based on A-PaschiRNA-loaded DEXs, and its preclinically evaluation for applicability
to treat esophageal cancer (EC), a highly refractory and lethal malignancy. Our results demonstrated promising therapeutic
effects of DEX-A-Ptowards EC, both in vitro and in immunocompetent mouse tumour model. Intriguingly, DEX-A-Pdisplayed
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F IGURE  DEXA-P vaccination modulates the tumour immune microenvironment in tumour-bearing mice. (A-B)Measurement of IFN-γ and IL-2
(A), TGF-β and IL-10 (B) in serum from DEXA-P-, DEXVEC-, and PBS-vaccinated mice 20 d after AKRA-P tumour cell inoculation. (C-D) Flow cytometry
analysis of CD8+CD3+, CD4+CD3+ T cells (C) and CD25+CD4+ T cells (D) present in vaccinated mice 20 d after AKRA-P cancer cell inoculation (left
panels). Quantification results are plotted in right panels. (E-F) Representative images of multiplexed ImmunoFluorescence (mIF) staining for CD8, CD4, and
FoxP3 (E, upper panel) or F4/80, CD11c, and CD206 (F, upper panel) in tumour sections derived from vaccinated mice 20 d after AKRA-P cancer cell
inoculation. Quantification results are plotted in lower panels. Scale bar is 50 μm. (n = 5 animals per group). Error bars indicate SEM. N.S. not significant,
*p < 0.05, **p < 0.01, **p < 0.001 by one-way ANOVA with post hoc intergroup comparisons in (A- F)
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F IGURE  DEXA-P vaccination promotes systemic immune responses in the spleen. (A) Flow cytometric analysis of CD8+CD3+, CD4+CD3+ T cells
from the spleens of DEXA-P-, DEXVEC-, and PBS-vaccinated mice 20 d after AKRA-P cancer cell inoculation (left panel). Quantification results are plotted in
the right panel. (B-C) Flow cytometric analysis of CD8+IFN-γ+ (B) and CD25+FoxP3+ (C) T cells derived from spleens of vaccinated mice 20 d after AKRA-P
cancer cell inoculation. (D-E)Measurement of IFN-γ and IL-2 (D), TGF-β and IL-10 (E) released from splenic T cells harvested from DEXA-P-vaccinated mice
20 d after AKRA-P cancer cell inoculation after re-stimulation as indicated with PBS, DEXVEC, or DEXA-P (n = 5 animals per group). Error bars indicate SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with post hoc intergroup comparisons in (A-E)

high levels of MHC-I, MHC-II, ICAM, CD80, and CD86, indicating that A-PaschiRNA transduction promotes antigen cross-
presentation. Moreover, vaccination of immunocompetent mice bearing syngeneic A-PaschiRNA-expressing esophageal cancer
with DEX-A-Ppotently inhibited tumour growth and prolonged survival.

Somatic mutations are important sources of cancer-specific neoepitopes to generate cancer-selective T-cells (Ott et al., 2017;
Sahin & Türeci, 2018; Sahin et al., 2017). However, mutation-based immunogenic neoantigens are rare or even non-existent
in subgroups of malignancies (Chan et al., 2019; Martin et al., 2016; Schumacher et al., 2019; Wang et al., 2021). Recent studies
revealed that somaticmutations in cancer-related genes commonly occur inmany normal tissues and are causedmainly by intrin-
sic mutational processes. Interestingly, phenotypically normal cells carrying somatic mutations in cancer-related genes appear
to colonize the normal human esophagus with age. In fact, in middle-aged and elderly subjects, clones with cancer-associated
mutations covered much of the epithelium. Counterintuitively, the prevalence of NOTCH1 mutations in phenotypically nor-
mal esophagus was several times higher than that in esophageal cancers (Chanock, 2018; Dart, 2018; Martincorena et al., 2018;
Tomasetti, 2019; Yizhak et al., 2019; Yokoyama et al., 2019). Consequently, conventional somaticmutations in cancer-related genes
may not yield discriminatory esophagus cancer-selective neoantigens suitable for cancer immunotherapy. In contrast, our study
indicates that the esophageal cancer-specific transcription-induced chiRNAs (i.e., encoded proteins) may serve as an alternate
and potentially more suitable source of immunogenic neoantigens for the development of anticancer vaccines. In particular,
cancer-specific transcription-induced chiRNAs may be particularly useful for cancer types known to have low mutation burden
and in which mutation-based immunogenic neoantigens are rare or even non-existent (Chan et al., 2019; Martin et al., 2016;
Schumacher et al., 2019; Wang et al., 2021).
Previously, we identified that EC tissue shows aberrant mRNA transcription resulting in a chimeric RNA in which the cod-

ing sequence with the full-length coding sequence of the ASTN gene is fused in-frame to the antisense strand of part of 18th
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F IGURE  In vivo assessment of antitumour activity of DEXA-P vaccination. (A) On day 0, nude athymic mice (strain NU/NU) or immunocompetent
C57BL/6 mice (n = 10 animals per group) were s.c. inoculated with AKRA-P cancer cells and then vaccinated with 3 consecutive injections (day 7, 12, and 17)
with DEXA-P, DEXVEC or PBS, respectively. (B) Tumour growth curves in tumour-bearing nude mice vaccinated with DEXA-P, DEXVEC or PBS, respectively
and C57BL/6 mice vaccinated with DEXA-P or PBS, respectively. (C) Representative images (left panel) and average weights (right panel) of tumours harvested
on 20 d after AKRA-P cancer cell inoculation. (D) Kaplan-Meier survival curves of tumour-bearing nude mice vaccinated with DEXA-P, DEXVEC or PBS,
respectively and C57BL/6 mice vaccinated with DEXA-P or PBS, respectively. (E) At day 0, C57BL/6 mice (n = 10 animals per group) were s.c. inoculated with
AKRA-P cells and then injected at day 5, 10, and 15 with a CD8-depleting and/or CD4-depleting Abs vaccinated with 3 consecutive injections at day 7, 12, and 17
of DEXA-P (F) Tumour growth curves of DEXA-P- vaccinated tumour-bearing mice after CD8+- and/or CD4+ T cells depletion (Depl). (G) Representative
images (left panel) and average weights (right panel) of tumours harvested on 20 d after AKRA-P cancer cell inoculation. (H) Kaplan-Meier survival curves of
DEXA-P vaccinated tumour-bearing mice after CD8+- and/or CD4+ T cells Depl. Error bars indicate SEM. N.S. not significant, ***p < 0.001 by one-way
ANOVA with post hoc intergroup comparisons in (B-C, E-F). Log-rank test was used in (D and H)
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intron of the PAPPA gene (A-PaschiRNA) (Zhang et al., 2013). We demonstrate here that A-PaschiRNA is selectively transcribed
and translated in patient-derived EC tissue but not in adjacent non-cancerous tissue. In contrast to most reports that aberrant
transcription-induced chimeric RNAs derived from structural variations of exons only (Kannan et al., 2011; Kovar et al., 1999),
we identified A-PaschiRNA derived from the coding regions of ASTN fused to the antisense strand of an intron of PAPPA,
two adjacent genes in a tail-tail orientation. ASTN2 is an integral membrane protein, with two transmembrane (TM) domains
projecting a large C-terminal domain into endosomal vesicle lumen, while exposing cytosolic domains on the other side of
membrane (Wilson et al., 2010). Normally, ASTN2 is expressed in the brain where it is involved in neuronal migration. PAPPA
is a secreted metalloproteinase that plays a role in bone formation, inflammation, wound healing, and female fertility (Conover,
2012). The encoded A-Pas fusion protein has the N-terminal portion of the ASTN2 protein, and the subsequent 81 new amino
acids at the C-terminal portion are in a novel sequence encoded by the antisense strand of part of 18th intron of the PAPPA gene.
Importantly, immunoblot analysis using A-Pas-specific mAb confirmed the presence of endogenous A-Pas fusion protein in EC
tissues.
Intriguingly, LVA-P-FLAG transduction of DCs (DCA-P) appeared to promote DC maturation status. We have no explanation

for this unique activity of the A-Pas fusion protein, but it is tentative to speculate that this somehow related to ASTN2-mediated
activities. Next, we investigated whether the A-Pas fusion protein can act as an immunogenic neoantigen. Indeed, DCA-P show
enhanced capacity to prime A-Pas-specific anticancer T cells in vitro. Analogously, LVA-P-FLAG-transducedmouse DC2.4A-P cells
showed capacity to prime A-Pas-specific mouse T cells in vitro.
In our study, DEXA-P vaccination increased serum levels of IFN-γ and IL-2, indicating the induction of Th1-type immune

response in vivo. A recent study, using a cancer vaccine that consisted of irradiated murine cancer cells engineered to co-express
an anti-PD-1mAb andGM-CSF (Tian et al., 2016), reported a similar increase of IFN-γ and IL-2. This Th1-type immune response
was reported to be predominantly mediated by CD4+ T cells (Tian et al., 2016). In contrast, our study indicated that depletion
of CD4+ T cells only marginally reduced the capacity of DEXA-P vaccination to control tumour growth. Therefore, we assume
that in our mouse tumour model the increase of IFN-γ and IL-2 serum levels after DEXA-P vaccination is most likely mediated
by CD8+ T cells.
Of note, DEXA-P displayed high levels of MHC-I, MHC-II, ICAM, CD80, and CD86 indicating that A-PaschiRNA transduc-

tion of DCs promotes antigen cross-presentation capacity which endows them with enhanced capacity to prime A-Pas-specific
anticancer T cell responses. Importantly, vaccination of immunocompetent mice bearing syngeneic A-PaschiRNA-expressing
esophageal tumours with DEXA-P potently inhibited tumour growth and prolonged survival. Animals vaccinated with 40 μg
DEXA-P showed a prolonged survival rate at 30 days after tumour challenge of up to 100%. Intriguingly, DEXA-P treatment
appeared to activate CD8+ T cells and simultaneously suppress Tregs. Furthermore, DEXA-P vaccination was accompanied by a
marked increase in number of M1 (CD11c+) macrophages and a decrease in number of M2 (CD206+) macrophages, indicating
that vaccination of DEXA-P appeared to remodel the immune milieu of the tumour microenvironment, that is, turning a ‘cold’
tumour into a ‘hot’ one (Galon & Bruni, 2019).
Importantly, we detected no overt signs of immune-related adverse events (irAEs) inmice treatedwith theDEXA-P vaccination

protocol, suggesting that this approach induces no or only minimal systemic toxicity (Postow et al., 2018). Complete tumour
eradication upon DEXA-P vaccination was not observed in the present study. This is in line with most clinical studies in which
anticancer vaccines were used as a monotherapeutic agent (Levy et al., 2014; Schadendorf et al., 2006; Vansteenkiste et al., 2016).
This is probably attributable to one or more immunosuppressive checkpoints, such as CTLA4, PD-1/PD-L1, and CD47 that are
known to blunt the anticancer activity of vaccine-induced CD8+ T cells and M1 macrophages (Soares et al., 2015). Therefore, we
speculate that a combination of DEX-based vaccination and appropriate checkpoint inhibitionmay be particularly advantageous
to enhance clinical efficacy of difficult-to-treat ‘cold’ solid cancers like EC (Munn & Bronte, 2016; Soares et al., 2015).

Our in vitro results indicate that DEXA-P activates T cells to mount A-Pas-directed immune responses. It is likely that the
recognized immunogenic TCR epitopes reside in the 81 aa stretch derived from the antisense strand of part of 18th intron of the
PAPPA gene or proximal to the junction sequence at the C-terminus of the ASTN2 domain of the A-Pas fusion protein. We are
currently in the process of designing and producing appropriate tetramers to further analyse A-Pas-responsive T cell populations
and characterize their TCRs.
Taken together, we developed a novel EV-based anticancer vaccine. Our work demonstrates for the first time the principle

that transcription-induced chiRNAs have potential to serve as a source of cancer-specific mutation-independent neoantigens for
inducing therapeutic T cell-mediated anticancer immunity.
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