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Abstract

Cancer vaccines, which are designed to amplify tumour-specific T cell responses through active
immunization, have long been envisioned as a key tool of effective cancer immunotherapy. Despite
a clear rationale for such vaccines, extensive past efforts were unsuccessful in mediating clinically
relevant antitumour activity in humans. Recently, however, next-generation sequencing and novel
bioinformatics tools have enabled the systematic discovery of tumour neoantigens, which are
highly desirable immunogens because they arise from somatic mutations of the tumour and are
therefore tumour specific. As a result of the diversity of tumour neoepitopes between individuals,
the development of personalized cancer vaccines is warranted. Here, we review the emerging field
of personalized cancer vaccination and discuss recent developments and future directions for this
promising treatment strategy.

Methods to harness the exquisite specificity of the immune system to eliminate tumours
have been under development since the start of the 20th centuryl=3. Several effective
strategies have emerged over the past decade, such that immunotherapy is now widely
considered to be an important additional tool for the treatment of individuals with cancer.
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One powerful approach is adoptive cell transfer (ACT)*®. Autologous tumour-reactive T
cells derived from tumour-infiltrating lymphocytes (TILs) and genetically engineered
lymphocytes that express highly active T cell receptors (TCRS) or chimeric antigen receptors
(CARs) have shown potent antitumour activity8. CAR-T cell therapy targeting the B cell
antigen CD19 was approved by the US Food and Drug Administration (FDA) for childhood
acute lymphoblastic leukaemia in 2017. Immune checkpoint blockade (CPB) has emerged as
another clinically effective approach’8. Monoclonal antibodies directed against the
programmed cell death protein 1 (PD1) and cytotoxic T lymphocyte antigen 4 (CTLA4)
signalling pathways have shown clinical efficacy in a wide range of solid and
haematological malignancies, which has led to approvals by the FDA for the treatment of a
rapidly growing list of tumour types’-8. The distinct immune-based strategies of ACT and
CPB illustrate the promise of how cancer can be eradicated when active T cells recognize
their cognate antigens.

Nevertheless, both ACT and CPB have limitations, which are reflected by the restricted
patient populations that benefit from either therapy. By design, CAR-T cell therapy is
directed against a single antigen target, and clinical efficacy has thus far been achieved
primarily in individuals with B cell tumours, in which tumour cells are mostly uniform and
express a common dominant antigen (such as CD19). Solid tumours typically lack a
common surface antigen target, which poses a considerable challenge for this approach.
Similarly, despite some promising results from CPB, the objective response rate (ORR) of
single-agent CPB is limited to 30% in most tumour types for which activity has been
shown®-11 (exceptions include microsatellite-instable tumours12, Merkel cell carcinomal3
and Hodgkin lymphomal#, for which ORRs of CPB are 50-80%). Furthermore, antitumour
activity of CPB has been reported as being absent to minimal in several types of malignancy,
including microsatellite-stable colorectal cancer® and pancreatic cancer®,

Therefore, increasing research attention has shifted to understanding the biological basis of
these variable responses and to identifying biomarkers that can predict which patients are
likely to respond or not respond to these therapies. Currently, a large number of clinical
trials assessing combination therapies, which are typically based on PD1 targeting, are under
wayl’. For CPB, growing evidence supports the idea that individuals with tumours that lack
pre-existing TILs are less likely to respond to therapy. However, the presence of pre-existing
T cell responses at the site of the tumour does not guarantee an antitumour response8. One
approach to increasing the effectiveness of CPB is the combined administration of PD1-
blocking antibodies and CTLA4-blocking antibodies, which has been approved for the
treatment of melanoma and is being investigated in many other malignancies. Although this
approach can increase response rates in individuals with advanced melanoma, it also leads to
substantially higher toxicity1920. Clearly, alternative approaches are needed to achieve
maximal benefit from these agents while minimizing toxicity.

A rational approach to achieve this goal is to combine CPB with a therapy that can
presensitize the host immune system to the tumour. Given their potential to both generate
new antigen-specific T cell responses against tumour cells and amplify existing responses,
cancer vaccines may be an effective combinatorial partner with CPB (FIG. 1). By selecting
suitable antigen targets, a potent and tumour-specific immune response can be induced while
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minimizing autoimmunity. Recent studies have shown that tumour neoantigens are key
targets for ACT, CPB and therapeutic vaccination?1-28, In this Review, we focus on the
current development of neoantigen-based, personalized, tumour-specific, therapeutic
vaccines for cancer.

Building cancer vaccines

Increased knowledge of methods for antigen discovery and of soluble immunomodulatory
factors has led to our current understanding of the key cellular components that are involved
in mounting effective antitumour immune responses, as extensively reviewed elsewhere29:30,
Fundamental to the generation of an antitumour immune response is the activation or
priming of naive antigen-specific T cells by professional antigen-presenting cells (APCs),
such as dendritic cells (DCs), which requires interactions between diverse cell types and
distinct tissue compartments3! (FIG. 2a). In both mice and humans, there has been a
growing appreciation of the various defects at the level of antigen processing and
presentation that occur in tumour-bearing hosts®2, as well as of the impaired functionality of
tumour-specific T cells within the immunosuppressive tumour microenvironment due to
various mechanisms of primary immune resistance and adaptive immune resistance33,
Tumour heterogeneity between and within tumours34 is also a major challenge to the
development of cancer immunotherapy; a crucial factor in this regard is the clonal evolution
of tumour cells arising from selective pressure, which leads some mutant clones to expand,
whereas it leads others to become extinct3.

In this context, an open question remains regarding whether therapeutic cancer vaccines
designed to activate APCs can overcome these challenges to facilitate tumour antigen
presentation and to promote an efficient antitumour immune response. On the basis of our
understanding of how productive antigen-specific immune responses are generated, the
active ingredients of cancer vaccines comprise four key components: tumour antigens,
formulations, immune adjuvants and delivery vehicles, which are described below (FIG. 2b).
As we discuss, despite the large number of antigens, adjuvants, delivery strategies and
formulations that have been tested so far, comparative data on these different approaches,
particularly in humans, are scarce. Therefore, fundamental questions such as the most
effective type of adjuvant (including different adjuvants for different types of antigen),
delivery approach, dose, route of administration and schedule remain unanswered.

Tumour antigens

The identification of the optimal antigen to target for a particular tumour type has long been
a priority for the field of cancer immunotherapy (BOXES 1,2). Tumour antigens can
generally be categorized as being tumour associated or tumour specific. As described below,
accumulating experimental evidence supports tumour-specific neoantigens as being bona
fide tumour rejection antigens and favours them as highly suitable antigens for cancer
vaccination.
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Tumour-associated antigens.

Decades of effort in antigen discovery have led to the identification of a broad category of
tumour-associated antigens (TAAS), which include those that are overexpressed, involved in
tissue differentiation or preferentially expressed by cancer cells but not normal tissues
(except for fetal or immune-privileged tissues). Salient examples of overexpressed tumour
antigens include human epidermal growth factor receptor 2 (HERZ2; also known as ERBB2),
human telomerase reverse transcriptase (TERT) and antiapoptotic proteins (such as survivin
(also known as BIRC5))36. Tissue differentiation antigens are encoded by genes that are
expressed by the specific cell lineages from which a tumour and its corresponding normal
tissue arise but that are not expressed more widely. Examples of this class of TAA include
mammaglobin-A, which is expressed in the mammary gland and overexpressed in breast
cancer; prostate-specific antigen (PSA), which is expressed in the prostate gland and
prostate cancer; and melanoma antigen recognized by T cells 1 (MART1; also known as
melan-A), melanocyte protein PMEL and tyrosinase, which are expressed by normal
melanocytes and melanoma cells3”. For both overexpressed and tissue differentiation
antigens, an antitumour immune response is presumably induced when high levels of
expression of these proteins reach the threshold for T cell recognition, thereby breaking
immunological tolerance. However, this carries the risk of inducing autoimmunity against
the corresponding normal tissues38. Moreover, as these antigens are also expressed in
healthy tissue, natural T cell recognition is often of low affinity as a result of negative
selection of high-affinity T cells in the thymus39:40. Cancer—testis antigens (CTAS) are a
specialized subset of TAAS that are thought to provide higher tumour specificity, as they are
not expressed in normal adult tissues, except by germline and trophoblastic cells, but are
highly expressed across cancers. More than 60 genes encoding CTAs have been identified,
the best studied of which are the melanoma-associated antigen (MAGE) family, sarcoma
antigen 1 (SAGE1) and cancer—testis antigen 1 (CTAG1A; commonly known and referred to
here as NY-ESO-1)141, Similar to CTAs, oncofetal antigens (such as 5T4 oncofetal antigen
(also known as TPBG)) are thought to be specific to tumours, as they are present during fetal
development with generally limited expression in adult tissues but are upregulated in
cancerous somatic cells*2. Of note, however, all of the above-described TAAs are subject to
some degree of central tolerance and lack complete specificity to the tumour.

Tumour-specific antigens.

Oncogenic viral antigens have been identified in virus-induced cancers such as human
papillomavirus (HPV)-associated cervical cancer, hepatitis B virus-associated hepatocellular
carcinoma and human herpesvirus 8-associated Kaposi sarcoma®3. Given that these antigens
are foreign to the body (and therefore not subject to central tolerance) and expressed only by
cancer cells (and therefore specific for the tumour), they are highly suitable for use in a
cancer vaccine. In fact, vaccines using these antigens have already shown efficacy in both
preventive and therapeutic settings for HPV-associated cancers*3:44,

Tumour neoantigens are generated as products of somatic mutations, and hence they are not
only exquisitely tumour specific but also highly immunogenic on the basis of lack of central
tolerance. Although tumour neoantigens have long been conceptualized as ideal antigen
targets, with numerous anecdotal accounts of their involvement as targets of tumour
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rejection in various cancers, their commonplace identification was not feasible until the
recent availability of next-generation sequencing®. Now, through integration of tumour
sequencing with the prediction of MHC-binding epitopes, it is possible to identify candidate
tumour neoantigens on a per patient basis. Growing evidence supports their immunogenicity
and their use for developing personalized vaccines26:46.

Several lines of evidence support neoantigens as being important targets of effective
antitumour immune responses (FIG. 3). First, many studies have found that higher
neoantigen load is associated with stronger T cell responses and better clinical outcome in
patients with cancer. On the basis of RNA-sequencing (RNA-seq) data from thousands of
samples across 18 solid tumour types from The Cancer Genome Atlas (TCGA), the number
of neoantigens per tumour type was shown to correlate positively with a gene expression
signature of T cell cytolytic activity*’. A comparatively higher burden of mutated predicted
immunogenic epitopes was associated with improved patient survival in a study that
assessed 515 tumours with 6 different histologies from TCGA*8. Consistent with these
findings, analysis of whole-exome sequencing of 619 colorectal cancers showed that high
neoantigen load is associated with increased numbers of TILs and improved survival*®, The
association between neoantigen load and numbers of TILs has also been shown in
endometrial cancers®0. In addition, associations between mutational load and clinical
response to CPB have been shown in patients with melanoma?®°1, non-small-cell lung
cancer (NSCLC)24 and colorectal cancerl®.

Second, neoantigen-specific T cell populations are expanded in settings of effective
antitumour immunity. This has been shown in patients with melanoma who have clinical
responses following ipilimumab (anti-CTLA4) treatment2°2 and in patients with NSCLC
treated with pembrolizumab (anti-PD1)24. Furthermore, CD4* and CD8* TILs that mediate
tumour regression upon adoptive transfer in patients with solid tumours have been
characterized to have specificity for neo-antigens®3-9°, In the setting of haematopoietic stem
cell transplantation (HSCT) for chronic lymphocytic leukaemia, patients who experienced
long-term disease-free survival after HSCT had circulating neoantigen-specific CD8* T cells
with cytotoxicity against autologous tumour®.

Third, animal experiments and human studies have directly shown that neoantigen-specific T
cells are cytolytic for tumour cells that present mutated peptides, and they can contribute to
complete or partial tumour regression. In both a transplantable chemically induced sarcoma
model®” and an inducible sarcoma model expressing transgenic immunodominant
antigens®8, the epitopes that were recognized by CD8* T cells in rejected tumours were
identified as neoantigens. These preclinical models have also shown a potential role for the
therapeutic targeting of neoantigens. In both a melanoma model and a transplantable colon
cancer model, vaccination with neoantigen peptides elicited T cell responses and mediated
antitumour activity in prophylactic and therapeutic settings2859. In a chemically induced
sarcoma model, a neoantigen long-peptide vaccine (capable of stimulating both CD4* and
CDS8™* T cell responses) induced tumour rejection comparable to that induced by CPB
therapy?2. Likewise, neoantigen vaccines, delivered as poly-neoepitope mRNA that could
target both MHC class I-restricted and MHC class Il-restricted neoepitopes, induced potent
tumour-specific immune responses and led to rejection of established melanoma and colon
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cancer in mice23. In humans, adoptively transferred neoepitope-specific CD4* T cells
mediated tumour regression in a patient with cholangiocarcinoma, thus providing direct
evidence for the antitumour activity of neoantigen-specific T cells?L.

Formulation

Consistent with the complexity of cancer genomes and the high degree of genetic variability
between individuals, a cancer vaccine formulation should ideally capture the breadth and
highly personal nature of the antigen content of the original tumour target. To this end,
diverse antigen formulations have been tested, each of which has addressed this challenge
with a varying degree of success. In general, the two broad categories of vaccine formulation
are those that are complex in format, thereby constituting all antigen targets within a tumour
(such as whole tumour cell-based vaccines), and those that are tumour antigen specific. The
effectiveness of the whole tumour cell-based vaccines may be compromised by dilution of
the most immunogenic tumour antigens with all of the other self-antigens that are also
present in normal cells, thus essentially mimicking endogenous presentation of tumour
antigens to the immune system. By contrast, tumour-specific formulations focus on specific
immunogens by use of various pharmacological compounds, including proteins, peptides
and nucleic acids. The most systematic efforts to test diverse vaccine formulations have been
carried out using NY-ESO-1 as a uniform model antigen (BOX 2).

Whole tumour cell-based vaccines.

These vaccines have been generated from irradiated intact tumour cells or tumour cell
lysates, derived from autologous tumour tissues80 or established heterologous tumour cell
linesb, and have been genetically modified to secrete granulocyte-macrophage colony-
stimulating factor (GM-CSF)%2:63, One example of a cell line-based vaccine was the use of
an allogeneic GM-CSF-secreting pancreatic tumour cell line as a priming vaccine followed
by a boost vaccine with CRS-207, a Listeria monocytogenes-based vaccine engineered to
secrete mesothelin (a TAA that is overexpressed in most pancreatic ductal
adenocarcinomas); the combined strategy resulted in improved survival®. Autologous
tumour cells provide the possibility of inducing an immune response against tumour
antigens specific to that individual cancer. Indeed, whole-cell vaccines generated from
irradiated autologous tumour cells from patients with chronic lymphocytic leukaemia —
administered with irradiated bystander cells secreting GM-CSF in the setting of early
immune reconstitution following allogeneic HSCT — were shown to generate tumour-
specific (rather than purely alloimmune) reactivity that was associated with prolonged
clinical responses®®. Ongoing studies are exploring the effect of GM-CSF-secreting
autologous tumour cells in the post-transplant setting following HSCT for acute myeloid
leukaemia (ClinicalTrials.gov identifier: NCT01773395)%6. In addition, DC—tumour cell
hybrid vaccines can be generated by the fusion of DCs with tumour cells, resulting in a
product that confers not only the antigen-presenting functionality of the DCs but also a
continuous source of endogenous tumour antigens®”. Indeed, this approach has shown
promising activity in patients with acute myeloid leukaemia®8.
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Tumour antigen-specific vaccines.

These vaccines differ from whole-cell vaccines by containing only the antigenic parts of the
tumour cells that are necessary to elicit an immune response. Protein vaccines are composed
of recombinant or purified proteins, with peptides being the most commonly tested antigen
format for vaccination®®. Multipeptide vaccines have shown improved efficacy compared
with single-peptide formulations, as they are less likely to trigger immune escape’®71. In
addition, long peptides (defined as 20—30-mers), rather than the 8-10-mers that are predicted
to bind to MHC class | molecules, have gained attention, as they require internalization and
processing by professional APCs before MHC-restricted presentation, thereby providing
optimal activation of T cells. Long peptides also generally contain MHC class Il-restricted
peptides and thus have the potential to stimulate both CD4* and CD8" T cells*72,

A specialized variant of peptide-based and protein-based vaccines are anti-idiotype
antibody-based vaccines and heat shock protein—peptide complex (HSPPC) vaccines. Anti-
idiotype vaccines contain an antibody directed against idiotypes (antigenic determinants of
the variable region of an antibody) of another antibody that recognizes a particular tumour
antigen; the anti-idiotype antibody is used as an antigen surrogate for vaccination rather than
as passive antibody therapy. This approach has been tested in multiple clinical trials across
various tumour types’3. Racotumomab is an anti-idiotype monoclonal antibody vaccine that
mimics Neu-glycolyl-GM3 ganglioside (NeuGcGM3), which is overexpressed in several
solid tumours, and has shown modest clinical activity for patients with advanced NSCLC'4.
Heat shock proteins function as intracellular chaperones and can bind and present tumour
antigens on professional APCs through MHC class | and class 11 molecules, leading to the
activation of antitumour T cells’>. HSPPCs isolated from autologous tumour cells contain a
broad spectrum of patient-specific, tumour-derived peptides, which minimizes the risk of
immune evasion, and they deliver antigens directly to APCs. Autologous tumour-derived
HSPPCs have been evaluated in multiple clinical studies and have been shown to generate
tumour-specific immunity, although clinical efficacy has been minimal”®.

For nucleic acid-based vaccines, DNA-based and mRNA-based vaccines are being
developed as a means to encode antigenic proteins and provide adjuvant function. Double-
stranded and unmethylated-CG-rich plasmid DNA leads to stimulation of the innate immune
system, providing a built-in immune adjuvant’”. DNA vaccines have been evaluated in
several types of cancer, including melanoma, breast cancer, colorectal cancer, prostate
cancer and cervical cancer’®. Nevertheless, the immunogenicity and clinical activity of DNA
cancer vaccines have so far been modest, and few DNA vaccines have progressed beyond
phase | clinical trial evaluation’®. Vaccination based on mRNA is another delivery platform
that combines the potential of mMRNA to encode almost any protein with an excellent safety
profile, flexibility and adjuvant ability8. Intradermal inoculation with an mMRNA-based
vaccine encoding several TAAs for renal cell carcinoma resulted in T cell responses and
modest antitumour activity in several patients in a phase /11 trial®l. Recently, intranodal
vaccination with a personalized mRNA mutanome vaccine showed that an RNA-based poly-
neoepitope approach can elicit potent antitumour immunity against neoantigens in patients
with melanoma, as described in more detail below82,
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An alternative strategy to deliver antigens /n vivois to use viral vectors. A prominent
example of such a strategy and arguably (as it functions as an /n7 situ vaccine in addition to
its directly cytotoxic effect) the second cancer vaccine that has received approval by the
FDA is talimogene laherparepvec (T-VEC) for the treatment of advanced melanoma. This is
an intralesionally delivered oncolytic immunotherapy comprised of a genetically engineered
attenuated herpes simplex virus type 1 (HSV-1) encoding GM-CSF83. Another example is
the prostate cancer vaccine Prostvac (ProstVac-VF; Bavarian Nordic), which consists of a
recombinant vaccinia virus vector as a priming vaccination, followed by a series of booster
vaccinations containing a recombinant fowlpox vector. Both viral vectors contain transgenes
encoding PSA and three immune costimulatory molecules (CD80, intercellular adhesion
molecule 1 (ICAM1) and lymphocyte function-associated antigen 3 (LFA3)). This vaccine
induced modest cellular immune responses in patients with metastatic prostate cancer and
showed an overall survival benefit in a randomized phase Il study, leading to its investigation
in an ongoing phase 11 trial (ClinicalTrials.gov identifier: NCT01322490)84.

Various strategies have been developed to effectively load tumour antigens onto DCs,
including the introduction of antigenic proteins or peptides, whole tumour cells, DNA or
mRNA encoding tumour antigens or recombinant virus expressing tumour antigens8®. For ex
vivo-generated DC vaccines, DCs are first differentiated and activated with cytokines and
subsequently loaded with antigens. Clinical trials testing vaccination with ex vivo-generated
DCs have been carried out in multiple malignant tumours, including prostate cancer,
melanoma, renal cell carcinoma, malignant glioma and colon cancer®®.

Taken together, the data show that of the various antigen formulations each has inherent
advantages and limitations. For example, both nucleic acid-based and peptide-based
vaccines can be produced fairly easily and induce minimal if any toxic effects. The built-in
adjuvant function of single-stranded RNA through Toll-like receptor 7 (TLR7) and TLR8
stimulation (together with the relative ease of encoding multiple vaccine epitopes on the
same RNA molecule) suggests its superiority as a cancer vaccine formulation. However, the
application of an RNA vaccine is limited by the fact that it cannot be as flexibly combined
with different, potentially more effective, immune adjuvants as can, for example, a peptide
vaccine. In the absence of randomized studies, there is currently no consensus as to whether
some vaccine formulations are superior to others with regard to immunogenicity.

and delivery

Antigens presented by immature DCs in the steady state — in the absence of inflammatory
and/or microbial stimuli — induce tolerance rather than immunity87, which indicates that
antigens alone are poor inducers of adaptive immunity and that effective vaccination will
therefore require coadministration of an immune adjuvant. In addition, optimal methods for
vaccine delivery should protect vaccine antigens from degradation and bring them in contact
with APCs for the most effective priming of T cells.

TLR agonists, which can initiate inflammatory responses by mimicking microbial
stimulation, have emerged as a class of effective vaccine adjuvants®8. Examples of TLR
agonists that have been tested in cancer vaccine trials include the TLR3 agonist poly-ICLC
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(polyinosinic—polycytidylic acid with polylysine and carboxymethylcellulose), the TLR4
agonist monophosphoryl lipid A (MPL), the TLR7 agonist imiquimod, the TLR7 and TLR8
agonist resiquimod and the TLR9 agonist CpG oligodeoxynucleotide (CpG ODN)88:89,
Poly-ICLC was shown to induce similar innate immune signalling pathways to the highly
immunogenic yellow fever vaccine®, and it markedly increased the immunogenicity of a
peptide vaccine in patients with ovarian cancer®l.

DCs are an important bridge between innate and adaptive immune responses, and hence the
direct targeting of antigens to DCs is a promising strategy to generate more specific and
potent immune responses. Monoclonal antibodies targeting DEC205 (also known as LY75),
a DC endocytosis receptor, increased the efficiency of antigen presentation®? and improved
the immunogenicity and antitumour activity of vaccination in mice%3. Indeed, a phase |
clinical trial of the vaccine CDX-1401, which is composed of a human monoclonal antibody
specific for DEC205 fused to the full-length tumour antigen NY-ESO-1, induced humoral
and cellular immune responses to NY-ESO-1 as well as modest antitumour activity in
patients with advanced malignancies®. Directing cancer vaccine antigens specifically to
early endosomes of DCs by stimulating CD40 mediates efficient cross-presentation of
antigens /n vitro®*. Antibody-mediated stimulation of CD40 may therefore be an attractive
vaccine adjuvant, although this has not been studied extensively in clinical trials (CD40-
specific agonistic antibodies have been evaluated in clinical trials independent of a vaccine
in several types of tumour)9®. Notably, CD40 agonists have been shown to synergize
effectively with TLR agonists for cancer vaccination in mouse models%:97.

ISCOMATRIX is a saponin-based immune adjuvant composed of cholesterol, phospholipid
and saponin that induces rapid antigen translocation into the cytosol, thus promoting
efficient endocytosis by DCs% and facilitating cross-priming of CD8* T cells®. Various
ISCOMATRIX-based vaccines have been tested in animal models and clinical trials,
showing the safety of this approach and induction of a T cell responsel%. Another saponin-
based adjuvant is QS-21, which has been used as an immunopotentiator in many clinical
studies, and vaccines containing QS-21 are under development for several types of
cancer10l,

GM-CSF has emerged as a key immunostimulatory factor82 and has been incorporated in
numerous clinical studies of cancer vaccines3. Most commonly, GM-CSF has been injected
subcutaneously together with antigens. Other delivery formats are through viral transduction
(such as retroviral or adenoviral transduction of whole tumour cells such as in the GVAX) or
through cell-based delivery (for example, using bystander cells such as the GM-CSF-
secreting cell line GM-K562)80.65, Stimulator of interferon genes protein (STING) is a
transmembrane protein that mediates innate immune signalling by inducing type I interferon
production in response to intracellular DNA02, STING agonists such as synthetic cyclic
dinucleotide derivatives and cyclic di-guanosine monophosphate have shown antitumour
activity in mice103.104 and can boost antitumour immune responses when used as a vaccine
adjuvant in mice with metastatic breast cancer®. In addition, stimulation with a potent
recall antigen may also be used to induce strong immune responses. For example, in a study
of patients with glioblastoma, preconditioning the vaccine site with tetanus—diphtheria
toxoid (to which most people have been exposed during childhood vaccinations) improved
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DC migration to the draining lymph nodes of the vaccine site following vaccination against
the tumour antigen15,

One widely used strategy to increase the immunogenicity of a vaccine is through the
generation of a local inflammatory response at the vaccine site, which results in trafficking
of APCs to the site, where they can capture and process the vaccine antigens for presentation
or cross-presentation to T cells in the draining lymph node. To this end, emulsions and
aluminium salts can generate a depot at the site of the injection (by trapping the soluble
antigen), which prevents the antigen from immediately trafficking to the lymph drainage
system, leading to inflammation and allowing gradual antigen release. Aluminium salts have
been successfully used in vaccination for almost a century; however, they predominantly
induce humoral, rather than cell-mediated, immunity196.197 More widely used delivery
vehicles for cancer vaccines in clinical trials are the water-in-oil emulsions, such as
Montanide ISA-720 and Montanide ISA-51 (REFS 44,108,109). In a clinical trial of patients
with high-risk vulvar intraepithelial neoplasia, a pre-malignant condition, vaccination with
long peptides of the oncoproteins E6 and E7 with Montanide ISA-51 resulted in CD4* and
CD8* T cell responses to these antigens and complete clinical response in 47% of patients®4.

Liposomes are synthetic phospholipid vehicles that preferentially distribute via the lymph
and can reach local lymphoid organs. They can deliver antigens into the endosomal and
cytosolic processing pathways of APCs and have been used to direct vaccine antigens and
immunomodulatory molecules to draining lymph nodes!19111 Synthetic high-density
lipoprotein nanodiscs are an alternative to nanoparticles to codeliver peptides and the TLR9
agonist CpG and were shown to stimulate substantially higher numbers of antigen-specific
cytotoxic CD8* T cells in a mouse model12, Virosomes are a variation of conventional
liposomes that include fusogenic viral proteins!13; they have been tested in patients with
metastatic breast cancer!14. In addition, polymer scaffolds have been shown to increase the
effectiveness of vaccine adjuvants; for example, particle formation by polymer-TLR7 or
polymer-TLR8 increased the magnitude and duration of innate immune cell activation and
vaccine immunogenicity11°,

Towards increasingly personalized vaccines

Given the lack of absolute tumour specificity inherent to TAAS, the concept of targeting
multiple neoantigens, which are truly tumour specific, has been recognized as a desirable
cancer vaccine strategy. However, until recently, the technical and cost barriers to
discovering personal tumour antigens in real time for individual patients precluded efforts to
use them in personalized cancer vaccines. Moreover, the practical appeal of targeting TAAs
that are overexpressed routinely in a particular type of cancer, and the possibility of
developing a common vaccine per tumour type, led to efforts focused on targeting tumour
antigens with shared expression across cancers, such as MAGEL and NY-ESO-1 (REF. 116).

Older studies and more recent data over the past decade, generated from the analysis of
large-scale cancer-sequencing data sets, have provided irrefutable evidence of the vast
genetic heterogeneity of tumour cells between individuals with the same type of cancer and
even within individual tumours!17-119 (BOX 3). Furthermore, because of the complexity and
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diversity of HLA molecules, the spectrum of presented peptides derived from the same
tumour antigen may be fairly diverse between individuals. Moreover, extensive empirical
clinical experience has suggested that vaccines targeting single tumour antigens are
inadequate for addressing tumour heterogeneity and for meeting the challenge of clonal
evolution and immune escape by the tumour!20. Compelling evidence therefore suggests that
an effective cancer vaccine needs to target multiple neoantigens and be personalized to an
individual’s tumour.

Towards the realization of this goal, computational pipelines have been generated to identify
personal candidate neoantigens in real time (FIG. 4a). Comprehensive mutational analysis is
carried out through whole-exome sequencing and neoepitopes encoded by somatic
mutations in the tumour are selected that have the highest probability of being presented by
the individual’s MHC molecules on the basis of affinity predictions#7:52:5356.57.59 The most
commonly used prediction algorithm for MHC class | binding is NetMHCpan, which is
based on neural networks'2!, Matched RNA-seq is used to confirm with high confidence the
mutations that are likely to be expressed by tumour cells. Using this approach, three
independent phase I clinical trials have evaluated the feasibility, safety and immunogenicity
of neoantigen-based cancer vaccines82.122123 (F1G. 4b).

Melanoma was selected for these initial studies because of its well-established
immunogenicity and high mutational load82:122.123 The first clinical trial of a neo-antigen-
based vaccine was carried out in three patients with advanced melanoma who had previously
been treated with ipilimumab. In this study, DCs pulsed with HLA-A2-defined 8-10-mer
neoantigen peptides were vaccinated intravenouslyl?2 (FIG. 4b; top). We carried out a
clinical trial in patients with high-risk melanoma by use of a peptide vaccine (NeoVax)
based on the neoantigen discovery pipeline. Long peptides (15-30-mers) representing up to
20 neoantigens specific to each patient’s tumour and admixed with poly-ICLC were injected
subcutaneously on a prime—boost schedule (Clinical Trials. gov identifier:
NCT01970358)123.124 (FIG. 4b; middle). Of the six individuals who were vaccinated, four
who had enrolled with stage 111 melanoma showed no signs of tumour recurrence for up to
32 months after vaccination. Two patients who had stage IV melanoma showed disease
recurrence shortly after vaccination but experienced complete tumour regression after
receiving anti-PD1 therapy. A clinical trial of a neoantigen-based mRNA vaccine IVAC
MUTANOME was also carried out in 13 patients with melanoma (Clinical Trials.gov
identifier: NCT02035956)82 (FIG. 4b; bottom). Patients with N'Y-ESO-1-positive and/or
tyrosinase-positive melanoma were vaccinated intranodally with one dose of an off-the-shelf
MRNA vaccine encoding these TAAs — while the neoantigen mRNA was being prepared
(median of 103 days) — before receiving a personalized vaccine consisting of up to 10
neoantigen mRNAs. Eight patients who had no detectable disease at the time of vaccination
remained free of tumours throughout a follow-up period of 12-23 months. Of the five
patients who had metastatic disease at the time of vaccination, two experienced a vaccine-
related objective response and one had a complete response in combination with anti-PD1
therapy.

Immune analysis in all three studies has shown that the neoantigen-based cancer vaccines
induced robust T cell responses in all vaccinated patients82:122.123 Ty studies82:123
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independently reached the similar conclusion that neoantigen-based vaccines induced robust
de novo CD4* and CD8* T cell responses in all vaccinated patients, that these T cell
responses were polyfunctional and that, overall, 60-70% of the predicted immunizing
neoantigens were recognized. In the majority of cases, neoantigen-specific T cells could
discriminate mutated antigens from wild-type antigens /n vitro; in some patients, these T
cells recognized autologous tumour cells. We reported that the repertoire of neoantigen-
specific T cells expanded and persisted for more than 1 year in the setting of ongoing
complete clinical response following the administration of PD1 blockade after
vaccination!23, In both studies, more neoepitope-specific CD4* T cell responses than CD8*
T cell responses were detected. One possible structural explanation for the predominance of
CD4* T cell responses is that whereas MHC class 1-binding epitopes fit precisely within an
MHC class I binding pocket, MHC class I1-binding epitopes are typically longer and extend
out of the core binding sitel25126, |n addition, the somewhat promiscuous binding properties
of peptides to MHC class Il proteins enable a larger number of peptides to function as
epitopes. Moreover, because cross-presenting C-type lectin domain family 9 member A
(CLEC9A)* DCs are fairly rare, many more APCs are likely to be available for MHC class
I-restricted antigen presentation to CD4* T cells27. A recent mouse study showed that DCs
that activate CD8" T cells are in the deep paracortex of the lymph node where antigen
quantities are reduced, whereas those that activate CD4* T cells were mostly in the
periphery of the lymph node regions, resulting in greater activation of CD4* T cells!28,
Thus, a combination of structural, cellular and other factors is likely to explain the
predominance of CD4* T cell responses.

Taken together, these three studies show that personalized neoantigen-based vaccination is
feasible, safe and able to induce robust and broadened neoepitope-specific T cell responses
in patients with melanoma. These data, coupled with the observation of T cell repertoire
expansion upon CPB129.130 provide a strong rationale for combining personalized
neoantigen vaccines with CPB. Clinical trials are ongoing to assess the above-described
neoantigen long-peptide vaccine in combination with locally administered ipilimumab
(Clinical Trials.gov identifier: NCT02950766) and systemic nivolumab (ClinicalTrials.gov
identifier: NCT02897765) as well as to test a personalized mRNA mutanome vaccine in
combination with the PD1 ligand 1 (PDL1)-directed antibody atezolizumab
(ClinicalTrials.gov identifier: NCT03289962 ).

Clinical trials of neoantigen-based personalized cancer vaccines are now taking place in
multiple tumour types and are using various adjuvants and delivery approaches!3!. These
include peptide-based vaccines for glioblastoma and breast, pancreatic, paediatric brain and
hepatocellular cancers!32 (Clinical Trials.gov identifiers: NCT02287428, NCT02510950,
NCT02427581, NCT02600949 and NCT03068832), poly-epitope-encoding RNA-based or
DNA-based vaccines for breast and pancreatic cancers (ClinicalTrials.gov identifiers:
NCT02316457, NCT02348320 and NCT03122106) and a peptide-loaded DC vaccine for
colorectal cancer (ClinicalTrials.gov identifier: NCT01885702). Other ongoing projects
include the Glioma Actively Personalized Vaccine Consortium (GAPVAC) and the Cancer
Vaccine development for Hepatocellular Carcinoma Consortium (HEPAVAC), which are
conducting phase I clinical trials using off-the-shelf peptides matched to highly
overexpressed antigens in the tumours of individual patients as well as personalized mutated

Nat Rev Immunol. Author manuscript; available in PMC 2019 May 09.


http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov
http://www.ClinicalTrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hu et al. Page 13

peptides in glioblastoma (ClinicalTrials.gov identifier: NCT02149225) and hepatocellular
cancerl32,

Perspective

The coming of age of cancer immunotherapy has largely been driven by the broad clinical
antitumour activity of ACT and CPB. Recent successes in these areas provide a strong
rationale to revisit the full arsenal of immunotherapeutic approaches to cancer therapy.
Given their ability to steer the host immune response directly to the tumour, cancer vaccines
have great potential. Clear evidence supports neoantigens as being crucial targets of the
antitumour immune response, and strong neo-antigen-specific T cell responses have been
observed in the recent initial series of vaccine trials. Notably, despite the use of distinct
neoantigen-based vaccination approaches (synthetic long peptides versus RNA) by these
independent studies, similar results were observed with regards to safety, immunogenicity
and early signs of clinical activity. These data have led to fast-paced development of
neoantigen-based personalized vaccines for patients with multiple tumour types, with
ongoing clinical trials using peptide-based, DNA-based, RNA-based and DC-based
approaches.

Although the number and quality of tumour neo-antigens required for the generation of an
effective antitumour immune response are not known, identification of neoepitopes that have
the greatest probability of generating effective immunity is important, particularly for
tumours in which the number of mutations encoding such neoantigens is limiting (tumours
with low mutation rates). Further optimization of the neoepitope selection process is
therefore imperative. Another important question is how to best address the
immunosuppressive tumour microenvironment, which will limit the effectiveness of even the
best neoantigen-based vaccine approach. A separate line of questions relates to optimization
of vaccination dose, route and schedule. Now, with the ability to identify this new class of
promising tumour-specific antigens, we should be able to address these questions. We
propose that there are at least four areas in which we can expect improvements in the near
term (FIG. 4c).

Improving antigen prediction.

Improvement of HLA-binding algorithms provides an opportunity to increase the likelihood
of targeting neoantigens that are expressed by a patient’s cancer cells. Mass spectrometry-
based approaches can identify peptides that are processed and presented by the tumour cell,
and these have been used in combination with exome sequencing followed by the use of
MHC class I-binding prediction algorithms. However, mass spectrometry has conventionally
required large numbers of tumour cells and is labour intensive. Recently, new prediction
models trained on MHC class I-binding peptides eluted from single HLA-allele-expressing
cell lines and detected by mass spectrometry suggest that further improvements in the
accuracy of these algorithms can be achieved by incorporating antigen-processing
information and through the de novo discovery of new peptide motifs133, Furthermore,
CDA4* T cells are essential for the formation of memory CD8* T cell populations34, and
CD4* T cell-mediated antitumour immune responses have been increasingly recognized.
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Therefore, accurate algorithms to predict MHC class Il binding will be needed. The quality
of algorithms predicting MHC class |1 binding is lower than that of those predicting MHC
class I binding owing to the relatively higher promiscuity of peptide binding to MHC class Il
molecules!3>. It can be anticipated that future improvement in prediction algorithms to
identify neoantigens arising from gene fusions, splice variants and errors in translation will
increase the number of targetable neoantigens, which is particularly important for tumours
with lower mutation load.

Developing combination therapy.

Strategies such as targeting multiple neoepitopes and combining personalized vaccines with
complementary therapies such as CPB will be important to prevent immune escape. For
example, recent mouse studies have shown that the combination of four components (a
tumour antigen-targeting antibody, IL-2, anti-PD1 therapy and a T cell vaccine) could
eliminate large tumour burdens!38. Complementary therapies to reverse immune suppression
in the tumour microenvironment — such as depleting regulatory cells, inhibiting regulatory
molecules or blocking metabolic suppression — will be important to unleash the full
potential of a neoantigen-based cancer vaccine. Several studies have suggested potential
additive or synergistic effects between a cancer vaccine and CPB137-142 The above-
described ongoing trials of personalized neoantigen vaccines plus ipilimumab, nivolumab or
atezolizumab are examples of such a complementary approach that are already being tested
in the clinic. Targeting of other inhibitory receptors such as lymphocyte activation gene 3
protein (LAG3) and T cell immunoglobulin and mucin domain-containing protein 3 (TIM3;
also known as HAVR?) is being actively tested in preclinical and clinical studies. The
activation of costimulatory receptors, such as CD137 (also known as TNFRSF9), tumour
necrosis factor receptor (TNFR) superfamily member 4 (TNFRSF4), glucocorticoid-induced
TNFR-related protein (GITR; also known as TNFRSF18) and CD27, is also being evaluated
in clinical trials143. Thus, we anticipate future studies in which these and other
complementary therapies will be tested in combination with personalized cancer vaccines.

Developing preclinical models.

To optimize dosing, scheduling and administration routes of personalized cancer vaccines,
careful investigation in early-phase clinical trials, in addition to the use of preclinical
models, will be important. For example, a recent study highlighted the importance of dose
schedule: the activation of DCs after tumoricidal activity improved tumour control by
multiple distinct combination immunotherapies, whereas the activation of DCs too early
resulted in less antigen capture and therefore less priming of CD8* T cells44. Preclinical
models are practical tools for studying the effects of differences in vaccination approach as
well as for identifying the mechanism of the underlying immune response. To increase the
immunogenicity of a neo-antigen-based vaccine, there is also a crucial need for optimized
immune adjuvants and novel vaccine delivery approaches, such as scaffold and nanoparticle
technologies. There is already substantial preclinical evidence that these novel delivery
approaches can markedly increase the immunogenicity of cancer vaccines, including
neoantigen-based vaccines112:145.146 |n the clinical realm, there is no clear consensus with
regards to an optimal vaccination schedule, dosing or clinically available immune adjuvant.
Randomized controlled larger studies assessing promising new technologies may be needed.
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Improving manufacturing practices.

Producing a personalized vaccine might be expected to be more costly and time consuming
than off-the-shelf therapeutic agents. Personalized production requires a drastic change in
standard manufacturing practices, which until now have focused on optimization of typically
single uniform products at large scale rather than smaller-scale complex, flexibly formulated
products. The increasing speed and decreasing cost of sequencing, the economies of scale
resulting from higher volume and more automated peptide or DNA production and advanced
sample tracking systems will all substantially lower the cost and production time of
personalized vaccines. More disruptive technologies are on the horizon, such as automated
flow peptide synthesis to enable vastly accelerated peptide manufacturel4’.

Conclusion

The ability of the immune system to specifically attack cancer cells coupled with its ability
to adapt to an evolving tumour and its built-in function of memory make it arguably the most
powerful weapon to control cancer in the long term. Neoantigens, which are highly specific
to the tumour and distinct from self, now provide the long-elusive antigen target for effective
cancer vaccination. Personalized vaccines targeting these antigens, in combination with
innovative immune adjuvants and effective complementary immune-modulating therapies
such as CPB, should therefore provide a powerful tool to unleash the full potential of a
patient’s immune response and direct it specifically against their cancer.
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Adoptive cell transfer (ACT).

A form of immunotherapy in which naturally occurring or genetically engineered
tumour-specific lymphocytes, which may be autologous (patient’s own) or allogeneic
(donor), are activated and selected /n vitro for tumour reactivity and expanded to reach
high numbers for reinfusion into the patient.

Chimeric antigen receptors (CARS).

Engineered receptors that are formed by fusing the antigen-recognition domain of a
specific antibody to an intracellular signalling domain. They can be used to modify
effector T cells or natural killer cells.

Immune checkpoint blockade (CPB).

The reversion of T cell exhaustion using monoclonal antibodies that inhibit the function
of inhibitory immune receptors on the cell surface, such as programmed cell death
protein 1 (PD1), PD1 ligand 1 (PDL1) and cytotoxic T lymphocyte antigen 4 (CTLAA4).

Objective response rate

A common efficacy end point used in clinical trials of cancer therapies in solid tumours;
it is usually defined as the percentage of patients who experience at least a 30% decrease
in tumour diameter on an imaging scan.

Neoantigens

Antigens arising from mutation of the tumour genome that causes tumour cells to express
specific proteins that are not expressed on normal cells.

Adaptive immune resistance

A mechanism of resistance to the antitumour immune response whereby cancer cells are
recognized by the immune system but protect themselves by adapting to the immune
attack.

Tumour heterogeneity

Cancer cells within the same tumour tissue can have distinct phenotypical and functional
profiles as a consequence of genetic changes, environmental differences and reversible
changes in cell properties.

Epitope spreading

Broadening of the immune response from the initially targeted epitope to other epitopes
on the same antigen or different antigens.

Central tolerance

The clonal deletion of autoreactive B cells and T cells in the thymus during ontogenesis
to create a state in which immune cells are unresponsive to autoantigens.

Whole-exome sequencing
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Sequencing of the expressed genes in a genome (known as the exome) using high-
throughput DNA sequencing technology.
Immune escape

The escape of a tumour from attack by the immune system through various mechanisms
such as antigen loss.

Immune adjuvant

A component that is designed to improve the immune response to a vaccine antigen.
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Box 1 |
History of tumour antigens and cancer vaccines

The concept that tumours express specific antigens that could render them naturally
immunogenic with the provision of adequate immunostimulation was supported by the
pioneering work of William B. Coley in the 1890s. Repeated injections of erysipelas, a
bacterial toxin prepared from Streptococcus pyogenes, led to tumour regression in a
patient with advanced sarcomal#8:149, This early work showed the potential for
exogenously administered components to stimulate the immune response to achieve
clinically evident tumour regression.

Hampered by the general lack of knowledge of tumour antigens, further progress in the
development of cancer vaccines took more than a century (see the figure). Initial cancer
vaccines were developed from autologous tumour cells in the 1980s; one example is an
autologous tumour cell-Mycobacterium bovis bacillus Calmette—Guérin (BCG) vaccine
for patients with colorectal cancer, which showed modest clinical benefit in a small
cohort of patients!®0. In the early 1990s, melanoma-associated antigen 1 (MAGE1) was
identified as the first human cancer antigen by screening of tumour-specific T cell clones
with a tumour cDNA expression library®1, Human tumour antigens were also discovered
through mass spectrometry-based or biochemical approaches used to identify sequences
of peptides eluted from tumour-derived peptide—MHC complexes'®2, Another antigen-
identification approach used B cell-based cDNA expression cloning (SEREX) with
patient sera as an antibody source to screen tumour-derived cDNA expression libraries;
this method identified the cancer—testis antigen 1 (CTAG1A; commonly known and
referred to here as NY-ESO-1)*! (BOX 2).

In parallel with antigen discovery, there have been numerous efforts to break immune
tolerance to tumour antigens and improve antigen delivery. The discovery of dendritic
cells (DCs) in 1973 (REF. 153) and recognition of their potent antigen-presenting
capacities led to intense efforts towards DC vaccination8:86.154-156_Qther complex
vaccine formats included whole tumour cell-based vaccines that are genetically modified
to secrete granulocyte—macrophage colony-stimulating factor (GM-CSF), which were
shown to mobilize CD4* and CD8* T cell responses against autologous tumours®2,
Predicted immunogenic viral determinants in human papillomavirus (HPV)-driven
carcinomas, administered as synthetic long peptides, also showed clinical benefit for
patients with vulvar intraepithelial neoplasia**. In 2010, the autologous DC-based
prostate cancer vaccine Sipuleucel-T (Provenge; Dendreon) became the first human
therapeutic cancer vaccine to be approved by the US Food and Drug Administration
(FDA)Y57. Multiple clinical studies of vaccines targeting tumour-associated antigens have
been carried out, such as with IMA901, a multipeptide vaccine for renal cell cancer, in
2012 (REF. 70) and the GVAX pancreatic cancer vaccine in 2015 (REF. 64). Polyvalent
neoantigen-based vaccines have shown antitumour activity preclinically and have been
tested in early human clinical trials82-122.123,
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Box 2 |
History of NY-ESO-1-targeted vaccination

Cancer—testis antigen 1 (CTAG1A; commonly known and referred to here as NY-ESO-1)
is a cancer-testis antigen of 180 amino acids in length that was first described in a patient
with oesophageal cancer in 1997 (REF. 41). Its physiological role is unknown. Owing to
its restricted expression by tumour cells, its wide expression pattern across a range of
tumour types and the observation of spontaneous integrated antibody and T cell
responses in patients with cancer whose tumours express NY-ESO-1, this antigen has
long been considered an attractive target for cancer vaccine development. The Ludwig
Institute for Cancer Research, which discovered the protein, has investigated NY-ESO-1
as a model antigen in a series of studies testing diverse formulations and delivery
approaches, which were measured with immunological, rather than clinical, end points.
This systematic and incremental approach stands in contrast to the cancer vaccine field
overall, which has been largely driven by diverse individual efforts1°8,

Vaccine preparations for NY-ESO-1 in clinical trials have included short and long
peptides, as well as full-length protein, a fusion protein coupling the NY-ESO-1 epitope
157-165 and the human heat shock cognate 71 kDa protein, and an antibody with
specificity for the dendritic cell receptor DEC205 fused to the full-length NY-ESO-1
protein. Immune adjuvants used have included mixed bacterial products (Coley’s toxin),
granulocyte—macrophage colony-stimulating factor, incomplete Freund’s adjuvant, the
Toll-like receptor (TLR) agonists CpG, resiquimod and poly-ICLC (polyinosinic—
polycytidylic acid with polylysine and carboxymethylcellulose)89-91.159 and lipid
matrices10. This structured approach, focused on one model antigen, has already led to a
better understanding of fundamental issues in the cancer vaccine field, such as the
relative immunostimulatory potential of different vaccine adjuvants. A notable example is
a study carried out in patients with metastatic ovarian cancer using NY-ESO-1 long
peptides, which provided compelling evidence for the superiority of the TLR3 agonist
poly-ICLC compared with incomplete Freund’s adjuvant or placebo, as it led to markedly
stronger antibody and T cell responses®L.
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Box 3|
Clonal heterogeneity, clonal evolution and tumour neoantigens

Tumours can acquire thousands of different somatic mutations during transformation and
progression, and clonal heterogeneity has been recognized as a fundamental property of
cancers. Natural progression and especially therapeutic resistance in cancers have been
conceptualized as intratumoural clonal heterogeneity leading to the outgrowth of
subclones with superior cellular fitness in the setting of selective pressure, such as that
exerted by therapy3®160. Somatic tumour mutations can be categorized as passenger or
driver mutations; passenger mutations represent the majority of mutations and have no
effect on the fitness of the cell, whereas driver mutations typically make up only a small
proportion of mutations per cell (~5-20%) and provide a selective advantage to the
malignant clonel61, From the standpoint of the immune system, both passenger and
driver mutations can encode neoantigens!®2. Neoantigens arising from clonal mutations
are attractive immunological targets as they are expressed on all cells within the cancer
cell population. Neoantigens arising from subclonal mutations are expressed on only that
subclone, and hence targeting them at best eliminates a fraction of the tumour cells within
that population.

One implication of the vast genetic heterogeneity of cancer cells is that therapeutics
should aim to target multiple tumour neoantigens rather than a sole antigen and thereby
avoid immune escape. The current and growing area of personalized neoantigen-based
vaccines directly addresses the challenge of clonal heterogeneity through formulations
that include many epitopes (FIG. 4b). However, many challenges remain to be resolved.
First, clonal heterogeneity could fuel further evolution in the setting of immunotherapy to
make the tumour cells less visible to the immune system. Several recent studies have
reported the detection of evolution in human tumours such that clones expressing a strong
neoantigen become extinct in association with disease progression and/or relapsel63.164,

In addition to clonal heterogeneity, cancers can also display regional or geographic
heterogeneity as a result of divergent evolution®®. No clear strategy has yet emerged to
address how neoantigens unique to geographically distinct lesions might be identified and
targeted. In this context, the use of liquid biopsies, in which the circulating blood of
patients with cancer is used to detect somatic mutations and neoantigens of cells
originating from diverse, separate solid tumour lesions, could be informative. Finally,
personalized neoantigen vaccines do carry the advantage that they have the potential to be
re-formulated in a versatile manner for the same individual should new mutations and
corresponding neoantigens be identified in a relapsing tumour.
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Figure 1. Manipulating the immune response to tumours.
a | Cancer vaccines can select suitable antigen targets to generate new antigen-specific T cell

responses against tumour cells. b | Cancer vaccines can also amplify existing tumour-
specific T cell responses. ¢ | Finally, cancer vaccines can increase the breadth and diversity
of the tumour-specific T cell response. Together, these effects can result in regression of
tumours.
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Figure 2. Mechanisms and components of an effective cancer vaccine.
a | The tumour antigen presentation process. As a first step, antigen encounter by antigen-

presenting cells (APCs) such as dendritic cells (DCs) occurs at the injection site (or, in the
case of DC vaccines, antigens may be exogenously loaded on APCs before injection). The
antigen-loaded APCs traffic through the lymphatics to the draining lymph nodes, which are
the primary site of T cell priming. In the lymph node, mature DCs present the tumour-
derived peptides on MHC class I molecules and MHC class 11 molecules to CD8* and CD4*
T cells, respectively, of both naive and memory phenotypes. The generation of tumour-
specific T cell responses is promoted by the delivery of a costimulatory ‘signal 2’ to T cells,
such as through CD80-CD28, CD86-CD28, CD70-CD27 and CD40-CD40 ligand
(CD40L) interactions. Costimulation is increased by I1L-12 and type | interferons (IFNSs)
produced by DCs. Together, these interactions promote the generation and expansion of
activated tumour-specific CD4* and CD8" T cell populations. CD4* and CD8* T cells traffic
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to the tumour site, and upon encountering their cognate antigens, they can kill tumour cells
through cytotoxicity and the production of effector cytokines, such as IFN-y and tumour
necrosis factor (TNF). In turn, the lysed tumour cells release tumour antigens that can again
be captured, processed and presented by APCs to induce polyclonal T cell responses,
thereby increasing the antigenic breadth of the antitumour immune response and leading to
the process of epitope spreading. b | There are four key components of cancer vaccines:
tumour antigens, formulations, immune adjuvants and delivery vehicles. CpG ODN, CpG
oligodeoxynucleotide; GM-CSF, granulocyte—-macrophage colony-stimulating factor; MPL,
monophosphoryl lipid A; poly-ICLC, polyinosinic—polycytidylic acid with polylysine and
carboxymethylcellulose; STING, stimulator of interferon genes protein; TCR, T cell
receptor; TLR, Toll-like receptor.
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Figure 3. Neoantigens are ideal targets for cancer vaccines.
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Neoantigen-specific
CTLs kill tumour cells
in vitro and in vivo

neoantigens

a | Several lines of evidence support neoantigens as being crucial targets of antitumour T cell
responses. b | Potential antigens for use in cancer vaccines differ in terms of tumour
specificity and vaccine personalization. Neoantigens are optimal targets for personalized,
tumour-specific cancer vaccines. CTL, cytotoxic T lymphocyte; DC, dendritic cell; TCR, T

cell receptor.
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Figure 4. Neoantigen-based therapeutic cancer vaccines.
a | The typical workflow for neoepitope selection and vaccine manufacture. DNA and RNA

are extracted from single-cell suspensions of tumour cells and matched normal tissue cells.
Somatic mutations of tumour cells are discovered by whole-exome sequencing (WES). RNA
sequencing (RNA-seq) narrows the focus to mutations of expressed genes. Clinical HLA
typing is carried out on DNA from normal tissue. The potential antigenicity of neoepitopes
identified by WES and RNA-seq is assessed by predicting the affinity of the neoepitopes for
binding to the HLA type of that individual (using NetMHCpan), thereby generating
candidate vaccine epitopes. Validated epitopes are selected for incorporation into the
personalized cancer vaccine, which is administered to patients in combination with an
immune adjuvant. b | The schema of three phase I clinical trials of personalized neoantigen
vaccines in patients with melanoma. These trials have used dendritic cells (DCs) pulsed with
short HLA-A2-restricted neoantigen peptides!?2 (Clinical Trials.gov identifier:
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NCT00683670) (top); synthetic long peptides targeting neoantigens admixed with poly-
ICLC (polyinosinic—polycytidylic acid with polylysine and carboxymethylcellulose)
(NeoVax)123 (ClinicalTrials.gov identifier: NCT01970358) (middle); or neoantigen-targeting
mRNA (IVAC MUTANOME)®82 (ClinicalTrials.gov identifier: NCT02035956) (bottom).
These studies show that vaccination is feasible, safe and able to induce robust neoepitope-
specific T cell responses. ¢ | Strategies to improve personalized neoantigen vaccines for
cancer.
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