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Abstract

Somatic mutation-derived neoantigens are associated with patient survival in breast and ovarian
cancer. These neoantigens are targets for cancer, as shown by the implementation of neo-epitope
peptides as cancer vaccines. The success of cost-effective multi-epitope mMRNA vaccines against
SARS-Cov-2 in the pandemic established a model for reverse vaccinology. In this study, we

aimed to develop an in silico pipeline designing an mRNA vaccine of the CA-125 neoantigen
against breast and ovarian cancer, respectively. Using immuno-bioinformatics tools, we predicted
cytotoxic CD8+ T cell epitopes based on somatic mutation-driven neoantigens of CA-125 in breast
or ovarian cancer, constructed a self-adjuvant mRNA vaccine with CD40L and MHC-I -targeting
domain to enhance cross-presentation of neo-epitopes by dendritic cells. With an in silico ImmSim
algorithm, we estimated the immune responses post-immunization, showing IFN-y and CD8+ T
cell response. The strategy described in this study may be scaled up and implemented to design
precision multi-epitope mMRNA vaccines by targeting multiple neoantigens.
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Introduction

Antigens are a detonator of immune response in cancer immunotherapy. Two different types
of antigens exist in human cancer: tumor-associated and tumor-specific antigens. Tumor-
associated antigens are the proteins that are at elevated expression levels in tumor cells, but
at relatively much lower levels in healthy cells. In contrast, tumor-specific antigens (also
called neoantigens) exclusively exist in tumor cells and are derived from somatic mutations
that alter amino acid sequences. After being presented by antigen-presenting cells (e.g.,
dendritic cells), the MHC-I-neoantigen peptide complex can prime and activate cytotoxic
CD8+ T cells, eliciting immune responses and consequently eliminating tumor cells. £x
vivo co-culture experimental results have shown that neoantigen-pulsed dendritic cells can
successfully induce co-cultured CD8+ T cells [1]. Clinical studies have also demonstrated
that neoantigen levels are associated with overall survival in patients with malignancies, e.g.,
breast cancer, ovarian cancer and melanoma [2-5].

A positive association was also found between neoantigens and both T cell activation and
checkpoint inhibitor responses across human cancers [6]. High mutation loads significantly
improved immunotherapy efficacy in melanoma and lung cancer [7]. The expression level
of BRCA1, a DNA damage repair-related gene, modified the effect of effector T cell
activation score on patient survival in breast cancer [8]. These observations also indicate
the involvement of neoantigens in immune response, given that neoantigen loads were
highly correlated with mutation burdens [9]. Inefficient spontaneous immune recognition
of mutations prompts the proof-of-concept of synthetic neoantigen vaccines for cancer
immunotherapy. In a Lynch Syndrome mouse model, a neoantigen vaccine induced both
cellular and humoral protective immunity with significant reduction of tumor burden

and improved survival of colorectal cancer [10]. Two clinical studies with a relatively
small sample size also showed a promising clinical outcome of individualized neoantigen
vaccines. Synthetic individualized neoantigen peptides elicited neoantigen-specific CD8+
and CD4+ T cells, and some of the peptides significantly improved anti-PD-1 therapy
efficacy in the vaccinated melanoma patients with either no recurrence within 25 months
post-vaccination or complete tumor regression [11]. Similar results of synthetic personal
neoantigen vaccines in a prime-boost schedule after radiotherapy were also observed in a
phase I/1b study on patients with glioblastoma [12], or in combination with PD-1 blockade
on patients with other human cancers including non-small cell lung cancer, bladder cancer or
melanoma [13].

The successful development of the SARS-Cov-2 mRNA vaccine has re-ignited enthusiasm
for reverse vaccinology approaches, which starts from genomic sequences to the design

of epitope vaccines using different bioinformatic tools. This approach substantially cut

the efforts and costs needed for target vaccine discovery from bench to bedside. By
implementing a RNA-based neoantigen approach, Sahin and colleagues [14] reported the
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first clinical trial on precision neoantigen-derived mRNA vaccines that were designed

and administrated to five patients with melanoma. Vaccine-induced T cell responses

were observed in all patients, and two of them with metastatic disease had an improved
progression-free survival. A complete response was found in one patient who received anti-
PD-1 therapy after the vaccination. mMRNA-based vaccines have intrinsic adjuvant activity
[15], whereas neoantigen peptides-based vaccines thus far are administrated together with
adjuvants (e.g., TLR3 agonist poly-ICLC).

Carbohydrate antigen 125 (CA-125, also known as MUC16) is an overexpressed protein in
several human cancers including breast and ovarian cancers, and it is a biomarker clinically
used for the diagnosis of breast and ovarian cancer, and monitoring the disease progression.
It has been reported that CA-125 neoantigens and neoantigen-specific T cells were enriched
in long-term survivors of pancreatic ductal adenocarcinoma (PDAC) [16]. Approximately
42-56% reduction in mortality was observed in melanoma patients with vs. without CA-125
mutations [17]. In gastric cancer, patients who had CA-125 mutations survived 20.2 months
longer than those without the mutations [18]. In breast cancer, Li and colleagues also
reported that neoantigen expression levels are positively associated with patient overall
survival, and that CA-125 neoantigens are the most shared by these patients [2]. In this
study, we aimed to design self-adjuvant neoantigen mRNA-based vaccines targeting CA-125
as an example in breast and ovarian cancer using in silico methods.

Materials and Methods

CA-125 neoantigen prediction

Somatic mutations in CA-125 were retrieved from a The Cancer Genome Atlas (TCGA)
invasive breast carcinoma or ovarian cancer dataset at Genomic Data Commons (GDC) data
portal (https://portal.gdc.cancer.gov) using an R package ‘TCGAbiolinks” [19]. Only those
single nucleotide mutations that change peptide sequences were included in this study for
neoantigen prediction. As previously described elsewhere [20], NetMHCpan v4.0 was used
to estimate the binding affinity between either mutated or corresponding wild-type peptides
and HLA (MHC-I) alleles. The definition of the neoantigen in this study for further analyses
is that the binding affinity (IC50) of the mutated peptide is less than 500 nM (IC50 < 500
nM), whereas the corresponding wild-type peptide has IC50 > 500 nM.

Cytotoxic CD8+ T cell (CTL) epitope prediction

Being a CD8+ T cell epitope, the peptides are required to be pre-processed by the cleavage
system in antigen-presenting cells (APCs), followed by the transport system (TAP) to HLA
molecules. The presented HLA-peptides complex is recognized by the T cell receptor (TCR)
to activate CD8+ T cells. NetCTL v1.2 is an immunobioinformatics tool for CTL epitope
prediction, which integrates proteasomal cleavage, TAP transport efficiency and MHC-I
affinity. Twelve MHC-I supertypes (A1, A2, A3, A24, A26, B7, B8, B27, B39, B44, B59
and B62) are included in NetCTL v1.2 for 9-mer CTL epitope prediction on the neoantigens.
A combined score was estimated in NetCTL, and 0.75 was selected as the cut-off value for
epitope prediction. With the cut-off value of 0.75, the sensitivity and specificity for the CTL
epitope prediction are 80% and 97%, respectively [21].

Vaccine. Author manuscript; available in PMC 2024 March 17.


https://portal.gdc.cancer.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal. Page 4

Neoantigen toxicity and allergenicity prediction

ToxinPred [22] and AllerTOP v2.0 [23] were applied to predict the toxicity and allergenicity
of the neoantigens. Support Vector Machine Learning (SVM) (Swiss-Prot)-based method
with the default parameters was chosen in ToxinPred. K nearest neighbors (kNN) was
implemented in the AllerTOP v2.0, which utilizes E-descriptors, auto- and cross-covariance
(ACC) transformation of amino acid sequences, to distinguish allergens from non-allergens.

Neoantigen antigenicity prediction

VaxiJen v2.0 [24] was performed to predict the antigenicity of neoantigens with a threshold
value of 0.5. Only those neoantigens with the property of probable antigen epitopes were
selected for the vaccine construction. The constructed peptide vaccine was further analyzed
for antigenicity using both VaxiJen and ANTIGENpro [25].

T helper cell (Th) epitope and interferon-gamma (IFN-vy), interleukin (IL)-2, IL-4 and IL-10
epitope prediction
T helper cells (including Th-1 and Th-2) play important roles in healthy immune responses
by releasing IFN-vy, IL-2, IL-4 and IL-10. The involvement of both IL-2 and IL-4 have
been shown in the activation of CD8+ T cells. By binding MHC-I1-peptide complex, T
helper cells are activated to assist either CD8+ T cell-mediated immune response or B
cell-mediated humoral antibody immune response. In cancer immunotherapy, CD8+ T cell-
mediated response is a major approach to eliminate tumor cells. Thus, in this study, we
used a previously reported virus-derived 15-mer Th cell epitope [26], which has been shown
non-toxic and non-allergenic, but with antigenicity, IFN-y, IL-4 and IL-10 inducibility using
the tools of ToxinPred, AllerTOP v2.0, VaxiJen v2.0, IFNepitope [27], IL4Pred [28] and
IL10Pred [29], respectively. We also performed IL-2 inducibility for the Th cell epitopes
using IL2Pred [30].

Population coverage in breast cancer with CA-125 neoantigens

IEDB analysis resource (tools.iedb.org/population) was applied to estimate population
coverage based on the MHC alleles for the CTL neoantigen epitopes and Th cell epitope.

Multi-epitope vaccine candidate sequence assembly

The neoantigens with highly antigenic, non-toxic and non-allergenic epitopes were selected
to assemble the candidate vaccine targeting CA-125 in either breast or ovarian cancer.
Generally, after the muscle injection, the mRNA vaccine is taken up into muscle cells
where the corresponding peptides are produced. The synthesized peptides are required to be
secreted and then are taken up by antigen-presenting cells (APCs), e.g., dendritic cells and
macrophages, to further elicit immune response. Thus, in the vaccine design we added three
additional elements. One is a signal peptide, which can direct the synthesized peptides to
be secreted out of the cells. We used SignalP [31] to predict the secretory signal peptide
that is transported by the Sec translocon and cleaved by Signal Peptidase | based on tissue
plasminogen activator (tPA-SP, GeneBank accession no. E02360, or UniProt ID: P00750).
It has been shown that a modification of 22P/A substitution in the signal peptide of tPA-SP
leads to enhanced expression and secretion of the target protein [32]. The second one is a
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ligand of CD40 (CD40L, UniProt ID: P29965), which acts as an adjuvant to enhance the
uptake of the synthesized peptides via the engagement of CD40L and CD40 receptor on
APCs [33, 34]. The third one is MHC-I-targeting domain (MITD), which is able to direct the
traffic of synthesized CTL epitopes to MHC-I compartment of endoplasmic reticulum [35].
GPGPG linkers were used to link CD40L and Th cell epitopes, and AAY linkers were for
combining intra-CTL epitopes and Th cell epitopes. In addition, at the end of 5’, 5’-m7G
cap and beta globin 5’-UTR, and alpha globin 3’-UTR and 120-150 bp poly(A) tail were
added to stabilize mRNAs [36].

The putative vaccine construct was then examined for allergenicity, and toxicity as
described above. The physicochemical properties were evaluated using Expasy Protparam
(https://web.expasy.org/protparam), which includes the molecular weight, estimated half-
life, instability index, aliphatic index and grand average of hydropathicity (GRAVY).

Codon optimization

The differential usage of synonymous codons exists in cells, which depends on the
abundance of their corresponding tRNAs. Codon optimization for vaccine mRNA aims to
improve translation elongation efficiency and thereby decrease the copies of vaccine mMRNA
required. The Java Codon Adaptation (JCat) tool (www.jcat.de) was used to optimize codons
for the candidate vaccine mRNA. The Kozak sequence containing the start codon site
(GCCACCAUG, where AUG is the start codon) is required, which can enhance translation
initiation [36].

In silico simulation of immune response

Results

C-ImmSim is an algorithm simulating immune response in silico, which combines position-
specific scoring matrix (PSSM) and machine learning to predict the immune response to the
antigen epitopes [37]. We performed in silico simulation C-ImmSim to predict the immune
response against the putative CA-125 neoantigen mRNA vaccine. The parameters for the
algorithm simulation were set as: the simulation volume 10, simulation steps 100, one
injection of vaccine without LPS, 100 adjuvant, and 1000 antigen.

CA-125 neoantigens with CTL epitopes in either breast or ovarian cancer

With the criteria of neoantigen, we found 51 CA-125 peptides with somatic mutations in
breast cancer. All these peptides had an MHC-I molecule binding affinity less than 500

nM for the mutated peptides, while greater than 500 nM for the wild-type peptides. None

of the mutated peptides showed toxicity, and 22 mutated peptides were non-allergens. Of

51 CA-125 mutated peptides, 39 were predicted containing CTL epitopes for 12 MHC-I
supertypes, and 23 were predicted as an antigen with an antigenicity score greater than 0.5
(Table 1). Taken together, 6 unique mutated peptides meeting all criteria in breast cancer
(CTL neoantigen epitope, nontoxin, non-allergen, and antigenicity) were selected for CTL
epitope vaccine construction (Table 2). Their corresponding predicted MHC-1 binding alleles
(percentile rank < 2) are also shown in Table 2.
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Similarly, in ovarian cancer, we found 3 unique mutated peptides meeting all criteria, whose
corresponding predicted MHC-1 binding alleles (percentile rank < 2) are shown in Table 2.

Th cell epitope—The epitope (DLPIGINITRFQTLL) was previously reported as a Th cell
epitope with a predicted inducibility of IFN-y, IL-4 and IL-10. It was also predicted as an
IL-2 inducer scoring 0.69, which is greater than the threshold of 0.5. The corresponding
predicted MHC-I1 binding alleles are also shown in Table 2.

Population coverage of CA-125 neoantigen CTL epitopes in breast cancer patients

Six putative CA-125 neoantigen CTL epitopes with their corresponding MHC-1 binding
alleles, and Th cell epitope with its corresponding MHC-I1 binding alleles were used for
population coverage estimation (Table 2). The coverage of 91.39% breast cancer patients
with CA-125 neoantigens was found worldwide, and 99.22% in Europe, and 99.78% in
North America. If count MHC-I binding alleles of the CTL epitopes only, the coverage was
71.52% worldwide, 80.58% in Europe, and 70.16% in North America (Figure 1).

Similarly, the coverage was also estimated based on 3 putative CA-125 neoantigen CTL
epitopes in ovarian cancer. The coverages were 97.19% for ovarian cancer patients

with CA-125 neoantigens worldwide, 99.93% in Europe, and 99.95% in North America,
respectively, when including MHC-1 and Il epitopes. If considering MHC-1 binding alleles
of the CTL epitopes only, the coverages were 68.05% worldwide, 75.92% in Europe, and
63.0% in North America (data not shown).

CA-125 neoantigen vaccine assembly

The final entire construct of the CA-125 neoantigen vaccine for breast cancer is assembled
as the follows in the order from the N- to C-terminal:

5’m7G Cap - 5’-UTR of p-globin - GCCACCAUG (Kozak Sequence) —
MDAMKRGLCCVLLLCGAVFVSPS (t-PA secretary signal peptide) — HIS tag
(GTGGGGSHHHHHHGGMASMTGGQQQQMGGGGGSSR) — CD40L sequence (aa
116-261 extracellular domain) (as adjuvant) — GPGPG — Th cell epitope
(DLPIGINITRFQTLL) — AAY (linker) - VVTGSSATL — AAY — SLTESTHHL - AAY

- YVGTTGSAF — AAY - IPGPAHSTM -AAY - SATTEVSMTK - AAY - KVLDTSSEPK
— AAY — MITD sequence — Stop codon — a-globin 3’-UTR — poly (A) tail.

The putative generated protein (in vitro transcription, IVT) and its multiple neoepitope
peptides were non-toxic and non-allergenic. The total number of amino acids is 550 with
molecular weight of 60712.87. Total number of negative charged residues (Asp + Glu) is
51, and 55 positively charged residues (Arg + Lys). The estimated half-life is 30 hours in
mammalian reticulocytes (in vitro). The Aliphatic index is 77.35, and GRAVY is —0.349.
Instability index is 48.43 (Table 3).

After the codon optimization in human cells, the length of 1.65 kb mRNA sequence (which
excludes 5’- and 3’-UTR sequence), contains 66.66% GC, and the codon optimization index
(CAI) value was predicted 0.96.
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Similarly, the construct of the CA-125 neoantigen vaccine for ovarian cancer is assembled as

5’m7G Cap - 5’-UTR of p-globin —- GCCACCAUG (Kozak Sequence) —
MDAMKRGLCCVLLLCGAVFVSPS (t-PA secretary signal peptide) — HIS tag
(GTGGGGSHHHHHHGGMASMTGGQQQQMGGGGGSSR) — CD40L sequence (aa
116-261 extracellular domain) (as adjuvant) — GPGPG — Th cell epitope
(DLPIGINITRFQTLL) — AAY (linker) -GAATGMNAI- AAY — RRNPSFGTLY - AAY
— GTSSSGHESTY -AAY - MITD sequence — Stop codon — a-globin 3’-UTR - poly(A)
tail.

The putative generated protein (IVT) and its multiple neoepitope peptides were non-toxic
and non-allergenic. The total number of amino acids is 510 with molecular weight

of 57150.79. Total number of negative charged residues (Asp + Glu) is 48, and 57

positively charged residues (Arg + Lys). The estimated half-life is 30 hours in mammalian
reticulocytes (in vitro). The Aliphatic index is 76.16, and GRAVY is —0.412. Instability
index is 51.52 (Table 3). After the codon optimization in human cells, the length of 1.545 kb
mMRNA sequence with the exclusion of 5°- and 3’-UTR sequence contains 66.54% GC, and
CAl value was predicted 0.96.

Simulated immune response against CA-125 neoantigen vaccine

Using C-ImmSim algorithm, we simulated the immune response to the vaccine. With

one dose stimulation, it was estimated that the number of Th1 cells but neither Th-2

nor Th-17 increased remarkedly, reaching approximately 50,000 cellss/mm3 and accounting
for approximately 80% of T helper cells 5 days of post-immunization (Figure 2A). The
number of T helper cells at both active and resting states increased post-immunization, and
remained relatively stable approximately for one month. Duplicating Th cells reached the
maximum at day 5 post-immunization (Figure 2B). Active cytotoxic CD8+ T cells increased
up to approximately 1000 cells/mm3, while resting CD8+ T cells declined approximately
from 1100 to 200 cells/mm?3 post-immunization. No anergic cytotoxic T cells appeared
(Figure 2C). The number of dendritic cells with internalized antigens appeared within 5
days of post-immunization, and presenting cells increased post-immunization, although the
levels remained relatively much lower compared to total and resting dendritic cells (Figure
2D). Similarly, a peak was observed for macrophage either with internalized antigens or

as presenting cells within 5 and 10 days post-immunization, respectively. The number of
resting macrophages declined at the first 2 days post-immunization and then gradually
increased as active state (Figure 2E). A dramatic increase in IFN-y was observed, and
reached the maximum (450,000 ng/ml) around day 15. The cytokine IL-2 reached the
maximum level (350,000 ng/ml) at approximately day 8. TGF-beta, IL-10 and IL-12
increased slightly (less than 100,000 ng/ml) (Figure 2F).

Similarly, with one dose stimulation of ovarian cancer CA-125 neoantigen, the number of
Th1 cells but neither Th-2 nor Th-17 increased remarkedly, reaching approximately 70,000
cells/mm3 and accounting for over 80% of T helper cells 7 days of post-immunization
(Figure 3A). The number of T helper cells at both active and resting states increased post-
immunization, and remained relatively stable approximately for one month. Duplicating
Th cells reached the maximum at day 7 post-immunization (Figure 3B). Active cytotoxic
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CD8+ T cells increased up to over 400 cells/mm3, while resting CD8+ T cells declined
approximately from 1100 to about 700 cells/mm?3 post-immunization. No anergic cytotoxic
T cells appeared (Figure 3C). The increased number of dendritic cells with internalized
antigens appeared within 6 days of post-immunization, and presenting-2 dendritic within
10 days, and active dendritic increased post-immunization and last about one month,
although the levels remained relatively much lower compared to total and resting dendritic
cells (Figure 3D). Again, a peak was observed for macrophage either with internalized
antigens or as presenting cells within 8 and 13 days post-immunization, respectively. The
number of resting macrophages declined at the first 2 days post-immunization and then
gradually increased as active state (Figure 3E). A dramatic increase in IFN-y was observed,
and reached the maximum (450,000 ng/ml) around day 12. The cytokine IL-2 reached

the maximum level (470,000 ng/ml) at approximately day 8. TGF-beta, IL-10 and IL-12
increased slightly (TGF-beta < 200,000 ng/ml, 1L-10 and IL-12< 100,000 ng/ml) (Figure
3F).

Discussion

In this study, we present strategies to design self-adjuvant neoantigen mRNA-based vaccines
targeting CA-125 in silico, using both breast and ovarian cancer to demonstrate this model.
We first determined neoantigens based on non-synonymous somatic mutations for CTL
epitope prediction. However, we did not include B cell neoantigen epitopes. Tumor-specific
cytotoxic CD8+ T cells are in no doubt killers of tumor cells, playing a dominant role

in cancer immunotherapy. Activated effector CD8+ T cells significantly improve patient
survival, and the goal of both immune checkpoint inhibitors and cancer vaccines is to
reinvigorate or induce tumor-specific cytotoxic CD8+ T cells. In contrast, the role of B

cells is still controversial in cancer progression. Significant B cell populations exist in
human solid cancer, indicating that B cells may influence the tumor microenvironment by
orchestrating with other resident cells. High B cells in untreated patients with node-negative
breast cancer were significantly associated with better metastasis-free survival [38] and
ovarian cancer [39]. However, B cells have also been shown to drive tumor progression

in different ways, e.g., antibody-mediated immune suppression, B cell-secreted factors,

and cytokines. Circulating Antigen-antibody complexes are deposited in premalignant
tissue, Fcy receptors on resident and infiltrating myeloid cells are activated, fostering
cancer development and progression [40]. The activation of complement pathway, on the
other hand, also triggers pro-angiogenic, pro-metastatic and invasive program, and inhibits
cytotoxic CD8+ T cells [41]. Regulatory B cells, a heterogeneous population, can produce a
variety of immunosuppressive cytokines (e.g., IL-10 and TGF-B) that inhibit CD8+ T cells,
CDA4+ T helper cells and NK cells, consequently promoting tumor growth and progression
[41-43].

Dendritic cells (DCs), professional antigen-presenting cells (APCs), function as instructors
in immune response by presenting captured antigens in the form of MHC-I- or I1-peptide
complexes. The MHC-I- or I1-peptide complexes then prime and activate T and B cells.
CDA40 receptors are expressed on DCs, and CD40L, a ligand of CD40, has been shown to
function as an adjuvant that increases antigen uptake and processing for cross-presentation,
promoting DCs maturation and activating T cells. The combination of CD40L and IFN-y
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is necessary in inducing DCs to secrete 1L-12, the cytokine for polarizing Th-1 cells. In the
putative synthesized peptides, we included an epitope for T helper cells, which was derived
from a virus protein rather than human protein, and contains a predicted motif to induce
IFN-7, IL-4, IL-10 and IL-2. Besides IFN-y, IFN-a has also been shown with an ability

to enhance CD40L-mediated maturation and activation of DCs. The activated DCs with
CD40L, in turn, produce numerous cytokines including IL-12, IL-1B, IL-1a and IFN-y,
and these cytokines orchestrate together to stimulate CD8+ T cell development. One of the
reasons why we include a foreign peptide rather than neoantigen-derived self-peptide is that
the foreign antigen may elicit stronger immune response and cytokine productions. Another
reason is that the role of B cells in the cancer progression was still controversial, given

that neoantigen-based Th epitopes may also act as B epitopes and elicit neoantigen-specific
antibodies. However, such a foreign antigen as the Th epitope (but this can be a strategy

to design a vaccine for virus-caused or -related tumors) also has its limitation that the
tumor-specific Th cells may not be elicited. For other types of human cancer, in which if B
cells have beneficial effects on patient survival, neoantigen-based Th epitopes, which may
also act as B cell epitopes and elicit antibodies against the neoantigens-bearing tumor, are
recommended to replace the foreign antigen-based ones. In this regard, neoantigen-specific
Th cells can be elicited.

The density of surface epitope/MHC-1 complexes on DCs is another determinant of immune
response. Low dense complexes not only lead to reduced antigen-specific CD8+ T cell
memory size and weak immune response, but also favor the polarization of CD4+ Th-2

cell response. Besides an antigen itself, the processing and presentation of antigens in DCs
also affect the surface density of MHC/peptide complexes. As low as 1 peptide/10,000
degraded molecules are presented in MHC-I/peptide complexes [35]. MHC-I molecules
travel through the endocytic pathway as MHC-I1 antigen processing and presentation,

from endoplasmic reticulum, Golgi apparatus, early and late endosomes and lysosomes.
CDA4+ T helper epitopes are loaded onto MHC-II in the late endosome, whereas processed
peptides are loaded onto MHC-I in endoplasmic reticulum. A previous study has shown
that MHC-1 molecule trafficking domain (MITD, aa 308-362) could efficiently improve the
cross-presentation of the MITD-antigen fusion protein for both MHC-1 and 1l molecules,
significantly eliciting antigen-specific CD4+ and CD8+ T cells by increasing the surface
density of peptide/MHC complexes [35]. In cancer mouse models, mice benefit from the
MITD-tagged antigen-specific vaccine with significantly longer survival [35].

A recent clinical trial reported no objective responses, in which four patients with metastatic
gastrointestinal cancer were treated with KRASG12D neoantigen mRNA vaccine, and the
vaccine induced the neoepitope-specific T cells [44]. One possibility of this failure, per the
study authors, stems from the pre-treatment of patients with tumor-infiltrating lymphocytes
(TIL), who had undergone conditional lymphodepletion with cyclophosphamide and
fludarabine in compliance to the TIL protocol. Other possibilities included TIL exhaustion
and lack of antigenic epitopes in the vaccine backbone or other individual factors. This result
suggests that TIL is another efficient barrier of neoantigen vaccines. Several strategies have
been proposed to overcome this hurdle, e.g., oncolytic virus, and attenuated mycobacterium
[45, 46]. The lytic tumor cells release tumor antigens together with the virus-associated
danger signaling not only drive antigen presentation in tumor-draining lymph nodes, but
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also induce TIL[45, 46]. Mycobacterium, an intracellular pathogen, can induce chemokines
and cytokines that recruit lymphocytes. Mycobacterium-coated tumor vaccine increased the
abundance of antigen-specific CD8+ T cells. Different attenuated Sa/monella Typhimurium
strains have been made, which favor to grow in different types of human solid cancer and
inhibit the tumor growth [47]. For example, aromatase A-deleted (AaroA) S. Typhimurium
is auxotrophic for aromatic amino acids, which are enriched in tumor microenvironment
that facilitates the growth colonization of AaroA-S. Typhimurium compared with the normal
tissues [48]. The colonized and grown attenuated S. Typhimurium could significantly reduce
the tumor burden, and alter transcriptional and metabolic landscape of tumors in colorectal
cancer [48]. The downregulated genes include those involved in DNA damage response
and repair, epithelial-mesenchymal transition in the attenuated S. Typhimurium treatment.
The elevated amino acids and tricarboxylic acid (TCA) cycle intermediates in tumor tissues
declined after the attenuated S. Typhimurium treatment. Survival of mice with tumors was
also prolonged [48]. Collagenase-expressing S. Typhimurium led to the reduction of an
immunosuppressive environment in pancreatic ductal carcinoma by degrading intra-tumoral
collagens, fostering a favorable microenvironment for immunotherapy [49]. Another recent
study showed that attenuated S. Typhimurium that carries neoantigens invaded and grew

in tumors, consequently suppressing tumor growth and prolonged survival with a relative
increase of CD4+ and CD8+ T cells in tumor mouse models [50]. In this study, the
designed mRNA vaccine cannot only be subcutaneously injected into patients, but can

also be modified for expression of neoantigen fused protein in attenuated S. Typhimurium
by optimizing the codons for the CA-125 neoantigen vaccine assembly. This modified
scheme will allow to orally gavage the attenuated S. Typhimurium-carrying neoantigens for
gastrointestinal cancer or intravenous administrate the bacterium for other types of solid
cancer. The attenuated S. Typhimurium-mediated approach takes advantage of the ability
of attenuated auxotrophic S. Typhimurium to selectively grow in tumor tissues, and induce
“hot” tumors.

The application of neoantigen-based vaccines may promote the epitope spreading of T

cell responses to those neoantigens that are not contained in the injected vaccines. This
epitope spreading might associate with improved progression-free survival (HR=0.23, 95%
Cl: 0.06-0.83) in the group of patients with either urothelial carcinoma, non-small cell lung
cancer (NSCLC) and melanoma [13]. However, the application of the neoantigen mMRNA
vaccine in clinical settings is still challenging. Ex vivo experiments of circulating T cells
showed that 77% of patients responded to a median of 2.6 neoantigens, and the frequency
of epitope-specific CD8+ T cells in peripheral blood was about 5% [51]. In another study
enrolling 14 patients with TNBC, all individuals had vaccine-induced CD8+ and/or CD4+
T cell responses to 1 to 10 of the vaccine neoepitopes, and up to 10.3% peripheral CD8

T cells were specific against neoepitopes [52]. The overall of object response rate (ORRS)
was 8% (range from 4% to 30%) in the cohorts of patients with triple negative breast
cancer, urothelial carcinoma, RCC, melanoma or NSCLC [51]. A recent randomized phase
2b clinical trial enrolling 157 patients with stage I11/1V melanoma showed that the risk

of recurrence or death was reduced by 44% (HR=0.56, 95% CI: 0.31-1.08, one-side p
value =0.0266) in the group of the mMRNA-4157/V/940 vaccine containing 34 neoantigens in
combination with KEYTRUDA compared with KEYTRUDA alone [53].
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In summary, in this study we used CA-125 as an example to perform an in silico design of
a multi-epitope mRNA self-adjuvant vaccine targeting CA-125 neoantigen in either breast or
ovarian cancer using immuno-bioinformatics tools, and systemically described the strategy
in the design. This mRNA-based vaccine construct can be transformed into an expression
vector, and expressed in attenuated S. Typhimurium by taking advantage of the bacterial
auxotrophic growth in tumor tissues. Expressed CD40L-neoantigen epitopes-MITD fused
proteins are cross-presented by DCs, and activate neoantigen-specific CD8+ T cells to kill
the tumor. This pipeline can be scaled up and generalized to design multi-epitopes precision
vaccines by targeting multiple neoantigens. This is a cost-effective approach to design a
tumor vaccine for validation of /n vitroand in vivo preclinical studies, and then clinical
application.
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neoantigens. The combination of T helper cell and cytotoxic CD8+ T cell epitopes covered
91.39% breast cancer patients with CA-125 neoantigens worldwide (A), 99.22% in Europe
(B), and 99.78% in North America (C). The selected cytotoxic CD8+ T cell epitopes only

covered 71.52% breast cancer patients with CA-125 neoantigens worldwide (D), 80.58% in

Europe (E), and 70.16% in North America (F).
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Figure 2.

In silico simulation of immune response to the MRNA vaccine of CA-125 neoantigens

in breast cancer patients. After one dose of the mRNA vaccine, the change of T helper
cell population (A), T helper cell population per state (B), cytotoxic T cell population per
state (C), dendritic cell population per state (D), macrophage population per state (E), and
cytokines and interleukins were predicted over the period of 30 days.
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Figure 3.

In silico simulation of immune response to the MRNA vaccine of CA-125 neoantigens

in ovarian cancer patients. After one dose of the mRNA vaccine, the change of T helper
cell population (A), T helper cell population per state (B), cytotoxic T cell population per
state (C), dendritic cell population per state (D), macrophage population per state (E), and

cytokines and interleukins were predicted over the period of 30 days.
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Table 3.

Physio-chemical features of the putative synthesized protein of mMRNA vaccine and optimized mRNA

properties
Feature Property for breast property for ovarian
cancer cancer
Number of amino acid 550 510
Molecular weight 60712.87 57150.79

Chemical formula

Theoretical pl

Total number of atoms

Total number of negatively charged residues (Asp + Glu)
Total number of positively charged residues (Arg + Lys)
Estimated half-life (in vitro mammalian reticulocytes)
Aliphatic index

Instability index (1)

Grand average of hydropathicity (GRAVY)

mRNA nucleotide length

GC content

CAl

C2679H4208N 7520812524
8.64
8475

51

58

30 hours
77.35
48.43
-0.349
1.65 kb
66.66%
0.96

C2517H3950N7180750523
8.82
7967

48

57

30 hours
76.16
51.52
-0.412
1.545 kb
66.54
0.96
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