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Lessons learned from the rapid deployment of vaccines during
the COVID-19 pandemic are reinvigorating the cancer vaccine
field. Using delivery platforms including mRNA and synthetic
long peptides, recent clinical trials have demonstrated that
cancer vaccines are safe, feasible, and can be associated with
the generation of antigen-specific memory T cells and, in some
cases, durable clinical responses. Despite these advances,
fundamental questions remain regarding the optimal delivery
platforms and antigen targets to use in cancer vaccines.
Ongoing and future studies that harness advances in the
identification of novel sources of antigens, the prediction of
immunogenic antigens, and the use of single-cell technologies
to profile antigen-specific T cells will hopefully reveal correlates
with clinical outcomes and provide a mechanistic basis for
future progress.
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Introduction

The COVID-19 pandemic has stimulated innovation in
vaccine development and, as a result, witnessed im-
pressively rapid deployment of vaccines using a diversity
of delivery approaches. Among the most widely used are
vaccines delivered by mRNA or by viral vectors.
Longstanding and ongoing efforts in the cancer vaccine
field, including the incorporation of genomic data ana-
lysis and the development of mRNA-based delivery
technology which were only previously tested at small

scale, certainly contributed a solid foundation from
which to launch these urgent large-scale efforts [1,2].
With the Food and Drug Administration (FDA) ap-
provals of these novel format COVID vaccines over the
past two years, the time is ripe for renewing our focus on
cancer and even incorporating the lessons learned from
this recent time to our efforts.

T'o apply these lessons to cancer vaccines, we must ac-
knowledge the critical differences between the biolo-
gical contexts of cancer and infection. First, at the
broadest level, infectious disease vaccines are used pro-
phylactically and generally seek to activate B cells to
produce antibodies, although the role of cell-mediated
immunity is increasingly acknowledged [3]. By contrast,
cancer vaccines — with the notable exception of vac-
cines against human papillomavirus (HPV) and hepatitis
B virus (HPV) to prevent cervical and liver cancers [4] —
are therapeutic vaccines that primarily aim to activate
tumor-antigen specific T cells to induce long-term tumor
control, although the role of B cells cannot be ignored [5]
(Figure 1a). Second, pathogens are foreign to the host
immune system and thus have high immunogenic po-
tential, whereas cancer cells are self-derived and have
variable immunogenicity (Figure 1b). This variability
stems in part from broad inter-tumor and intra-tumor
genomic heterogeneity, which results in variable ex-
pression of tumor antigens. Third, acute infections such
as influenza are externally induced, stochastic events
that occur in the context of a naive immune state and
generally resolve spontaneously. In contrast, both
chronic infections and cancers are characterized by
chronic inflammation and antigen exposure, which can
lead to progressive immune dysfunction including T cell
exhaustion. T'umors can also acquire cancer cell-intrinsic
immune evasive features as they progress to more ad-
vanced disease states. Collectively, these features un-
derscore the unique challenges for the development of
cancer vaccines. Here, we highlight some of the recent
clinical advances in cancer vaccine development and
discuss how these unique challenges guide the path for
future work.

Clinical advances in tumor-associated

antigen vaccines: breaking immune tolerance
Most vaccine studies to date have used tumor-associated
antigens (TAAs), which are derived from non-mutated
self-proteins that are either (1) overexpressed in cancer
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Infectious disease and cancer (a) are distinct biological contexts with (b) features intrinsic to pathogens or cancer cells as well as extrinsic features of

the immune response.

compared with healthy tissues; (2) expressed during
lineage differentiation and aberrantly expressed by
cancer cells; or (3) restricted in expression to germ cells
and aberrantly expressed by cancer cells [6]. Historically,
vaccines targeting TAAs induced clinically ineffective
antigen-specific T cell responses, likely due to a com-
bination of insufficient T cell numbers, low antigen af-
finity, and suboptimal activation [4]. The TAA-specific
T cells that are identified in patients with cancer are of
relatively lower affinity because high-affinity T cells that
recognize 'T'AAs can be subject to central and peripheral
immunological tolerance [6]. However, TAA vaccines
remain under active investigation due to several poten-
tial advantages. For example, since TAAs are not unique
to individual tumors but instead shared across many
tumor types, they allow for more rapid and cost-effective
'off-the-shelf' vaccines that do not require personali-
zation.

In one recent encouraging study, Sahin et al. reported an
interim  analysis of a phase I clinical trial
(NCT02410733) of patients with melanoma treated with
an mRNA vaccine encoding four melanoma TAAs, ei-
ther alone or in combination with immune checkpoint
inhibitors (ICIs) [7]. Seventy-five percent of evaluated

patients induced either CD8+ or, more commonly,
CD4+ T cell responses specific for one or more vaccine
TAAs. In the vaccine monotherapy arm, 11 of 25 pa-
tients derived clinical benefits (metabolic complete re-
sponse, partial response, or stable disease). Additional
features of vaccine-induced T cell activation, such as T’
cell trafficking to the tumor site and epitope spreading,
remain to be investigated in this ongoing trial. However,
these results demonstrate that the use of vaccine plat-
forms with strong adjuvant activity and a dosing regimen
with priming and repeated boosting can induce T cell
activation despite central tolerance towards TAAs. Ad-
ditional trials using this platform are ongoing in patients
with triple-negative breast cancer, prostate cancer, and
ovarian cancer [1]. Vaccines targeting melanoma TAAs
have also recently been investigated using full-length
protein [8] or synthetic long peptides (SLPs) [9].

Clinical advances in neoantigen vaccines

The overall limited efficacy of vaccines targeting TAAs,
coupled with advances in next-generation sequencing
technologies that enabled the identification of tumor
somatic mutations, has led to a focus on neoantigens
derived from these mutations as targets for cancer vac-
cine development. Because neoantigens are derived
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from genetic alterations, such as non-synonymous single-
nucleotide variants (SNVs) or frameshifts, that are un-
ique to tumor cells, neoantigen-specific T cells are not
deleted by central tolerance mechanisms and can be of
relatively high affinity. These features make neoanti-
gens attractive targets for cancer vaccines. Indeed,
neoantigens are central to anti-tumor T cell responses in
the context of several immunotherapies including
adoptive T cell therapy, ICIs, and vaccines [10]. To
identify tumor neoantigens, tumor-specific somatic al-
terations are detected by comparing whole-exome se-
quencing of patient tumor and healthy tissue, and RNA
sequencing serves to confirm the expression of mutated
genes. Patient human leukocyte antigen (HLA) typing is
then performed, and HLA-binding peptides are pre-
dicted in sifico [11]. Cancer vaccines targeting such per-
sonal neoantigens have been delivered using epitope-
length peptides loaded on dendritic cells [12], in-
tranodally as RNA [13], or subcutaneously as SLLPs ad-
juvanted with poly-ICLC (polyinosinic and polycytidy-
lic acid, stabilized with poly-l-lysine and carbox-
ymethylcellulose) [14] and shown to be safe, feasible,
and associated with the establishment of antigen-specific
memory T cells. The latter two studies identified re-
markably similar rates of CD8+ and (predominantly)
CD4+ T cell responses against vaccine neoanti-
gens [13,14].

Long-term outcomes were evaluated in patients with
melanoma who received neoantigen SLP vaccines in the
adjuvant setting [14] with a median follow-up of almost
four years [15]. Of six patients reported in the initial
study, all were alive although three had disease recur-
rence after vaccination. Single-cell transcriptional pro-
filing revealed that neoantigen-specific T cells primarily
exhibited memory phenotypes after vaccination, and
neoantigen-specific T cells were identified up to 2.5-4
years after treatment, demonstrating long-term persis-
tence of these cells (Figure 2a and b). TCR clonotypes
analyzed from circulating neoantigen-specific T cells in
three patients revealed that new clonotypes emerged
throughout the 24-week course of vaccination, revealing
diversification of T cell responses (Figure 2b). In one
patient with disease recurrence after vaccination, TCR
sequencing of the recurring tumor confirmed that
neoantigen-specific T cells infiltrated into the tumor
tissue (Figure 2¢). In three patients, T cell reactivity
against neoantigens and T'AAs that were not included in
the vaccines was assessed, and T cell responses against
these non-vaccine antigens were identified after vacci-
nation that were not detected in pretreatment samples.
These results demonstrate that epitope spreading, an
indirect indicator of tumor cell killing, had occurred
(Figure 2¢) [15].

Expanding the proof-of-principle studies beyond mela-
noma, in a phase I/Ib trial patients with glioblastoma
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received personalized neoantigen vaccines consisting of
SLPs adjuvanted with poly-ICLC in the adjuvant set-
ting. In the subset of patients who did not also receive
the immune-suppressing corticosteroid dexamethasone,
vaccination induced neoantigen-specific polyfunctional
CD8+ and CD4+ T cell responses [16]. Another phase I
trial for patients with glioblastoma investigated peptide
vaccines targeting both unmutated TAAs and patient-
specific neoantigens and adjuvanted with granulocyte
macrophage colony-stimulating factor (GM-CSF) and
poly-ICLC [17]. Both glioblastoma trials identified vac-
cine-induced antigen-specific T cells within tumor
tissue [16,17], demonstrating that neoantigen vaccina-
tion can induce antigen-specific T cell responses in the
context of tumors that generally harbor lower mutational
burdens and immunologically 'cold' tumor micro-
environments [18]. Further, in a phase Ib study with a
single-arm design, patients with melanoma, non-small
cell lung cancer or bladder cancer received personalized
neoantigen vaccines consisting of SL.Ps adjuvanted with
poly-ICLC, in combination with anti-PD1. Vaccination
induced newly primed neoantigen-specific T cells that
migrated to the tumor site and exhibited markers of
cytotoxic activity and a memory phenotype; multiple
patients showed evidence of epitope spread [19]. How-
ever, due to the single-arm design, the encouraging
radiographic and pathologic responses could not be de-
finitively attributed to the administration of the neoan-
tigen vaccine [19]. Randomized trials comparing ICI
monotherapy versus ICIs plus neoantigen vaccination
using a range of vaccine platforms are ongoing [1,20].

Several alternative approaches circumvent the need for
in sifico identification of personalized neoantigens, for
example, by vaccinating with dendritic cells pulsed with
whole tumor lysates, which encompass the full spectrum
of a patient’s tumor antigens [21]. Neoantigens that are
shared across patients, including those derived from
mutations in oncogenes [22-24], recurring alterations
[25], or viral proteins [26], can also reduce the need for
personalized neoantigen identification. Empirical
neoantigen identification strategies that bypass iz sifico
prediction algorithms are also being used to potentially
ensure a higher proportion of vaccine neoantigens in-
duce T cell responses in patients (NCT03633110) [27].

Ongoing challenges and next steps in cancer
vaccine development

Despite recent advances in the identification of im-
munogenic neoantigens, this process is effort and time
intensive, and defining characteristics of optimal
neoantigen targets remains unclear [28,29]. Although
initial major histocompatibility complex (MHC) class 1
(MHC-I) neoantigen prediction algorithms were based
on peptide-MHC binding affinity data, they have been
improved by incorporating mass spectrometry data from
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Durable long-term responses to vaccination can include: (a) the generation of antigen-specific memory T cells; (b) diversification of T cell clonotypes
and long-term T cell persistence; (c) infiltration of antigen-specific T cells into the tumor; and (d) epitope spreading. Examples of clinical studies in

which each feature was reported are shown below.

peptides eluted from tumor samples or MHC mono-al-
lelic cell lines, and by the use of machine learning ap-
proaches [30-33]. Additional peptide features, such as
the mutation position within the peptide sequence, can
also impact predicted binding affinity and im-
munogenicity [34]. The prediction of MHC-II restricted
peptide binding is less established than predictions for
MHC-I peptides, yet the crucial role of CD4+ T cells in
anti-tumor immune responses [35,36] demonstrates the
need for improved identification of MHC-II restricted
peptides for neoantigen vaccine design. Much like for
MHC-I peptide predictions, mass spectrometry data
have improved prediction algorithms for MHC-II
[37-39]. Ongoing and future preclinical and clinical
studies will reveal if these advances improve the prior-
itization of immunogenic neoantigens.

A second area for improvement in vaccine design is to
harness novel sources of neoantigens beyond those de-
rived from SNVs or frameshift mutations [40-42]. Ge-
netic alterations such as gene fusions [43]; transcriptional
sources including alternative splicing [44]; RNA editing
[45]; and translation from noncoding regions including
endogenous retroelements [46] or unannotated open
reading frames [47,48] have been identified as sources of
neoantigens. Nonclassical MHC molecules [49] or al-
terations in peptide processing [50] also provide poten-
tial alternative antigenic sources.

Fundamental questions also remain regarding the op-
timal cancer vaccine delivery platform, which includes
cells, viral vectors, proteins, peptides, mRNA, and DNA
[4]. Importantly, each platform must be uniquely opti-
mized: peptide production and purification is the rate-

limiting step in the development of peptide vaccines,
whereas mRNA modification and encapsulation for in-
creased adjuvanticity and stability were crucial steps
forward in mRNA vaccines. Although no definitive
frontrunner has been identified, the success of mRNA
vaccines for SARS-CoV-2 provides a strong rationale for
exploring this platform further in the context of
cancer [1,7].

Recent advances in single-cell technologies [51] have
enabled comprehensive phenotyping of T cells that can
be specifically identified based on their TCR clonotypes
[52]. By linking T cell phenotypes and 'TCR clonotypes
with TCR antigen specificities, the features of tumor-
antigen specific T cells within tumor compartments are
being identified [53,54]. Employing these novel ap-
proaches in the context of cancer vaccines [15] can yield
detailed information about the phenotypic and clono-
typic features of vaccine-induced antigen-specific T
cells, including the potential to correlate these features
with clinical efficacy. Single-cell technologies can also be
used to deeply examine cells within the tumor com-
partment in order to identify microenvironmental cell
states and interaction networks that can either promote
or inhibit the activity of vaccine-induced antigen-spe-
cific T cell responses, as well as cancer-cell intrinsic
features that can promote immune evasion or recogni-
tion upon vaccination.

Conclusions

Despite recent clinical advances in the development of
cancer vaccines, clinical efficacy has been limited, and
ongoing challenges include the time and cost of manu-
facturing cancer vaccines, particularly for personal
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neoantigen vaccines. In addition, the use of cancer vac-
cines in combination with other cancer therapies will
require careful optimization of therapeutic sequences
and combinations. However, there are ample opportu-
nities to refine vaccine development approaches. First,
novel antigen sources will broaden the available pool of
antigens, and encouraging advances in the 7 silico pre-
diction of neoantigens will allow for improved identifi-
cation of immunogenic neoantigens for use in cancer
vaccines. Second, the success of mRNA vaccines for
COVID-19 has galvanized the field of mRNA vaccines
and hopefully accelerated a pathway for next-generation
cancer vaccines. Finally, single-cell technologies will
allow for detailed profiling of antigen-specific 'T' cells,
the immune microenvironment, and cancer cells fol-
lowing vaccination, which can be correlated with clinical
outcomes to provide a mechanistic basis for future ad-
vancements.
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