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Q18 : Expanded name of HLA correct? Or should this be defined as “human lymphocyte antigen“?
Response: ok
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ABSTRACT
Cancer vaccines have been shown clinically to drive tumor-reactive cell activation, proliferation, and effector function.
Unfortunately, tumor eradication by treatment with cancer vaccines has been unsuccessful in many patients. Critical steps are
underway to improve vaccine efficacy and combine them with immunotherapy and standard-of-care treatments.

Description

Cancer vaccination can promote antitumor immunity in patients, and optimization of components and new combinations are
needed for clinical efficacy.

Antitumor immunity is initiated by the release of tumor antigen from dying tumor cells, followed by uptake, processing, and
presentation by antigen-presenting cells (APCs[Q5]). Tumor antigen–specific T cells can be activated to proliferate and
traffic to tumors for targeted killing under optimal conditions of costimulation and appropriate positive signals (1).

What’s next for cancer vaccines?[Q1]
Cancer Vaccines

INTRODUCTION[Q4]

https://www.science.org/content/page/science-licenses-journal-article-reuse


Although spontaneous antitumor immune responses can occur in some individuals, cancer vaccines are designed to
promote these same effects and can be harnessed for broader clinical impacts. What is missing from cancer vaccines to
date? In short, robust clinical efficacy. Many small trials in late-stage patients have concluded that vaccines are safe and
immunogenic, are associated with interesting immune effects, and provide provocative case reports with clinical responses
(2, 3). Several studies have shown significant[Q6] improvements in progression-free survival and/or relapse-free survival in
adjuvant and minimal residual disease settings (4). Such data suggest that cancer vaccination may be insufficiently effective
alone in later stages and metastatic tumor settings but can have positive clinical impacts in lower tumor burden settings.
Successful vaccination has remained an elusive goal despite robust and reproducible results across vaccine platforms and
evidence of increased antitumor effector cells in the periphery.

What is limiting efficacy of stand-alone cancer vaccination? How can cancer vaccination be incorporated into our
therapeutic armamentarium? The success of checkpoint blockade has highlighted a need for preexisting tumor-specific
immunity for optimal responses. Therefore, vaccines may be a critical tool to promote antitumor immunity in those who do
not develop these responses spontaneously. How can this field move[Q7] forward [Table 1]? In this viewpoint, we discuss
antigen targets, vaccine platforms, rational combinations, and immune monitoring to set the stage for future progress.

Ideally, cancer vaccines need to target tumor-specific antigens (TSAs) to avoid potential autoimmune responses and issues
with central tolerance. Many vaccines fall short of this specificity by targeting overexpressed tumor-associated antigens
(TAAs) (5, 6). Indeed, in April 2010, the U.S. Food and Drug Administration (FDA) approved sipuleucel-T (7), an autologous
cellular immunotherapy targeting the nonmutated TAA prostate acid phosphatase, for the treatment of patients with
asymptomatic or minimally symptomatic metastatic castration-resistant prostate cancer. Such antigens have largely proven
to be safe and immunogenic in clinical trials and underwent systematic evaluation by the National Cancer Institute Pilot
Project for the Acceleration of Translational Research on the prioritization of cancer antigens [Q8](8). Nonetheless,
concerns remain for the potential autoimmune toxicity associated with targeting this class of antigens in the form of
vaccines or adoptive T cell therapy (9).

What is antigenically unique about the tumor? It is well established that tumors can be detected as foreign tissues by the
immune system. Kras and p53 are examples of commonly mutated oncogenic drivers. Vaccines targeting epitopes from
these mutated proteins are inefficiently presented by major histocompatibility complex (MHC) molecules, can induce
antigen-specific regulatory T cell (T ), and have had limited efficacy to date (10, 11). For about 15% of the tumors that are
virally driven, proteins derived from viruses, such as human papilloma virus (HPV) proteins E6 and E7, are TSAs that have
been targeted successfully (12). NY-ESO-1 and MAGE family proteins are nonmutated “cancer-testes” antigens expressed in
a variety of tumor cells. A deeper understanding of the biology of T cells recognizing these known antigens is beginning to
identify a path forward to avoid suppressive responses and broaden the array of shared targets with greater efficacy
potential (13).

Malignant transformation of cells depends on accumulation of DNA damage. The immune system frequently responds to
the neoantigens that arise as a consequence of this DNA damage. Recognition of neoantigens also appear to be an
important driver of the clinical activity of both T cell checkpoint blockade and adoptive T cell therapy as cancer
immunotherapies. The characterization of mutated tumor–specific neoantigens has revolutionized tumor antigen research
in the past 5 years because these antigens can be readily identified through technological advances in tumor sequencing,
which allows them to be clinically testable (14). The identification of the peptide epitopes derived from mutated tumor
antigens remains an open area of experimentation because many groups use proprietary and unique algorithms for the
selection of epitopes that can be presented by tumor. High-resolution mass spectrometry can also directly identify MHC-
bound surface peptides, which are processed and presented to the immune system.

Global collaborations are helping advance the field of tumor neoantigen identification. The Parker Institute assembled a
global consortium wherein each participant predicted immunogenic epitopes from shared tumor sequencing data. A total
of 608 epitopes were subsequently assessed for T cell binding in patient-matched samples. By integrating peptide features
associated with presentation and recognition, a model of tumor epitope immunogenicity was developed that filtered out
98% of nonimmunogenic peptides with a precision above 0.70. Pipelines prioritizing model features had superior
performance, and pipeline alterations leveraging them improved prediction performance. This data resource enables
identification of parameters underlying effective antitumor immunity and is available to the research community (15). Five
traits were identified that determine epitope immunogenicity in an integrated model: Peptides that have strong MHC
binding affinity and long half-life are expressed highly and have either low agretopicity or high foreignness.

Antigen targets
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Cancer vaccines take many forms, including nucleic acid, peptides, proteins, and undefined mixtures (cell or tumor lysates). Multiple
platforms exist for delivering target tumor antigens, including patient-derived DCs, viral vector, TLR agonist, pathogen signal adjuvants, and
nanoparticle formulations. Cytokines, growth factors, and targeting antibodies can be included, and some vaccines can be delivered by
electroporation. Peripheral blood mononuclear cells or tumors can be monitored for vaccine responses.

Are mutated neoantigens more effective antigen targets because they both increase the specificity of tumor targeting and
stimulate higher-avidity T cells? This is yet to be determined experimentally; however, it was shown recently that these T
cells can still become phenotypically exhausted (16). An important variable that most neoantigen identification pipelines
are unlikely to be able to account for yet is whether the mutated antigen is “truncal,” occurring early in tumorigenesis and
homogeneously expressed throughout tumor tissue, or a “branch” mutation, occurring later in tumor development (17).
“Branches” may be more heterogeneously expressed but may be subject to less tumor-immune system cross-talk, thus
potentially promoting more active T cells. As neoantigens have emerged as targets of effective tumor-directed T cell
responses, studies have revealed that increased neoantigen load is associated with improved patient outcomes for
checkpoint blockade (18). Three clinical trials of neoantigen-based vaccines in patients with melanoma, using dendritic cells
(DCs [Q9]) loaded with short peptides, long peptides, or RNA, have shown the safety, feasibility, and robust immunogenicity
of this approach (14, 19, 20).

TSA can also be undefined in the form of tumor lysates. It is challenging to analyze the impact of a vaccine with an
undefined target, but these mixed antigen approaches can promote polyclonal responses and, in the autologous setting,
can include neoantigens that do not require identification through[Q10] a detailed pipeline for use. These lysates not only
include non–tumor-associated self-antigens but may contain immune suppressive factors that can limit efficacy, such as
interleukin-10 (IL-10) and transforming growth factor–β. In the setting of hepatocellular cancer, α-fetoprotein (AFP) is
commonly overexpressed. Whereas AFP is immunogenic in a cancer vaccination setting, we recently showed that it is also
highly immune suppressive and inhibits metabolic function in DCs [(21) and [Q11] Munson et al., submitted 2022]. Others
have used similarly suppressive molecules as the target TAA (22).

How should these tumor antigens be delivered? The most critical components of a cancer vaccine are the tumor antigen
(signal 1), costimulation (signal 2), and cytokines (signal 3) (Fig. 1). Antigens are typically combined with adjuvants that can
stabilize the immunogenic molecule and can stimulate responses mediated by APCs and T cells. Currently used adjuvants
include oil and water emulsion (Montanide), cytokines (granulocyte-macrophage colony-stimulating factor), Toll-like
receptor (TLR) signal–inducing molecules [polyICLC (Hiltonol)], CD40 costimulation triggers, or more complex adjuvants,
such as viruses. RNA vaccines have become viable vaccine platforms and are formulated with RNA molecules packaged into
lipid nanoparticles to optimize delivery and immune stimulatory properties (23). The ideal signals needed to maximize
favorable immune responses are not fully elucidated, and optimal adjuvants to pair with specific antigen platforms are still
needed.
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Vaccine platforms

Fig. 1.
Vaccine constituents and platforms.



Vaccine-induced, adoptively transferred, or spontaneously activated T cells initiate tumor cell killing through tumor antigen recognition. This
leads to tumor lysis and the release of proteins, including self-antigens, TAA, and any expressed and mutated neoantigens. The released
tumor antigens are taken up by endogenous APC, such as DC. These APCs can cross-present a new wave of tumor antigens to T cells and
thus broaden the activated T cell population that can recognize tumor cells.

Hurdle Approaches

DCs are the professional APCs responsible for inhibiting unwanted responses (tolerance) and activating pathogen-driven
responses. As “nature’s adjuvant,” they can provide antigen presentation with multiple layers of costimulation and also
secrete key cytokines, as well as provide signals that are not yet well understood. There are many different types of DC (24),
but most cancer vaccine clinical trials use in vitro differentiated myeloid DCs because they are a reliable platform for
promoting T cell responses.

Standard-of-care (SOC) approaches have shown vaccine-like “effects” mediated by in vivo tumor lysis, including
radiofrequency ablation, embolization (25), chemotherapy, radiotherapy, and small-molecule signaling pathway inhibitors
in a subset of patients (Fig. 1A). Some agents may provide additional stimulatory signals; gemcitabine promotes chromatin
demethylation, and radiation induces DNA damage. Recombinant viruses carrying tumor antigens can also provide strong
immune stimulation signals. Many challenges face researchers trying to harness and optimize regimens to promote antigen
release and immune stimulation in addition to facilitating tumor cell growth inhibition and lysis.

How can the activation of T cells and antitumor activity and efficacy be improved? For DC vaccines, a number of

Fig. 2.
[Q16]Epitope spreading.

Table 1.
Hurdles for cancer vaccines in vivo and approaches to address them[Q17].

Quality of vaccine-induced T cells -Optimize priming signals by including costimulation and cytokines

-Evaluate neoantigen targets

T cell polyfunctionality and
exhaustion

-Evaluate neoantigens and more recently expressed “branch” antigen targets

-Optimize priming and/or boosting signals by including costimulation and cytokines

Vaccine trafficking to tumor and
tumor tissue penetration

-Inject a tumor with an activating signal (chemokine, oncolytic virus, and
nonsuppressive tumor killing agent) to optimize tumor targeting

Heterogeneity of antigen
expression

-Include multiple antigens in vaccine

-Promote epitope spreading

Antigen loss or MHC loss -Include multiple antigens presented by multiple human lymphocyte antigen[Q18]
molecules

-Promote epitope spreading

-Provide intratumoral IFN-γ signal to up-regulate MHC class I

Rational combinations: Building on success to improve efficacy



combinations have been tested, including addition of cytotoxic T lymphocyte–associated protein 4 (CTLA-4) (26) and/or
programmed cell death protein 1 (PD-1)/PD ligand 1[Q12] blockade, adoptive transfer of T cells (27), low dose IL-2 (28),
interferon-α (IFN-α) (29), and chemotherapy (30), which have yielded very modest improvements. Strategies to improve the
efficacy of sipuleucel-T are also being investigated, including improving activated T cell trafficking to tumor with anti–
CTLA-4 and supporting T cell activation and proliferation with IL-7 (31). The initial clinical success of HPV16 peptide
encoding SLP[Q13] vaccines in early-stage cervical cancer did not yield the same efficacy in later-stage patients, leading to
combination testing with cisplatin (32) and testing SLP combined with checkpoint blockade (33).

A critical issue is timing and sequencing of vaccine inclusion. Murine studies have shown that a vaccine before checkpoint
blockade is more efficacious than the opposite order (34), which was also supported by data in human patients (35). Further
examination of checkpoint combinations is complicated by FDA approvals such that patients eligible for experimental
vaccine trials may have already received checkpoint blockade as a SOC.

How do we get cancer vaccines to the next stage of success? We need a better mechanistic understanding of their immune
and clinical impacts. Dissection of immune responses induced by vaccination has led to important insights. Toxicity has not
limited broad vaccine platform testing and dose escalation within a platform to the extent that dose increases have an
effect, which is not always the case. Widely variable responses to cancer vaccines highlights the critical need for strategies
that identify patients who are likely to benefit from this treatment. Measuring frequencies of vaccine peptide–specific cells
allows for both determination of cell numbers and detailed phenotypic characterizations. Such analysis has defined T cell
differentiation and exhaustion levels associated with different cancers and how vaccination affects these cells. Functional
testing is also essential for understanding how vaccines skew immune responses and is carried out preferably by ex vivo
analysis to avoid potential skewing of in vitro stimulation. IFN-γ ELISPOT[Q14] and intracellular cytokine staining are
common functional assays that can provide evidence of potentially successful vaccination but often fall short of insightful
correlations with clinical outcomes.

Epitope spreading has emerged as a key indicator of vaccine efficacy (Fig. 1B). This involves promotion of successive waves
of T cell activation against target tissue antigenic specificities (2, 3, 36–39), which diversifies the T cell repertoire. Such
repertoire diversification facilitates a greater breadth of cellular immune responses such that the expansion of T cell clones
in the tumor correlates with better outcomes. Epitope spreading also has obvious implications for targeting antigenically
diverse tumors and overcoming the effects of loss of antigen expression by some tumors (14). Cancer vaccines must also be
able to overcome tumor-induced immune suppression. Preventative cancer vaccination trials in high-risk patients have been
severely constrained even at premalignant stages because of the presence of highly suppressive myeloid-derived
suppressor cells (MDSCs) (40, 41). High circulating frequencies of functionally suppressive T  and MDSCs are known to
correlate with reduced immune and clinical responses in many tumor types (29, 42), suggesting that targeted reduction of
these suppressive cells before vaccination may improve outcomes.

Greater success is being seen from new formulations. FixVac is an intravenously administered liposomal RNA vaccine that
targets multiple antigens alone or in combination with PD-1 blockade. FixVac can mediate durable objective responses in
checkpoint inhibitor–experienced patients with unresectable melanoma, and individuals given more doses showed
improved responses (19). Vaccine-induced T cell infiltration and neoepitope-specific killing of autologous tumor cells were
shown in postvaccination resected metastases in vaccinated individuals (43).

In addition, a neoantigen vaccine was able to promote intratumoral T cell responses in a small glioblastoma (GBM) trial,
and neoantigen-specific T cells from the peripheral blood were detected in intracranial GBM tumor tissue. Neoantigen-
targeting SLP vaccines thus have the potential to alter the immune milieu of a cold and weakly mutated tumor such as GBM.
The best responses were in patients not receiving dexamethasone, shedding light on SOC medications that may limit
efficacy of combination therapies (44).

Cancer vaccination is an approach that can safely promote antitumor T cell responses in vivo and can have therapeutic
effects in patients with cancer at many stages of disease. Whereas the basic structure of a successful vaccine is well
understood, the optimization for each component remains under development [Table 1] [Q15]. Many logical combinations
have been tested, including cytokines and checkpoint blockade, but few have provided significant improvements. Immune

Immune monitoring to understand mechanism of action
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Lessons learned and future prospects

CONCLUSIONS



monitoring has revealed key mechanisms of efficacy that can be applied to new cancer vaccine approaches, particularly
epitope spreading induction. Optimized treatment schedules and a better mechanistic understanding of how to induce
effective responses will be critical for the future success of cancer vaccines.
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