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Abstract

Introduction: Derived from genetic alterations, cancer neoantigens are proteins with novel
amino acid sequences that can be recognized by the immune system. Recent evidence
demonstrates that cancer neoantigens represent important targets of cancer immunotherapy. The
goal of cancer neoantigen vaccines is to induce neoantigen-specific immune responses and
antitumor immunity, while minimizing the potential for autoimmune toxicity. Advances in
sequencing technologies, neoantigen prediction algorithms and other technologies have
dramatically improved the ability to identify and prioritize cancer neoantigens. These advances
have generated considerable enthusiasm for development of neoantigen vaccines. Several
neoantigen vaccine platforms are currently being evaluated in early phase clinical trials including
the synthetic long peptide (SLP), RNA, dendritic cell (DC), and DNA vaccine platforms.

Areas covered: In this review, we describe, evaluate the mechanism(s) of action, compare the
advantages and disadvantages, and summarize early clinical experience with each vaccine
platform. We provide perspectives on the future directions of the neoantigen vaccine field. All data
are derived from Pubmed and ClinicalTrials search updated in October 2020.

Expert opinion: Although the initial clinical experience is promising, significant challenges to
the success of neoantigen vaccines include limitations in neoantigen identification and the need to
successfully target the immunosuppressive tumor microenvironment.
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INTRODUCTION

Genetic alterations are common in cancer. Genetic alterations in cancer driver genes often
contribute to the neoplastic phenotype, but genetic alterations are also present in passenger
genes. When nonsynonymous genetic alterations are transcribed and translated, novel
mMRNA and protein sequences are generated [1]. Proteins with novel amino acid sequences
can be processed and presented by HLA class | and 1l molecules, with the potential to
induce CD8 and CD4 T cell responses [2]. Mutant proteins that are recognized by the
immune system are known as cancer neoantigens. Cancer neoantigens can shape tumor
evolution through the process of cancer immunoediting [3,4]. However, the process of
cancer immunoediting is complex, and immune regulatory mechanisms such as tumor-
associated macrophages, myeloid-derived suppressor cells, inhibitory cytokines and
regulatory T cells can restrain antitumor immune responses. Cancer neoantigens often
persist in progressing human cancers [5].

CD8 T cells play an important role in the specific recognition of cancer neoantigens, and are
considered important effector cells in antitumor immune responses [6,7]. The presence of
tumor infiltrating lymphocytes (TILs) in the tumor is an important predictor of prognosis
and response to therapy [8-10]. Tumor-infiltrating CD8 T cells can also be inactivated in the
tumor microenvironment, a phenomenon associated with expression of exhaustion markers
[11]. CD4 T cells also play an important role in antitumor immunity as they help prime and
maintain CD8 T cell responses [12-16]. Neoantigen-specific CD4 T cells appear to
contribute to antitumor immunity in human cancers. In one of the earliest studies of cancer
neoantigens, Linnemann et al. found that cancer neoantigens in melanoma were mainly
recognized by CD4 T cells [17]. The role of neoantigen-specific CD4 T cells is not
completely understood. There is evidence that CD4 T cells help priming of CD8 T cells by
licensing cDC1 via the CD40/CD40L interaction [18]. Of note, help-less CD8 T cells are
subject to exhaustion and are unable to control tumor growth [19,20]. CD4 T cells also have
effector roles in the tumor microenvironment. These include direct cytotoxicity [21],
activation of NK cells and the recruitment of CD8 T cells through the secretion of cytokines
such as TNF-a and IFN-y.

To induce or enhance neoantigen-specific immune responses, cancer neoantigen vaccines
have been tested using the synthetic long peptide, RNA, DNA, and dendritic cell vaccine
platforms [22,23]. Candidate neoantigens are most commonly identified and prioritized
using computational algorithms capable of comparing matched tumor/normal sequencing
data, identifying genetic alterations, and then predicting which altered proteins can be
recognized by the immune system (Figure 1). Preclinical studies and early phase clinical
trials suggest that cancer neoantigens identified by such algorithms may be promising targets
for cancer immunotherapy [24-26]. In some types of cancer, such as melanoma, neoantigen-
based cancer vaccines have been shown to inhibit tumor growth in mouse models and induce
clinical responses in patients [27]. Combining cancer neoantigen vaccines with immune
modulators targeting the immunosuppressive tumor environment may enhance vaccine
efficacy. This strategy is being tested in several ongoing clinical trials [NCT02950766,
NCT03199040].
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Neoantigen identification and prioritization is just one component of a successful neoantigen
vaccine. Vaccine design is also a crucial element in the successful generation of immune
responses. Neoantigens must be processed and presented by antigen presenting cells with the
appropriate costimulatory signals in order to successfully induce robust CD4 and CD8
neoantigen-specific T cells. Current vaccine platforms that are being tested in ongoing
clinical trials include the synthetic long peptide (SLP), RNA, DNA and dendritic cell
platforms with or without immune checkpoint inhibitors [28]. Each vaccine platform has a
different mechanism of action, but the goal is the successful presentation of cancer
neoantigens by antigen presenting cells to T cells with appropriate costimulation so a
productive immune response can be induced (Figure 2). Each vaccine platform has intrinsic
advantages and disadvantages as summarized in Table 1.

In this expert opinion, we describe and compare the vaccine platforms, and summarize the
results of early clinical trials. To date, there have been relatively few reports of cancer
neoantigen vaccines in early stage clinical trials. A total of ten phase 1 clinical trials are
summarized in Table 2. Clinical and immune responses observed in these early stage trials is
discussed in detail in the sections below. Of note, the safety profile of cancer neoantigen
vaccines appears to be excellent regardless of platform. All vaccine platforms were
considered to be safe, with the most notable adverse events being injection site reactions,
myalgias, fatigue, and chills. Although there are no reports yet from early stage clinical trials
evaluating the neoantigen DNA vaccine platform, our group is currently evaluating
neoantigen DNA vaccines for the treatment of triple-negative breast cancer (TNBC) and
pancreatic cancer with minimal adverse events reported [ NCT03199040, NCT03122106].

2. NEOANTIGEN IDENTIFICATION

Neoantigen discovery starts with the identification of tumor-specific nonsynonymous genetic
alterations (Figure 1). DNA and RNA are extracted from tumor biopsies and are sequenced
using massively parallel next generation sequencing technologies (NGS). DNA is also
extracted from peripheral blood mononuclear cells (PBMCs) and used for DNA sequencing
and HLA haplotyping. Following alignment of tumor/normal sequencing data to the human
reference genome, genetic alterations in the tumor can be detected using variant-calling
algorithms. Candidate neoantigens can be prioritized by either computational /n silico
binding prediction, or less commonly using proteogenomic approaches including MS-based
analysis of peptide-HLA (pHLA) immunopeptidomes [29,30]. For proteogenomic
approaches, pHLA complexes are first immunoprecipitated following tumor lysis and
homogenization. Peptides are then eluted and liquid chromatography with tandem mass
spectrometry (LC-MS/MS) is performed to identify the amino acid sequences [31-33].This
approach requires considerable amounts of tumor material, ranging from 5 x 107 to 1 x 10°
cells per isolation, for HLA-peptide complex precipitation [33]. As tumor samples from
patients are usually limited, direct identification of neoantigens by LC-MS/MS seems to be
less practical compared to the bioinformatics-based /n sifico analyses.

Computational algorithms have been developed and are being optimized to allow the
prioritization of candidate neoantigens that are likely to generate meaningful immune
responses following vaccination. Most neoantigen identification pipelines incorporate
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algorithms that predict peptide processing, transport and binding affinity to HLA molecules.
However, a recent collaborative study involving multiple independent research teams
highlights that substantial discrepancies exist in current pipelines, and these discrepancies
impact the ability to identify and prioritize immunogenic cancer neoantigens [34]. After
systematic analysis of the pipelines, the Consortium identified five parameters that predict
epitope immunogenicity. These include so-called presentation features (binding affinity,
tumor abundance, and binding stability) and recognition features (agretopicity and
foreignness). The term “agretopicity” refers to the difference in predicted epitope-MHC
binding affinity between a mutant peptide and its wildtype counterpart. Prioritizing
candidate neoantigens based on strong binding affinity, high binding stability and high tumor
abundance, coupled with low agretopicity and/or high foreignness were shown to be able to
significantly improve the performance of neoantigen prediction algorithms [34].

One such neoantigen prediction algorithm, pVVACtools [35], consists of five components
including pVACseq, pVACbind, pVACfuse, pVACvector, and pVACviz, has been developed
and successfully applied to preclinical and clinical studies. In order to take advantages of
neoantigen prediction algorithms like p\VACtools, a robust next-generation sequencing
pipeline is required to first identify nonsynonymous genetic alterations present in tumors
resulting from missense, inframe insertion-deletion, protein-altering, and frameshift
mutations. This sequencing pipeline typically includes 1) exome sequencing of tumor and
normal DNA; 2) RNA or cDNA-capture sequencing, and 3) data analysis. After
identification of genetic alterations, neoantigens are subsequently identified and prioritized
using pVACseq [36,37]. Predicted amino acid sequences corresponding to the expressed
mutations are pipelined through multiple class I and class |1 MHC epitope-binding
algorithms provided by the Immune Epitope Database and Analysis Resource (http://
www.immuneepitope.org) and other publicly available database. These include the class |
epitope prediction algorithms (NetMHCpan, NetMHC, NetMHCcons, PickPocket, SMM,
SMMPMBEC, MHCflurry, and MHCnuggets) and class Il MHC epitope prediction
algorithms (NetMHCllIpan, SMMalign, NNalign, and MHCnuggets). Each peptide’s
“combined binding score” is defined as the median binding affinity score from all algorithms
for each peptide for the best restricting allele. The IEDB consortium [38] has published
recommended binding affinity (IC50) cutoffs for the 38 most common HLA-A and HLA-B
alleles. For HLA-C alleles and MHC class I, the recommended 1C50 cutoff values are
500nM and 1000nM, respectively. The next step is to rank-order the candidate neoantigens
based on binding affinity (B), agretopicity (A), mutant allele expression (M) calculated as
(geneCPM*MT _allele_RNA_VAF), and DNA VAF (D). The rank-ordered values (1 being
the worst) of each criteria are used to generate a final ranking with the formula of Priority
Score = B+A+(M*2)+(D/2). Additionally, minimum criteria are set for a candidate
neoantigen to be included in the vaccine design. The criteria are: 1) a binding affinity score
below the recommended cutoff for that allele; 2) presence in the founding clone or a
significant percentage of cells of the tumor; and 3) observed expression of the gene and
mutant allele in the RNA. In practice, mutation position may also be considered in the
neoantigen selection process. The highest ranked peptides, up to the number that can be
accommodated in a vaccine, are selected. In cases where fewer peptides are identified than
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desired for the vaccine, binding thresholds can be relaxed slightly to include more peptides,
provided other criteria are met.

3. SLP VACCINE PLATFORM

The SLP vaccine platform is the most common neoantigen vaccine platform studied to date
in preclinical studies and early phase clinical trials. The SLP vaccine platform has
significant advantages including a proven safety profile, well characterized GMP
manufacturing process, excellent stability, and straightforward administration in human
clinical trials. Synthetic long peptides in cancer neoantigen vaccines are typically 20-30
amino acids in length. Peptides of this length may be preferentially processed and presented
by antigen presenting cells [39], but they also have the advantage of being able to bind both
MHC class | and Il molecules with the potential to activate CD8 and/or CD4 T cells. After
cleavage by the immunoproteasome and antigen processing, short peptides (usually 9-11
amino acids in length) bind to MHC class | molecules and are presented to CD8 T cells,
while long peptides (usually 14-16 amino acids in length) bind to MHC class Il molecules
and are presented to CD4 T cells [40]. As a result, vaccine-induced CD4 T cells can enhance
the priming and function of neoantigens-specific CD8 T cells.

Administration of synthetic peptides without adjuvant does not trigger toll-like receptors
(TLR) or activate the innate immune system. Failure to active ate the innate immune system
can lead to attenuated or very weak T cell responses. Thus, immune adjuvants need to be co-
administered with peptide vaccines in order to induce robust immune responses [41].
Modern adjuvants include ligands for pattern recognition receptors (PRR), which target the
APCs and consequently enhance the adaptive immune response by inducing the production
of cytokines and chemokines that play a key role in T cell recruitment, priming, expansion
and polarization. These adjuvants interact with and signal through specific receptors,
providing a danger signal to the immune system which leads to the activation of
transcription factors such NF-xB and IRF. One FDA-approved immune adjuvant is
polyinosinic-polycytidylic acid-poly-L-lysine (poly-ICLC). As a double-stranded RNA
complex, poly-ICLC is similar in structure to RNA viruses, and can be recognized by
endosomal receptor TLR3 and cytoplasmic sensors MDA-5 and DHX/DDX RNA helicases
[42]. Other immune adjuvants including cyclic dinucleotide (CDN), a potent stimulator of
interferon genes (STING) agonist [43], have also been tested. Peptide vaccines are typically
delivered via subcutaneous or intramuscular administration near draining lymph nodes [44]
with a typical dose range of 300-450 ug per epitope [45-49]. Insights into better SLP
vaccine strategies (dosing, frequency, adjuvant, administration, etc) are typically derived
from animal studies and further refined in clinical trials. Despite some efforts [50], there is
still a lack of systemic comparison of different vaccine regimens for optimal immune
response and/or antitumor activity. Furthermore, the potential impact of concomitant
therapies (chemotherapy, radiation therapy, and immunotherapy) on the effectiveness of SLP
vaccines is not fully understood. The trend in the field is to adopt an SLP vaccine strategy
with more frequent but decreased doses of vaccine as supported by computational simulation
modeling [51].
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Two preclinical studies by Castle et al. and Schreiber et al. demonstrated tumor protection
following treatment with SLP-based neoantigen vaccines [24,52]. Castle et al. synthesized
two 27-mer peptides (single mutated amino acid at central position flanked by 13 non-
mutated amino acids on both sides) and tested these SLP vaccines in B16F10-bearing
C57BL/6 mice in prophylactic and therapeutic settings. Vaccines were injected
subcutaneously with poly-1C. Neoantigen-specific immune responses were strong enough to
inhibit tumor growth in both settings. T cell responses directed at the cancer neoantigens
were significantly higher compared to the corresponding wildtype sequences [24]. Gubin et
al. conducted similar experiments in an MCA sarcoma cell line. Two H-2KP-restricted
peptides, Lama4 and Alg8, were identified and co-administered with poly-1C. Vaccination
was able to elicit antitumor responses in both prophylactic and therapeutic settings [52].

Recent publications have confirmed the therapeutic potential of SLP neoantigen vaccines in
several types of human cancer including melanoma, glioblastoma, non-small cell lung
cancer (NSCLC), colorectal cancer, and urothelial cancer [45-49]. Melanoma is an attractive
target for neoantigen vaccines as it possesses a very high tumor mutational burden and is
known to be responsive to cancer immunotherapies. In one study co-led by Wu and Ott
[NCT01970358], six treatment-naive high-risk melanoma patients were vaccinated with 13—
20 SLP and poly-ICLC after surgery. The neoantigens were selected based on predicted
binding affinity to MHC class | and were administered subcutaneously in prime (5-dose) and
boost (2-dose) phases. IFN-gamma ELISPOT assay and intracellular cytokine staining
detected polyfunctional CD4 and CD8 T cells targeting 60% and 16%, respectively, of all
unique neoantigens across the six patients. Of note, the CD4 T cell response rate was higher
than the CD8 T cell response rate despite the fact that the cancer neoantigens were
prioritized based on predicted HLA class I binding. This may reflect the fact that MHC class
Il binding is known to be highly promiscuous. Two years following SLP vaccination, four
non-metastatic patients were still free from relapse. The other two patients with metastatic
disease encountered disease progression but later experienced clinical responses after
receiving four doses of the anti-PD1 checkpoint inhibitor, pembrolizumab [48]. Similar
immune responses and clinical outcomes have been observed following vaccination with
neoantigen SLP vaccines in other cancer types since this initial report [45,49].

Two important studies of neoantigen SLP vaccines have shown encouraging results in
glioblastoma [46,47]. The Glioma Actively Personalized Vaccine Consortium (GAPVAC) in
Europe conducted a clinical trial (NCT02149225), in which 15 newly diagnosed
glioblastoma patients positive for HLA-A*02:01 or HLA-A*24:02 were vaccinated with
conventional tumor associated antigens (APVAC1) followed by cancer neoantigens
(APVAC?2). All patients underwent surgical resection and received standard adjuvant
chemotherapy (temozolomide). The SLP vaccines (APVACL1 and APVAC2) were
administered by intradermal injection. Poly-ICLC (s.c.) and GM-CSF (i.d.) were used as
adjuvants and applied near the vaccination sites. Although APVAC1 was able to elicit
sustained CD8 responses with central memory phenotype, the APVAC2 induced
predominantly neoantigen-specific CD4 T cell responses. Out of all neoantigens, 84.7%
(11/13) of the vaccinated APVVAC2 neoantigens were able to elicit CD4 responses, most of
which were polyfunctional with a Th1 phenotype [46]. In the US, neoantigen SLP vaccines
were used to treat glioblastoma patients in a phase 1b trial [NCT02287428]. Although all
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patients eventually died of disease progression, neoantigen SLP vaccines significantly
increased the number of TILs and induced strong multifunctional de novo CD4 and CD8
responses against neoantigens in those patients who were not receiving dexamethasone for
cerebral edema [47].

4. RNA VACCINE PLATFORM

The RNA vaccine platform has a number of important advantages that make it an attractive
platform for cancer neoantigen vaccines [53,54]. For example, RNA vaccine design and
manufacture is relatively straightforward and cost effective. RNA vaccines can be produced
by /n vitrotranscription (IVT) using DNA templates derived from synthesized DNA
fragments or linearized plasmid DNA [27,55]. RNA vaccines are designed to enter the
cytosol where translation of the neoantigen peptides occurs. The RNA does not need to enter
the nucleus, minimizing the risk of integration into the host genome [56]. Strategies to
enhance stability of RNA vaccines include the use of modified nucleosides, 5’-capping, and
formulation into liposomes. RNA vaccines bind directly to TLR7 and have an inherent
ability to provide an adjuvant effect, and do not require additional adjuvants [57,58]. RNA
vaccines can be administered as naked RNA, but are more often encapsulated into lipid
nanoparticles.

RNA vaccines can be administered by various routes of administration (intradermal,
intravenous, intramuscular, and intranodal), and RNA uptake appears to be dependent on the
route of administration. Intravenous and intranodal administration of RNA vaccines allows
direct access of RNA to APCs in lymphoid organs. On the other hand, RNA administered
via intramuscular and intradermal routes will require uptake by infiltrating APCs and
subsequent transport to draining lymph nodes and other lymphoid organs. Studies have
shown that, for naked RNA vaccines, injection into lymph nodes (intranodal) led to the most
robust T cell responses [59]. Alternatively, liposomal RNA vaccines delivered intravenously
were able to target DCs in the lymphoid tissues and induce robust T cell responses [27].
RNA vaccines preferentially target professional antigen presenting cells (e.g. DCs), resulting
in cancer neoantigen presentation in the context of MHC class I and class 11 complexes.
RNA vaccines can induce potent innate type | interferon immune responses through the
activation of toll-like receptor signaling pathways (TLR3, 7, and 8) [27]. Type I interferon
responses are associated with both inflammation and potentially autoimmunity. Therefore,
investigators have been cautious when translating RNA vaccines to clinical practice.

BioNTech and Moderna are biotechnology firms that have pioneered the RNA vaccine
platform. In a preclinical study, Kreiter et al. demonstrated the efficacy of RNA vaccines in
three murine cancer models (B16F10 melanoma, CT 26 colon carcinoma, and 4T1 breast
carcinoma). RNA vaccines encoding 27-mer neoantigens were formulated in cationic
liposomes and delivered intravenously. RNA vaccines were able to induce robust
neoantigen-specific CD4 and CD8 T cell responses, with CD4 T cell responses being
predominant. The strong immune responses were associated with antitumor immunity and
increased survival of tumor-bearing mice [27]. Recently, Sahin et al. reported favorable
outcomes of a phase 1 clinical trial treating patients with metastatic melanoma with a
nanoparticle RNA vaccine expressing four melanoma tumor associated antigens (TAA) [60].
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The RNA vaccine was formulated in cationic liposomes and was administered intravenously
to patients who were previously treated with anti-PD1 immune checkpoint inhibitors. The
RNA vaccine was able to generate TAA-specific immune responses in the majority of
patients (39/50 or 78%). Among 17 patients treated with the vaccine in combination with
anti-PD1 blockade, six (35%) developed a partial response. As with many early phase
clinical trials, this study used a dose-escalating regimen. Patients were treated with eight
infusions of RNA vaccine within 64 days with RNA doses ranging from14.4 g to 400 pg.
Some patients also received optional continued vaccinations. The development of an optimal
RNA vaccine platform for the treatment of cancer is still under investigation. No consensus
has been reached in terms of dosing, formulation and administration. Of note, two SARS-
CoV2 (COVID-19) vaccines recently approved for emergency use in the US are based on the
same mRNA vaccine platform using LNP as a nucleic acid carrier [61,62]. These vaccines
are the BNT162b2 vaccine by Pfizer-BioNTech and the mRNA-1273 vaccine by Moderna.

Although clinical studies of RNA vaccines to date have focused on targeting TAA, there is
an increasing interest in testing RNA vaccines targeting cancer neoantigens. For example,
Sahin et al. treated 13 stage 111-1V melanoma patients with an RNA vaccine targeting cancer
neoantigens in combination with anti PD-1, anti CTLA-4, and BRAF kinase inhibitors [63].
Ten neoantigens per patient were selected based on predicted binding affinity to HLA class |
and HLA class Il. Each RNA vaccine encoded five 27-mer neoantigens which were
connected via linkers. All patients were vaccinated with 0.5 or 1 mg mRNA per vaccination
with a maximum of 20 vaccine doses by ultrasound-guided intranodal injection into both
inguinal lymph nodes. Of note, during the vaccine production period, patients with tumors
expressing NY-ESO-1 or tyrosinase also received the mRNA-based vaccine encoding these
TAAs. IFN-y ELISPOT data indicated that 60% of all targeted neoantigens were
immunogenic. Neoantigen-specific immune responses were detectable in all patients, and
were mostly de novo (68%). CD4 T cell responses were predominant (57%), compared to
CD8 T cell responses. RNA vaccination was associated with prolonged progression-free
survival (PFS). Several patients who did progress developed clinical responses after
receiving mRNA vaccines alone or in combination with immune checkpoint inhibitors [63].

5. DC VACCINE PLATFORM

Dendritic cells are the most potent APCs and autologous DCs generated ex vivo have been
studied as cell-based cancer vaccines. Monocyte-derived DC can be expanded and matured
from leukapheresis specimens using a cocktail of IL-4, GM-CSF and TNF-alpha cytokines
[64]. However, ex vivo generation of DCs is complicated and patient variability can impact
reproducibility [25]. It is also costly and time-consuming to generate the large number of
DC required for vaccination [65]. Cancer neoantigens can be loaded onto DC by pulsing DC
with synthetic peptides or with tumor lysate. Alternatively, DC can be transfected with RNA
encoding cancer neoantigens by electroporation [64,66]. Synthetic RNA expressing
molecules present on activated DC such as TLR4, CD40L, and CD70 can also be transfected
into DC [67].

The ex vivo expanded, matured and neoantigen-loaded DC can then be administered to the
patient. Routes of administration for DC-based vaccines include intranodal, intradermal,
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intravenous, or intralymphatic injection [65]. While timing and dosing are being
investigated, most clinical trials applied 5-10 x 108 DCs per dose every 3—4 weeks [68-71].
Once administered, DC must travel to lymphoid tissues in order to stimulate antigen-specific
T cells. Although the mechanism of DC trafficking following injection remains poorly
understood, studies indicate that pre-conditioning of the vaccination site with recall antigens
such as tetanus toxoid appeared to facilitate DC homing to lymph nodes in both human and
mice, a chemokine CCL3-dependent process [72]. In addition to directly stimulating CD4
and CD8 T cells, injected DCs can interact with endogenous lymph node-resident DCs by
transferring antigens to and stimulating 1L-12 production in resident XCR1* ¢cDC1 [73].
Animal studies have documented the requirement of 1L-12 produced by host DC for DC
vaccine-induced Th1 response [73]. This may be of particular relevance for DC-based
vaccination for cancer as cancer patients may have impaired endogenous DC function due to
prior or concomitant treatments.

Carreno et al. were the first to treat cancer patients with cancer neoantigen DC vaccines
[NCT00683670] [69]. Immature DCs were generated in culture containing GM-CSF and
IL-4 from three stage 3C cutaneous melanoma patients positive for HLA-A*02:01. DC
maturation was induced by IFN-vy, poly-I1C, R848 and CD40L. Two hours prior to
intravenous administration, mature DCs were pulsed with neoantigens identified for each
patient. Cyclophosphamide was administered prior to the first dose of DC in an effort to
deplete Treg. HLA-A*02:01-peptide dextramer staining of pre- and post- vaccine PBMC
revealed that DC vaccine can augment pre-existing as well as induce de novo neoantigen-
specific CD8 T cell responses. TCR- sequencing data showed an increase in both
frequency and repertoire for dominant and subdominant neoantigens. Unfortunately, tumor
regression was not monitored in this study because tumors were resected before vaccination.
This study, together with a few others [68,70,71], has documented safety profile of DC-
based neoantigen cancer vaccine. Neoantigen vaccines based on DC platform are currently
under investigation to treat patients with TNBC [NCT04105582], hepatocellular carcinoma
[NCT03674073], and NSCLC [NCT04078269].

6. DNA VACCINE PLATFORM

Plasmid DNA vaccines are relatively easy and cost effective to manufacture compared to
other conventional vaccines [74], making the DNA vaccine platform attractive for
neoantigen vaccines. Similar to RNA vaccines, plasmid DNA can be readily engineered to
encode multiple neoantigens. Additional immune modulators can also be integrated into the
vaccine to augment immune responses. In order to elicit maximal immune responses, DNA
vaccines integrate potent eukaryote promoters, a strong polyadenylation/transcriptional
termination signal, and codon-optimized gene sequences. Despite initial concerns that
plasmid DNA might integrate into patients’ genomes, the DNA vaccine platform has an
extraordinary safety profile in clinical translation to date. Initial studies confirmed that the
probability of human genome integration is extremely low for DNA vaccines, at or even
lower than that of spontaneous mutations [75]. DNA vaccine manufacture involves
purification of plasmid DNA from bacterial cultures. Plasmid DNA is most commonly
administered intramuscularly or intradermally. Electroporation devices are commonly used
to improve DNA uptake and antigen expression by nucleated skin or muscle cells. DNA
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vaccines can also be formulated in liposomes for mucosal delivery or intravenous
administration. Successful translation of DNA vaccines requires optimal design of the vector
and vaccine insert, effective delivery to target APCs, and maximal antigen expression,
processing and presentation. Although the DNA vaccine platform has demonstrated its
potential in preventing infection and treating tumors in preclinical models, the efficacy of
DNA vaccine in generating immune response in human is currently under investigation.

Most DNA-based cancer vaccine studies have targeted tumor-associated antigens rather than
cancer neoantigens, such as HPV E6 and E7 in cervical cancer, mammaglobin-A in breast
cancer, and HER2/CEA in solid cancer [76—79]. Duperret et al. studied polyepitope DNA
vaccines targeting cancer neoantigens in three murine cancer cell lines, TC1, LLC, and ID8.
Polyepitope inserts encoding 33-mer neoantigens separated by furin cleavage sites were
cloned into the pVVAX plasmid backbone. DNA vaccines were able to induce robust
neoantigen-specific CD8 T cell responses and antitumor immunity as measured by
ELISPOT assay and tumor challenge [80]. Li et al. have also tested an optimized
polyepitope DNA vaccine targeting cancer neoantigens identified in murine breast cancer
E0771 and 4T1 models. Vaccination with DNA vaccine was able to induce robust
neoantigen-specific T cell responses to some but not all candidate neoantigens. In
combination with anti-PD-L1, polyepitope DNA vaccines were able to suppress tumor
growth [81]. We and others are conducting clinical trials using neoantigen DNA vaccines to
treat cancer patients with pancreatic carcinoma [NCT03122106], TNBC [NCT03199040],
and glioblastoma [NCT04015700]. In patients with TNBC, vaccination with neoantigen
DNA vaccines is associated with robust immune responses and prolongation of progression-
free survival.

7. OTHER VACCINE PLATFORMS

In addition to the four major vaccine platforms discussed above, other platforms are being
explored for targeting neoantigens. Viral vectors can be modified to express neoantigens.
Among viral vectors, replication-incompetent adenoviruses (Ad2 and Ad5) have been
popular in delivering tumor antigens in clinical trials with or without co-stimulatory
molecules. Because most adults have pre-existing immunity to adenovirus, new vectors
derived from chimpanzee and gorilla adenovirus are being developed. Another viral platform
is the attenuated poxvirus MVA (Modified Vaccinia Ankara). MVA has been extensively
studied (e.g. heterologous prime-boost strategy) in animal models and in patients, and has
demonstrated safety. In addition to viral vectors, bacteria such as Salmonella typhimurium
and Listeria monocytogenes have also been tested as vectors to express tumor antigens.
These platforms are in the early stages of clinical development and their potential in
targeting neoantigens has not been studied.

The use of liposomes as carriers has been investigated for decades. Recent studies have
demonstrated that RNA-LPX [27,60] and SLP-LPX [82] vaccines preferentially deliver the
RNA/SLP cargos to lymphoid organs and induce potent CD8 and CD4 T cell responses and
antitumor activity in both preclinical and clinical settings. Therefore, nanoparticle liposomes
represent a novel and promising new neoantigen vaccine platform that warrants further
investigation..
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8. CONCLUSION

Current neoantigen vaccine platforms have distinct mechanisms of action, advantages and
disadvantages. Although multiple platforms are currently being investigated, it remains
unclear which strategy will prove superior in terms of feasibility in clinical translation, and
ability to induce robust immune and clinical responses. Data from ongoing early stage
clinical trials are very promising. Severe immune-related adverse events (irAEs) have not
been observed, and mild irAEs are generally reversible and are typically associated with
combination therapies such as immune checkpoint inhibitors [83]. Additional study is
required to determine the optimal platform, formulation and dosing that will allow
successful integration of neoantigen vaccines into broader clinical practice. Finally, even
optimized neoantigen vaccines alone may not be adequate as monotherapy for cancer
treatment. The success of neoantigen vaccines may depend on combination with other
cancer immunotherapies such as immune checkpoint inhibition, and/or immune modulatory
agents targeting the tumor microenvironment.

9. EXPERT OPINION

The evolution of sequencing technologies has made it possible to identify cancer
neoantigens and study their biology. This has led to the important recognition that cancer
neoantigens play a critical role in the response to cancer immunotherapies. This has
generated significant interest in the development and clinical translation of neoantigen
vaccines. Initial clinical experience is promising across multiple different neoantigen
vaccine platforms. All appear capable of generating immune responses.

Significant challenges remain to the successful translation of neoantigen vaccines into
broader clinical practice. Challenges include limitations in neoantigen identification and
prioritization, integration of neoantigen vaccines into an appropriate clinical context, and
defining how to best overcome regulatory networks in the tumor microenvironment
restraining antitumor immune responses. Cancer sequencing is a critical first step in
neoantigen identification and prioritization. Clinical-grade cancer sequencing is now much
more widely available and decreasing in price. It is likely that cancer sequencing will be
increasingly integrated into clinical treatment paradigms. Still, the quality of cancer
sequencing remains highly dependent on the quality of the biopsy, tumor purity, and even
tumor heterogeneity [84]. Variant calling algorithms are excellent for identification of single
nucleotide variants, but are less refined for identification of gene fusions, indels and other
more complex genetic alterations. As highlighted in the early stage clinical trials above,
current neoantigen prediction algorithms need to continue to be refined so the most
immunogenic cancer neoantigens can be prioritized for inclusion in cancer vaccines. This is
true for algorithms predicting immunogenic cancer neoantigens restricted by both MHC
class I and 1l alleles. Even with improved neoantigen identification algorithms, there may
not be sufficient neoantigens in cancers with low mutational burden to target effectively.

Design and manufacture of neoantigen vaccines is a complex, time consuming, and
resource-intensive process. Steps in neoantigen vaccine design and manufacture include
obtaining archival tumor tissue or performing a dedicated tumor biopsy, nucleic acid
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isolation, tumor/normal sequencing, variant calling, neoantigen prediction, vaccine design,
vaccine manufacture, and product release tests. This entire process can take 3—6 months
[48,63], even if all steps are expedited. Patient selection is critical. Ideally, appropriate
clinical contexts can be identified such that patients can be identified early, and vaccine
treatment can reliably begin after vaccine manufacture has been successfully completed.
Many early stage clinical trials have been performed in the adjuvant setting. Typically,
patients are treated with standard of care therapies and have no evidence of disease
following treatment but are at high risk of disease recurrence. These patients are candidates
for neoantigen vaccine therapy given the high risk of disease recurrence. Alternatively,
patients with metastatic disease may be candidates for vaccine therapy. These patients would
typically need to be treated with chemotherapy or other systemic therapy to control disease,
providing a window of opportunity to complete the steps required for vaccine design and
manufacture. Unfortunately, patients with metastatic disease and significant comorbidities
and/or decreased performance status related to disease may not be realistic candidates for
neoantigen vaccine therapy.

Neoantigen vaccine therapy appears to be extremely well tolerated with minimal side effects
and/or adverse events. As such, neoantigen vaccines can be used alone (for example in the
adjuvant setting), or can be readily combined with other treatments. Based on mechanism of
action, it is likely that neoantigen vaccines will be particularly effective in combination with
cancer immunotherapies [85-88]. The tumor microenvironment is rarely hospitable to
tumor-specific T cells. It is likely that cancer immunotherapies designed to abrogate immune
checkpoint pathways and/or target the immunosuppressive tumor microenvironment will be
particularly effective. Early stage clinical trials are ongoing combining neoantigen vaccines
and immune checkpoint inhibitors. Targeting CTLA4 may facilitate neoantigen-specific T
cell priming, while targeting PD-1/L1 may prevent exhaustion once T cells arrive in the
tumor. Strategies targeting tumor associated macrophages, and/or myeloid-derived
suppressor cells are also likely to be important.

Although a single vaccine platform may ultimately prove to be superior, our Expert Opinion
is that addressing some of the challenges highlighted above may move the field forward
more quickly rather than focusing exclusively on optimizing a single vaccine platform. In
our opinion two of the most significant challenges that need to be addressed include
limitations in neoantigen prediction algorithms, and the need to successfully target the
immunosuppressive tumor microenvironment. For example, independent of vaccine
platform, most neoantigens prioritized by current neoantigen prediction algorithms fail to
induce immune responses. Similarly, neoantigen-specific T cell responses may not be
effective in mediating antitumor immunity if the neoantigen-specific T cells are suppressed
in the tumor microenvironment. Ultimately, the most effective vaccine platform may be
dependent on the specific cancer and/or clinical context that is being investigated.
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The goal of cancer neoantigen vaccines is to induce neoantigen-specific
immune responses and antitumor immunity, while minimizing the potential
for autoimmune toxicity.

For a successful neoantigen cancer vaccine, neoantigen identification,
prioritization, and delivery platform are important components in a vaccine
manufacturing workflow.

Several neoantigen vaccine platforms are currently being evaluated in early
phase clinical trials including the synthetic long peptide (SLP), RNA,
dendritic cell (DC), and DNA vaccine platforms, and it remains unclear if one
platform is superior.

Although each vaccine platform has different formulations, routes of
administration, and mechanism(s) of action, they share a common goal of
presentation of cancer neoantigens to T cells in the context of appropriate
stimulatory signals.

The success of neoantigen vaccines may depend on combination with other
cancer immunotherapies such as immune checkpoint inhibition, and/or
immune modulatory agents targeting the tumor microenvironment.
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Figure 1: A personalized cancer vaccine manufacturing workflow.
Inputs of the whole vaccine manufacturing workflow starts from sequencing data of matched

tumor-normal samples. Accurate neoepitopes for further vaccine production are derived
from computational analysis. Neoantigens can be integrated into the vaccine via several
ways such as cloned DNA plasmids, liposome-packed mRNAsS, synthetic peptides, and ex-
vivo pulsed DCs. Finally, immune responses against delivered epitopes are continuously
monitored in the follow-up period.
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Figure 2: Mechanisms of each delivery platform.
Beside different formulations, each strategy involves different steps in central dogma and

antigen presentation pathway. However, their ultimate goal is to activate CD4+ and CD8+
immune responses through neoantigen-primed DCs.
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