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Abstract

Next-generation sequencing technologies have revolutionized our ability to catalog the landscape
of somatic mutations in tumor genomes. These mutations can sometimes create so-called
neoantigens, which allow the immune system to detect and eliminate tumor cells. However,
efforts that stimulate the immune system to eliminate tumors based on their molecular differences
have had less success than has been hoped for, and there are conflicting reports about the

role of neoantigens in the success of this approach. Here we review some of the conflicting
evidence in the literature and highlight key aspects of the tumor—immune interface that are
emerging as major determinants of whether mutation-derived neoantigens will contribute to an
immunotherapy response. Accounting for these factors is expected to improve success rates of
future immunotherapy approaches.
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1. INTRODUCTION

Immunotherapy co-opts an individual’s own immune system to eliminate tumors. This
approach to cancer therapy has sometimes resulted in remarkable responses, motivating
significant investment into immunotherapy research and development. The last decade
has seen rapid advances toward novel immunotherapies that excite immune cells against
the molecular differences in tumors, informed by tumor profiling using next-generation
sequencing (NGS) technologies. However, overall response rates have been disappointing,
and the field is racing to understand why immunotherapies succeed and why they fail.
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Such efforts are revealing the ways in which the complex and dynamic interplay between
tumors and the immune system can lead to short-lived or ineffective immune responses.
Some of the emerging pitfalls that can limit the effectiveness of therapy are not yet widely
appreciated but are critical to improving outcomes. In this review, we focus on key factors
to be considered in the development of immunotherapies that target alterations in the
tumor genome in an informed way. Many relevant aspects of mutant peptide selection and
neoantigen identification are placed in the context of the major histocompatibility complex
(MHC) molecule, tumor evolution, and fundamental variables such as age and sex.

2. A HISTORICAL PERSPECTIVE

The idea that the immune system responds to cancer cells is not new. At the turn of the
twentieth century, Georg Schone in his remarkable book Heteroplastic and Homoplastic
Transplantation established the general rules governing the acceptance or rejection of tumor
grafts (1). His “laws of transplantation” showed that whereas autografts almost invariably
succeed, some degree of foreignness is necessary for rejection to occur, and that a second
graft in a recipient that had previously rejected a graft from the same donor undergoes
accelerated rejection (cited in 2). Following World War 11, George D. Snell and Peter Gorer
discovered a genetic locus intimately related to the rejection of tumor grafts that they labeled
“H” for histocompatibility (3, 4). This was the first hint that tumor rejection was dependent
on the histocompatibility locus. Whereas this observation solidified the concept that tumor
rejection and histocompatibility antigens are linked, the observation was more important for
experimental biology, as the field of cancer immunology would not exist for many years.
This discovery forms the basis of our understanding of cancer immunity and its relationship
to tumor rejection, and it is also the subject of this review and its arguments.

By definition, cancer immunity is restricted to phenomena that occur either in the autologous
host or in syngeneic animals through specific resistance to malignant cells. Whereas
immunological resistance to cancer cells can occasionally occur as the autochthonous
reaction to sporadic cancer, stronger resistance develops as a result of prior exposure to

the same cancer cells, as predicted by Schéne’s laws of transplantation.

Cancer immunity, much like transplantation immunity, is fundamentally a cell-mediated
response similar to delayed type hypersensitivity (5). This is not to say that humoral
immunity by antibodies does not play a role, but antibodies must be sufficiently specific

to discriminate between cancer cells and normal tissues—something T cells do more
efficiently. Thus, T cell responses against cancer are subject to the rules of the MHC with
respect to antigen presentation, T cell activation, and recognition by antigen-specific effector
T cells.

The first conundrum facing immunologists was how T cells recognize tumor cells and
tumor antigens as T cells with high-affinity receptors, for these essentially self-antigens are
expected to be deleted or pruned during thymic selection (6, 7). How then can the immune
system mount an effective resistance to cancer cells?
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Natural Immune Protection Against Cancer

The concept of natural immune protection against cancer is generally termed immune
surveillance and is attributed to F.M. Burnet (8). Burnet defined cancer immunity as the
ability of T cells to recognize new antigenic material at the cell surface of cancer cells.
Despite his lack of proof, Burnet must be credited for proposing a concept that predicted
contemporary thinking on cancer immunity. In his words:

The thesis is that when aberrant cells with proliferative potential arise in

the body, they will carry new antigenic determinants on their cell surfaces.
When a significant amount of new antigen has developed, a thymus-dependent
immunological response will be initiated and eventually eliminates the aberrant
cells in essentially the same way as an allograft is destroyed. (Ref. 8, p. 9)

One may argue that the new antigen could be either a conserved antigen not usually
expressed in normal tissues or a truly novel antigen created by mutations in the cancer
genome.

Adaptive responses are mediated by CD8" and CD4* T lymphocytes and are based on the
recognition of antigenic peptides expressed in complex with the MHC on the tumor cell
surface. In theory, tumor antigens (endogenous antigens) can be processed and presented
through the MHC of the host cell and serve as targets of T cells. In humans, there is
collective evidence that T cells against characterized tumor antigens can be identified as part
of a natural response to the tumor.

Tumor antigens recognized by T cells range from conserved antigens, including antigens
coded by cancer-germline genes and antigens overexpressed in cancer cells and cancer testis,
to onco-fetal antigens and differentiation antigens (9-11).

However, these classical tumor antigens may not be the ones Burnet predicted to drive
immune surveillance. Implicit in his hypothesis was the suggestion that T cells would
prevalently recognize peptides from mutated antigens, although he had no proof of this. In
contrast to the abundance of conserved antigens T cells can recognize (see the sidebar titled
Cancer Antigens Can Be Derived from a Variety of Sources), prior to systematic use of
genomic interrogation, the autochthonous recognition of mutated peptides at the surface of
cancer cells has only occasionally been shown (Table 1).

CANCER ANTIGENS CAN BE DERIVED FROM A VARIETY OF SOURCES—
Cancer antigens can be encoded by cancer-germline genes (e.g., MAGE, NY-ESO1, LAGE],
SAGE]I) and differentiation genes (e.g., MART1, TYR, TRPI1, PSA, PAP, PSMA), as well
as by viruses (e.g., Epstein—Barr virus, hepatitis B and C viruses, human papilloma virus,
HIV) and mutated oncogenes (e.g., 7P53, KRAS). Cancer antigens can also derive from
overexpressed proteins in cancer cells (e.g., TERT, MUC1, Survivin, CEA, ERBB2, and
glycoproteins such as T and Tn antigens).

2.2. A Revision of the Theory of Immune Surveillance: Immunoediting

Possibly because the original immune surveillance hypothesis paid little attention to
the complex dynamics between cancer cells and immune cells during cancer evolution,
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Schreiber and colleagues proposed the cancer immunoediting hypothesis (12, 13). This
hypothesis predicts that while the human immune system can potentially protect from
cancer, it also drives the development of tumors that undergo so-called immunogenic
sculpting, rendering them resistant to further attack by T cells. The immunoediting
hypothesis describes three phases: elimination, equilibrium, and escape. While the first

and second phases are extensions of Burnet’s hypothesis, the third phase (escape) predicts
that over time, the immune response stops being effective and the tumor progresses. In
evolutionary terms, this is equivalent to the already established concept of immune selection
in response to pathogens (14).

The basis for both hypotheses is that antigens displayed on cancer cells as peptides
associated with MHC molecules are able to direct a cellular immune response against
tumor cells. However, whereas Burnet’s hypothesis was concerned with what T cells might
recognize, the immunoediting hypothesis is concerned with a time-based dimension of
immunity during cancer evolution. Since most cancers inevitably progress, it is difficult to
deny that tumor cells adopt ways to escape immune surveillance. Thus, the dynamics of the
tumor—immune cell interplay depend on how tumor antigens shape the immune response
over the course of cancer evolution and on the fundamental rules of this process.

Neoantigens

Cancer is a genetic disease (15) and somatic mutations account for variation in cancer

risk (16). This forms the essence of the contemporary paradigm in cancer. Bioinformatic
developments aimed at detecting cancer-causing driver mutations from whole-exome,
-genome, and -transcriptome sequencing also support the rapid and systematic interrogation
of the tumor antigenic landscape by cataloging tumor-specific mutant peptides (neopeptides)
deriving from nonsynonymous mutations, frameshift mutations, and gene rearrangements.
This allows researchers to probe the relationship between the MHC and genomic mutations
at a level of resolution hitherto unachievable.

As discussed elsewhere, not all neopeptides are immunogenic, which implies that not

all neopeptides can be rightly called neoantigens (17). High-throughput selection of
neopeptides is a bioinformatic process following the basic rule that for any peptide to be
immunogenic, binding to the MHC molecule with some degree of thermodynamic stability
is necessary. But binding is not sufficient to predict immunogenicity, as this depends on
the ability of the peptide-MHC (pMHC) complex to engage a T cell, and predicting the
probability that a neopeptide binds with a T cell receptor (TCR) is more difficult given the
polymorphic nature of the TCR. We have previously suggested that immunogenicity needs
to be validated at an empirical level in the context of an individual’s variability with genetic
and environmental influences, which affect the available and expandable T cell repertoire
@an.

2.4. A Genomic-Bioinformatic Analysis of the Cancer Immune Interface

As we enter a new phase in the study of cancer immunity, new questions are possible,
and their answers may impact therapeutic choices at a time when cancer immunotherapy
is enjoying unprecedented attention. What can genomic interrogation and bioinformatic
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analyses tell us about natural immune protection against cancer? Are mutated peptides the
antigens that drive it? How does the mutational process affect immunity in cancer? How
does immunogenicity vary during cancer evolution and across heterogeneous cancer cell
populations?

3. MECHANISM

MHC class | (MHC-I) provides the adaptive immune system a window into the intracellular
health of all nucleated cells. It is a protein complex that consists of an invariant beta-2
microglobulin (B2M) scaffold protein and a variable HLA (classically, HLA-A, HLA-B, and
HLA-C) protein that binds and presents short (~9-mer) intracellular peptides to CD8* T
cells. It is through this pathway that virally infected and malignant cells can be identified
(Figure 1). Although less discussed, nonclassical HLA proteins (HLA-E, HLA-F, and HLA-
G) can be exploited or affected by the tumor (see 18, 19) and can serve as biomarkers for
tumor immune evasion (20, 21).

In contrast, MHC class Il (MHC-11) is specifically expressed on professional antigen-
presenting cells (APCs), including dendritic cells, B cells, and macrophages, although

it has been observed on some tumor cells, likely due to upregulated interferon-gamma
(IFNy) (22). MHC-II is a heterodimer composed of an a chain and more variable B chain
(classically DRA1/DRB1, DQA1/DQB1, and DPA1/DPBL1), which bind longer (optimally
15-mer) peptides and presenting them to CD4* T cells.

Antigen-processing pathways differ for MHC-I and MHC-II; peptides presented via MHC-I
derive predominantly from endogenous peptides, while those presented via MHC-I1 are
predominantly exogenous. Both peptide types are cleaved: intracellular peptides by the
proteasome and exogenous peptides by lysosomal proteases. TAP mediates transport of
class | peptides into the endoplasmic reticulum for loading, whereas class Il peptides are
transported to the antigen-processing compartment via endosomes. Loading of both types
onto respective MHC complexes is aided by chaperone proteins: tapasin in class | and
HLA-DM in class Il (see 23). However, these are not hard rules; exogenous peptides have
been found to be presented via MHC-I on APCs via cross-presentation (24), which has
implications for tumor immunity and opportunities for enhanced treatment (25).

4. APPLICATION AND CONTROVERSY

One hypothesis is that cancer arises when the immune system fails to identify and eliminate
the tumor. The genomic era and neoantigens’ rapid surge to prominence as problem solvers
have provided a major boost to cancer immunotherapy. Traditional passive antibody therapy
against surface antigens (e.g., HER2, CD20, VEGF), which are now standard of care in
certain cancer types (see 26), and vaccination against conserved antigens that produced
below-expectation results have been replaced by neoantigen vaccination, passive treatment
with antibodies for immune checkpoint blockade (ICB), and adoptive T cell therapies (27)
(Figure 2).

Personalized immunotherapy uses the immune system to attack cancer cells. The process
involves identifying and targeting patient-specific nonsynonymous somatic mutations. While
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all three approaches are part of a concerted effort to offer solutions to the same cause, in
our opinion neoantigen vaccination is the truest embodiment of the new revolution: it is
personalized, precise, and requires active participation of the patient’s immune system.

Neoantigen Vaccine Trials: Mixed Results and Uncertain Clinical Benefit

The goal of a neoantigen vaccine is to induce a T cell response exploiting the foreignness
characteristic of a neoantigen to elicit a T cell response. This response is theoretically free
of the constraints imposed by thymic selection and the purging of T cells with high a
affinity for self-antigens (an obstacle for vaccines targeting conserved tumor antigens). In
principle, the available T cell repertoire against neoantigens should be larger and of higher
affinity than that for conserved antigens. This recapitulates the essence of Schone’s and later
Burnet’s rationale of the optimal condition for tumor rejection by T cells.

To date, only a handful of neoantigen vaccine trials have been reported (Table 2), with
overall mixed results and many questions raised. The first report was by Carreno et al.

in three melanoma patients (28). The authors selected 21 neopeptides with HLA-A*02:01-
binding affinities under 500 nM and performed proteomic analysis to verify tumor-specific
expression. Of the 21 peptides tested, only 9 induced a T cell response. Collectively, only 7
peptides (30%) elicited a de novo T cell response in vivo. No long-term follow-up has been
reported and the actual clinical benefit of vaccination remains unknown.

A second and larger study also in melanoma patients has been reported by Ott et al. (29).

In total, 97 neopeptides were identified from 6 patients on the basis of HLA-A and HLA-B
binding. Of the 97 neopeptides, a response occurred in 58 instances (60%). Oddly, only
16% of responses were by CD8* T cells (MHC-I restricted), whereas the 60% were by
CD4* T cells (MHC-II restricted). A minority of responses (10%) were mixed (Table 2).
Only 3 out of 97 neopeptide-induced T cell responses were able to recognize autologous
melanoma cells. Of note, these T cell responses developed in two out of six patients that had
received anti-PD1 antibody treatment after recurrence of disease. While the study showed
little clinical benefit, it revealed an intriguing aspect of neoantigen immunobiology: the
propensity to preferentially activate CD4* T cells even though the initial selection was based
on MHC-I-binding affinity.

A third study (30), also in melanoma patients, used an RNA-based poly-neoepitope vaccine
engineered with both MHC-1 (HLA-A, HLA-B) and MHC-II (DRB1, DQB1) predicted
neoantigens. Thirteen patients received multiple immunizations and all developed T cell
responses against multiple vaccine neoepitopes. Of 125 neopeptides used for immunization,
75 (60%) induced a T cell response. However, whereas only 20 of the 69 (29%) predicted
high-affinity MHC-1 binders triggered a response, the CD4" T cell response was more
frequent (range of 70-34%) and correlated with binding affinity. A mixed CD4* and CD8*
T cell response was observed in 15% of instances. Oddly, 20% of the responses were

raised against neopeptides with poor HLA-binding scores. Postvaccination biopsies from
two patients confirmed the infiltration of vaccine-induced neoantigen-specific T cells and
specific killing of autologous melanoma cells. Overall the study reported a significantly
reduced rate of metastasis after vaccination and sustained progression-free survival.
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Glioblastoma, a brain tumor with limited immune infiltration and low tumor mutational
burden (TMB) [except for instances with microsatellite instability—high (MSI-H) status],
has been the subject of two recent trials. Hilf et al. (31) targeted both conserved tumor
antigens and neopeptides to maximally exploit a response by the available T cell repertoire.
Fifteen HLA-A*2:01- or HLA-A*24:02-positive glioblastoma patients were vaccinated,
first with a mixture of unmutated antigens, and then with a mixture of neopeptides. This
half-personalized vaccination approach showed that unmutated antigens elicited sustained
responses of central memory CD8* T cells in 13 patients, whereas neopeptides induced
predominantly CD4* T cell responses in 8 out of 10 patients. Despite a promising T cell
response, the majority of enrolled patients died from their cancer. Keskin et al. reported on
personalized neoantigen vaccination in 10 patients newly diagnosed with glioblastoma (32).
Patients received a vaccine containing up to 20 putative neoantigens expressed in the tumor.
Only the two patients who had not received dexamethasone (a potent immunosuppressant)
mounted a neoantigen-specific T cell response consisting predominantly of CD4* T cells.
Despite a systemic and intratumoral T cell response, all patients ultimately died of
progressive disease.

Immune Checkpoint Inhibitors

While neoantigen vaccines are ideal for evaluating in silico prediction of putative
neoantigens, ICB has received more attention, as it has shown immediate success in some
patients. This success has been associated with TMB, which serves as a proxy for the
availability of immunogenic neopeptides to direct an immune response. TMB was first
associated with long-term benefit in melanoma (33) and has been applied as a biomarker
in many ICB trials across different tumor types with varying degrees of success (34).
While typically quantified as the number of nonsynonymous single-nucleotide variants per
megabase (35), TMB can also be approximated for smaller gene panels routinely used in
clinical settings (36, 37).

While most ICB studies associate high TMB with clinical benefit (33, 35, 38-41), recent
studies of ICB response in non-small-cell lung cancer (NSCLC) did not (42-44), and the
extent of the correlation varies across studies. However, there were also differences in how
the high-TMB threshold was defined. Different TMB thresholds in different tumors may be
required (35). Overall, discrepant ICB findings suggest that TMB provides a rough estimate
of neoantigen load, and its correlation with outcomes may depend on other factors in a
tumor-specific manner (45). What then are the main factors that must be considered to
evaluate the potential immunogenicity of the somatic landscape of a tumor?

5. THREE REQUIREMENTS FOR NEOANTIGEN-DIRECTED IMMUNE
RESPONSES

Improvements in molecular profiling capabilities and studies of how the tumor genome
and tumor microenvironment (TME) relate to immunotherapy success have provided
valuable insights into determinants of effective neoantigen-dependent responses. Three
areas in particular are worth consideration, namely, MHC functionality, the availability of
immunogenic neopeptides, and whether the TME is capable of mounting a response. Many
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other factors also influence the effectiveness of neoantigen-directed immune responses (see
46-48), but these three factors appear to be necessary for immunotherapies such as ICB and
vaccines to be effective.

Functionality of the MHC

The MHC is essential for antigen-driven immunity; without it, there can be no immune
surveillance. Accordingly, MHC integrity and function directly impact neoantigen potential
to drive immune responses. Impairment of MHC function is emerging as a relatively
frequent occurrence in tumors. Thus, it is increasingly common for studies assessing
neopeptides to also evaluate the condition of the MHC.

5.1.1. Tools for assessing MHC integrity.—Assessing MHC integrity entails
profiling the alleles an individual carries and determining whether they are present and
functional on tumor cells. Variation affecting the MHC can be profiled from DNA, and
allele-specific expression can be evaluated from RNA sequencing data (49), although not
all gene panels include the HLA locus. Most methods infer HLA alleles from NGS DNA
sequencing data by aligning reads, usually from whole-exome sequencing (WXS) (50) [but
some tools also accommodate whole-genome sequencing (51) and RNA (52, 53)], to a
reference panel of human HLA allele sequences. Following initial alignment, tools employ
different optimization and classification methods to identify the most probable set of HLA
alleles.

While HLA mutations are called by standard somatic mutation calling pipelines, the region’s
high variability makes accurate calling difficult. More accurate calls can be obtained after
realignment to a patient-specific HLA reference. PolySolver was the first tool to realign
tumor reads to a patient-specific allele set called from normal WXS data, followed by
detection of somatic mutations using MuTect and Strelka (50). As with mutation calling,
HLA allele—specific copy number analysis first requires aligning of sequencing reads to
patient-specific HLA alleles. Tumor coverage is inferred relative to germline coverage
using B allele frequencies from identified polymorphic sites between homologous alleles.
Lastly, HLA allele-specific copy number is estimated from tumor sequencing coverage
depth and used to assess loss of heterozygosity (LOH) of specific alleles. For example, the
computational tool LOHHLA classifies copy number < 0.5 as LOH (54).

5.1.2. Somatic variation affecting the MHC.—Common mechanisms of immune
evasion can involve somatic impairment of the MHC. These variants include somatic
mutations directly impairing protein function, loss of protein products, and altered
transcription of necessary pathway genes. Such variation can affect all MHC molecules,
or only specific alleles.

5.1.2.1. MHC mutation and loss of heterozygosity.: LOH at the HLA locus affecting
specific class | alleles is well established (55), but genomic profiling of larger cohorts has
more recently revealed a high frequency of HLA LOH across several tumor types (54, 56).
Interestingly, HLA LOH was infrequent in melanoma, which could factor into its higher
response rates to ICB. In contrast, HLA LOH was frequent subclonally across multiple
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tumor types, including clear cell renal cell carcinoma (ccRCC), breast cancer, bladder
urothelial carcinoma, endometrial carcinoma, and esophageal adenocarcinoma (56). Even
subclonal loss of HLA could shield some tumor cells from immune elimination, promoting
disease progression posttherapy. Loss of B2M affects the cell surface expression of all MHC
molecules and has been identified as a likely resistance mechanism emerging after ICB
therapy (57). Although expected to occur less frequently because cell surface pMHC is an
inhibitory receptor for cytolytic natural killer (NK) cells, other factors can inhibit NK cells
(58), potentially providing a more conducive environment for MHC loss.

Somatic mutations affecting HLA and B2M were observed in around 5% of TCGA (The
Cancer Genome Atlas) patients in pan-cancer analyses (50, 59) and were associated with
characteristics of tumor somatic mutation profiles. This points to a model wherein allele-
specific HLA mutations bias which neopeptides are presented, while B2M loss-of-function
mutations decrease overall pMHC levels (59). Interestingly, despite the association of MSI-
H tumors with response to ICB (60), HLA and B2M mutations occur frequently in MSI-H
tumors (61), where they can promote immune evasion or escape upon ICB treatment (62).

5.1.2.2. MHC downregulation whether by decreased expression or upstream antigen
presentation pathway genes.: Transcriptional downregulation of specific HLA alleles
following relapse postimmunotherapy has also been reported and is associated with
resistance to immunotherapy (63, 64). Notably, there are multiple documented mechanisms
of transcriptional downregulation, including likely hypermethylation of HLA genes (63),
HLA mRNA instability due to 3" UTR (untranslated region) binding by MEX3B (64),
NMYC amplification (65), and likely others. Transcriptional repression differs from HLA
LOH in that inhibiting the cause of repression, such as treating with hypomethylating agents
(63), can restore HLA transcription. Similarly, somatic mutations and alterations can affect
the class | antigen presentation pathway (APP) upstream of pMHC binding. Bivalent histone
modifications to MHC-I APP gene promoters can repress the pathway and inhibit T cell
killing in small-cell lung cancer (66).

5.1.3. MHC dynamics at the cell surface.—Following antigen processing and
binding, the amount and duration of pMHC cell surface expression influence T cell
recognition. Interestingly, oncogenic BRAFYE00E muytations, frequent in melanoma, have
been reported to specifically and constitutively internalize MHC-1 from the cell surface (67).
Similarly, intrinsic DQA1/DQBL1 stability has been associated with variation in cell surface
density of MHC molecules in engineered fibroblasts, suggesting that inefficient complex
assembly influences the amount and duration of cell surface expression (68). Interestingly,
less stable alleles have been more often associated with autoimmunity, which is consistent
with weak affinity epitopes generating less stable complexes, allowing self-reactive T cells
to escape central tolerance (69). Counterintuitively, this could suggest that in some cases,
lower-affinity alleles have more potential to generate immune responses than higher-affinity
alleles, although this may be more relevant to MHC-II. Better assays for quantifying
peptide-specific cell surface pMHC numbers, ratios, and turnover rates will be helpful for
understanding the thresholds required for robust T cell responses.
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Immunodominance is a phenomenon whereby the cytotoxic T cell population has a
hierarchical and focused response toward only certain pMHC complexes despite the
availability of other possible pMHC targets (70). This concept is potentially related to
variation in immunogenicity of pMHC molecules on the cell surface, although many
factors may contribute (71). Although more extensively studied in viral and vaccine
studies, immunodominance is also relevant in cancer (72) and presents yet another barrier
to predicting immunogenic responses in tumors since it dictates that even when many
immunogenic neoantigens are available, responses may be driven by only a minority thereof
(71). Further exploration is necessary to determine whether immunodominance could be
associated with epitope spreading and the generation of T cell reactivity with alternate
antigen specificity.

5.1.4. Germline variation in the MHC.—The frequent somatic loss of MHC-I
integrity as a mechanism of immune evasion raises questions about whether heritable
variability affecting these alleles could introduce cancer-relevant interindividual differences
in immune surveillance. The set of HLA alleles carried in an individual’s genome is a
determinant of the diversity of foreign antigens that can be presented to T cells (73). Recent
findings suggest this diversity may extend to the potential of an individual’s MHC to present
neoepitopes from a greater proportion of the somatic mutations present. Chowell et al.

first described an association of heterozygosity with better response to ICB treatment and
found that melanoma patients with HLA-B44 supertype alleles in two cohorts received

more benefit (74). They subsequently formulated the HLA-I evolutionary divergence score
to quantify dissimilarity between HLA alleles, describing the potential of an individual’s
alleles to present a more diverse set of neoepitopes (75). In contrast, Negrao et al. (76)

did not find an association of HLA zygosity or supertype in ICB-treated NSCLC patients,
including those evaluated by Chowell et al. Nonetheless, a recent study by Cummings et al.
once again reported a B44 advantage and suggested that differences in B44 carrier outcomes
for melanoma versus NSCLC could result from characteristics of mutations generated by
the mutational processes underlying those diseases (77). Further studies are needed to help
determine the extent to which inherited combinations of HLA alleles shape the individual
potential to respond to ICB.

5.2. Availability of Neoantigens

Studies of the so-called immunome suggest that neoantigens capable of driving immune
responses are relatively rare (78); thus, neoantigen load might provide a better measure
than TMB. Counterintuitively, studies have reported that predicted neoantigen load fails to
predict outcomes better than TMB (45, 79). As it does not seem possible that neoantigens
are not important for responses (80), this discrepancy points to difficulties with accurately
determining what mutations truly have the potential to drive immune responses. What then
are the characteristics of neopeptides that lead to immunogenic neoantigens?

5.2.1. The association of tumor mutational burden with neoantigens.—
Observations from studies of TMB are helpful for understanding the relationship between
mutation quantity and immunogenicity. The general observation that high TMB is more
often associated with ICB benefit may be related to higher numbers of neoantigens.
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However, responses have been observed in low-TMB tumors and failed in high-TMB
tumors. Such conflicting reports suggest that TMB itself is an imperfect proxy for the
presence of effective neoantigens. Riaz et al. found that the change in TMB early in

the course of treatment was a more effective predictor than pretreatment TMB, but this
approach requires on-treatment biopsy (81). High TMB associated with DNA mismatch
repair deficiency (MMRd) has proven to be highly predictive of patient response to
immunotherapy (60, 82). Notably, MMRd/MSI-H tumors often display a high number
of indel and frameshift mutations that create more potent neoantigens (83-85), although
even among MSI-H metastatic colorectal tumors, higher TMB was associated with better
outcomes (83).

Some high-TMB tumors including melanoma and NSCLC have shown different levels of
correlation between TMB and ICB response. While higher TMB generally correlates with
better outcomes in melanoma (33, 38), in NSCLC there is less evidence supporting benefit
(42-44). In melanoma, patients carrying the HLA-B44 supertype responded particularly
well, and this was linked to an excess of amino acid substitutions to glutamate (74).
Cummings et al. found differences in the rate at which radical glutamic acid substitutions
occurred in melanoma and NSCLC, corresponding to differences in UV and tobacco
carcinogen-induced mutagenesis (77). In NSCLC patients carrying the B44 allele, a higher
burden of radical glutamic acid substitutions in B44 neoepitopes was associated with better
outcomes. These reports hint that neopeptide characteristics beyond MHC affinity could
determine the potential to drive ICB response and point to a previously unappreciated role
for mutational exposures in shaping immune responses.

Altogether these studies and others suggest that quality rather than quantity of neoantigens
is important for ICB response (85, 86). Accordingly, the absence of high-affinity MHC-

I neoepitopes in patients with high TMB was associated with lower response rates to

ICB monotherapy in two distinct cohorts (87). Interestingly, a recent study suggested

that extremely high TMB is associated with a more dysfunctional T cell landscape in
NSCLC (88). In addition, controlling for HLA LOH improved correlation between TMB
and response in NSCLC (89) where HLA LOH is fairly common (54), highlighting that
effective antigen presentation is necessary for the relationship with TMB to hold. These
findings further underscore the importance of assessing both MHC integrity and the state of
the TME in addition to neoantigen availability.

5.2.2. Determinants of neoantigen quality.—To drive effective antitumor immune
responses, neoantigens must at a minimum be presented by MHC and recognized by T
cells in a manner that generates robust and sustained T cell activity. Because cell surface
presentation does not guarantee recognition by a TCR and recognition by a TCR does not
guarantee immunogenicity, there must be additional requirements beyond MHC binding
to render neopeptides immunogenic. Here we discuss factors that have been implicated as
determinants of immunogenicity.

5.2.2.1. Relevancetotumors.: Even if a neoantigen is highly immunogenic, it is unlikely
to drive an effective immunotherapy response if it is present in only a minority of tumor
cells. Indeed, it has been reported that clonal neoantigens, present in a high proportion of
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tumor cells, are associated with better responses (90). Tumors may also be more susceptible
to immune responses targeted at mutations that represent a dependency, such as driver
mutations or nondriver mutations in tumor-essential genes (85). The fact that DNA copy loss
affecting clonal neoantigens can act as a mechanism of immune evasion upon ICB treatment
supports the thesis that cancer dependency may promote more effective immune responses
(92).

5.2.2.2. Binding affinity.: Although pMHC binding affinity may not be sufficient for
immunogenicity, it is nonetheless informative since formation of a pMHC complex is
necessary for presentation. Some studies suggest that higher affinity is associated with more
immunogenicity or better outcomes (30, 87). Many methods predict binding affinity given a
peptide and an HLA allele, usually as either an 1Csq (half-maximal inhibitory concentration)
or a percentile rank, although there is still debate about which has greater predictive power
(92). Affinity was found to correspond to cell surface presentation by MHC based on mass
spectrometry studies of eluted pMHC complexes (93-95).

5.2.2.3. Stability.: Two peptides might have the same affinity (measured in nM) but
differing stability (measured as half-life); stability has been proposed to be more predictive
of immunogenicity (96), with anchor position two playing an important role. Harndahl et al.
found that 30% of nonimmunogenic binders formed unstable pMHC complexes, providing
a possible explanation for their nonimmunogenicity. A recent study found that MHC-I
stability is influenced by cell surface sialylation in dendritic cells, with doubled MHC-I
half-life when cell surfaces were desialylated (97).

5.2.2.4. Abundance.: Perhaps not surprisingly, the amount of mutant peptide has also
proven a useful measure. Mutations that do not get translated to protein cannot generate
neoantigens. Expression can be approximated by RNA read support for the mutant allele.
Interestingly, high expression appears to compensate for lower binding affinity in some
cases, making it less clear how to establish affinity thresholds for predicting cell surface
display (98).

5.2.2.5. Agretopicity.: Agretopicity refers to the idea that the mutant peptide should bind
the MHC with higher affinity than the wild-type peptide (99). Tolerance should ensure that
TCRs capable of initiating self-peptide responses are eliminated from the repertoire; thus,
there should be a dearth of T cells available for recognizing mutant peptides with qualities
too similar to the wild type (Figure 3a). Agretopicity is usually quantified as the ratio of
(100, 101) or difference between (99, 102) mutant binding affinity to wild-type binding
affinity.

5.2.2.6. Cross-reactivity.: The best neoantigens may be those that result in the expansion
of T cell clones that recognize not only the MHC-bound neoantigen itself, but also the
wild-type sequence or another similar self-sequence that would not have otherwise generated
an immune response (103) (Figure 3b). However, such neoantigens may also pose the risk of
potentially generating off-target immune recognition of normal tissues.
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5.2.2.7. Foreignness.: Because the adaptive immune system has evolved to protect us from
external threats such as pathogens, it is possible that it is optimized to recognize more
foreign-appearing neoantigens (33, 100). Indeed, somatic indel and frameshift mutations
have been more likely to bind the MHC and associate with response to ICB (84).

5.2.2.8. Amino acid substitution qualities.: Other evidence suggests a more complex
relationship between binding affinity and immunogenicity. Cummings et al. observed that
the existence of a high number of mutations that generated HLA-B44 supertype—specific
so-called motif neoepitopes, which included a radical glutamic acid substitution at the 5
anchor position and a sequence match to the HLA-B44 motif otherwise, was associated with
better outcomes in patients carrying one or more HLA-B44 alleles (77). Among HLA-B
supertypes, only B27 showed a similar effect. Notably, B44 and B27 are the only charged
HLA-B supertypes, and motif neoepitopes were those that generated a peptide with the
complementary charge to those alleles. Patients carrying B44/B27 alleles without such motif
neoepitopes had worse responses to ICB (77), suggesting that the specific characteristic of
the 5" anchor position substitution was a determinant of immunogenicity.

5.2.2.9. Peptidecharacteristics.: While peptide hydrophobicity and mutation position are
likely important for determining antigen presentation (104), amino acids at positions 4—6 of
MHC-I-bound peptides may be particularly important for immunogenicity (101, 105-107).
High hydrophobicity could actually be a hindrance because it implies that peptide side
chains are directed toward the MHC rather than upward, where they could contribute to
TCR binding. Accordingly, a recent experiment by TESLA (Tumor Neoantigen Selection
Alliance) found that peptide hydrophobicity, while associated with better binding to MHC,
was significantly lower in immunogenic neoantigens, which also tended to have overall
higher MHC affinity and to be more abundant in tumor cells (101). Interestingly, of the 37
immunogenic neopeptides in their dataset, none had the mutation at the position two anchor
residue.

5.2.2.10. Restriction by MHC-I versus MHC-11.: While most studies have focused on
neoantigens specific to MHC-I, a 2019 study found that effective immunotherapy responses
require neoantigens restricted by both MHC-I and MHC-I1 (108). The burden of MHC-

Il specific neoepitopes was among features significantly associated with immunotherapy
response in a human melanoma cohort, and maximal class Il germline heterozygosity was
associated with longer progression free survival (109). It is possible that in the absence

of neoantigens capable of stimulating CD4* T cells, even highly immunogenic class |
neoantigens will not generate effective responses.

While less relevant to immunogenicity, mutated peptides must be successfully processed
through various aspects of the APP. MHC binding appears to be the largest bottleneck, but
alterations to other key aspects of the APP have been suggested to impact the availability
and landscape of antigens, including but not limited to proteasomal dysregulation

(110), TAP loss (111), and tapasin loss (112). This may further constrain the potential
immunogenicity of the tumor genome.
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Ultimately, recognition and robust activation by T cells will depend on both neoantigen
quality and MHC integrity (Figure 4), and responses could further depend on cell surface
pMHC dynamics. Is it advantageous to have a more diverse set of pMHCs on the cell
surface or a higher concentration of a particular pMHC? Characteristics of the pMHC-—
TCR interaction may also be important. Extremely high-affinity pMHC-TCR interactions
have been suggested to result in short-lived and less effective responses (113), and small
differences in affinity were found to have large effects on T cell fate (114).

5.2.3. Effects of immunoediting on neoantigen availability.—Tumors adapt to

a dynamic microenvironment that entails nutrient deprivation, hypoxia, and increasing
cellular crowding. The immune system is an aspect of the microenvironment with significant
potential to impose selective forces on tumor cell populations. Schreiber’s hypothesis of
immunoediting suggests that as a result, tumors evolve to be more resistant to elimination

by T cells. This has been confirmed by the evolution of resistance to immune elimination
posttreatment with immunotherapy, but evidence suggests that immunoediting may render
some tumors less responsive even before treatment begins.

Beyond loss of MHC-I integrity, surveying the landscape of neopeptides suggests that
immunoediting may enrich for cancer cell populations with less obvious targets for T

cells. Lack of presentable neoantigens would impair immune surveillance even with a

fully intact APP. While there is general agreement that there exists positive selection for
driver mutations even in normal tissue (115), the existence of negative selection is more
controversial. Tumor cells with somatic mutations conferring selective advantages (e.g., gain
of function mutations in oncogenes or loss of function mutations in tumor suppressors)
clearly undergo clonal expansion (116). Negative, or so-called purifying, selection acting

on tumor genomes is harder to quantify. The dN/dS ratio, a metric designed for population
studies (117, 118), evaluates the ratio of nonsynonymous to synonymous mutations and has
been applied to quantify selection and identify driver genes (119). However, in the setting of
cancer, dN/dS requires additional refinement to avoid erroneous inference, including taking
into account germline contamination, other mutation types, and mutation rate (119, 120).
Weak in silico signals of negative selection have been reported (119-121), although these
studies do not explicitly account for clonal heterogeneity (122). In contrast, a spatial analysis
of ovarian tumor populations identified stronger purifying clonal selection in regions with
greater immune infiltration, with depletion of subclonal neoantigens in patients with high
CD8™* tumor-infiltrating lymphocyte (TIL) levels (123). Furthermore, a spatiotemporal
analysis of tumor heterogeneity in mice revealed a restriction of clonal heterogeneity by

the immune system with selective elimination of immunogenic cells (124).

A pan-cancer analysis of patient-specific HLA binding to neopeptides derived from
recurrent driver mutations has highlighted a bias whereby poorly presented mutations

are more often observed in tumors, providing evidence that driver mutations are also
subject to immunoediting via MHC-I and MHC-I1 (93, 94). Notably, MHC-II appeared

to exert stronger selective pressure over MHC-I, highlighting an important role for CD4* T
cells. Effects of immunoediting were more pronounced in female and younger individuals
(125), who generally have stronger immune responses (126). While meta-analyses of
immunotherapy studies provide conflicting evidence of sex differences in response (127,
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128), Ye et al. reported sex-associated differences in relevant immune characteristics of
multiple tumor types (129). This necessitates drawing attention to sex and age in the context
of immune responses in different tumor types.

The depletion of better-presented nonsynonymous mutations was observed independent of
driver status by comparing HLA-neopeptide affinities between expressed and nonexpressed
regions of tumor genomes (130). Notably, there was no such depletion of synonymous
mutations, suggesting that the effect is not related to differences in somatic mutation

rates between expressed and nonexpressed genes. Depletion was also stronger when
individuals carried two copies of the displaying allele, suggesting that this might interfere
with certain mechanisms of immune evasion such as HLA LOH. Comparing the ratio of
expressed to predicted neoepitopes over two time points further suggested downregulation
of MHC binding clonal mutations (131). Interestingly, samples with a consistent expressed-
to-predicted neoepitope ratio had decreased antitumor immune responses and immune
infiltration associated with reduced MHC-I expression. Similarly, mutated-gene-specific
promoter hypermethylation was observed, affecting neopeptide expression for nearly one in
four neopeptides studied (132). Altogether, these studies suggest an evolutionary advantage
of tumors in limiting neoantigen availability and implicate reduced neoantigen expression as
a mechanism of immune evasion in tumor subclones facing selective pressure.

5.3. A Supportive Tumor Microenvironment

Even if many neoantigens are expressed and the MHC is fully functional, if there are

no immune cells capable of recognizing and responding to neoantigens, immunotherapies
will fail to improve outcomes. In hepatocellular carcinoma, TMB and neoantigen quality
have failed to predict responses in general, but have been predictive among patients with
high levels of GZMA (133), suggesting that high TMB without high-level infiltration

of functional T cells is insufficient for a protective antitumor response. Current means

to predict a supportive role by the TME involve quantifying lymphocyte infiltration and
inhibitory checkpoint molecule expression. Bulk RNA sequencing can also be used to
evaluate the condition of the TME. RNA-based measures have proven useful for studying
immune activity at the tumor site, although the presence of local heterogeneity in the TME
and mechanisms of immune evasion may somewhat limit their utility (132).

5.3.1. Tumor immune infiltrates.—The absence of TILs, has generally been
associated with worse immunotherapy outcomes (134). Whether a tumor is immunologically
hot (containing high levels of TILs) or cold (containing few TILs) could have bearing

on the existence of neoantigen-specific T cell clones that could be reactivated upon ICB.
Furthermore, immune cells can play both supporting and suppressive roles at the tumor
site, making it desirable to understand which cells are present and in what quantities.
Several approaches have been developed to meet this need. While single-cell sequencing
would be ideal, deconvolution-based approaches such as CibersortX (135), Epic (136), or
xCell (137) can provide an estimate of relative immune cell abundances from bulk RNA
sequencing. These methods take advantage of expression patterns specific to immune cell
type via a signature matrix and estimate weights for each cell-type signature consistent with
the expression of their constituent genes. However it remains unclear what cell types and
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states to include in signature matrices, as well as whether they should be constructed based
on healthy immune cell populations or from immune cells in tumors, as these can have
distinct expression profiles (135). In any case, profiling immune cell infiltrates from tumor
RNA may provide further information about barriers to generating effective T cell responses
against neoantigens.

5.3.2. Functional aspects of T cells.—A variety of T cell types and states have been
found in immune-infiltrated tumors, and the TIL landscape may influence the potential

for therapeutic response (138-140). If T cells are predominantly in a dysfunctional state,
infiltration levels may not correlate with immunotherapy outcomes (141). Several measures
have been developed to assess the capacity of infiltrating effector T cells to mount an
immune response against tumor cells. Rooney et al. proposed the CYT score, which derives
from expression levels of GZMA and PRFI and is a proxy for TIL cytolytic activity

(142). The TIDE score evaluates T cell dysfunction based on 770 genes with expression
levels that have been correlated with survival outcomes in the presence of cytolytic TILs
(141). The Immunophenoscore integrates expression information for effector T cells with
expression information for MHC molecules, immunomodulators, and suppressor cells to
capture various factors capable of modifying T cell responses (143). In the absence of
RNA sequencing, the Immunoscore, which evaluates the density of beneficial TILs in the
tumor core and margins, can be evaluated by immunohistochemistry as part of diagnostic
pathology (144).

While CD8* T cells are classically thought of as mediating neoantigen-directed responses,
there is a growing appreciation that CD4* T cell responses to MHC-11-restricted neoantigens
play an important role in effective antitumor immunity. Higher pretreatment CD4* T cell
clonality has been associated with better outcomes in advanced melanoma (145). Tumor
vaccine studies designed to generate CD8" T cell responses reportedly result in more CD4*
T cell responses (29-31, 145). The necessity of both CD4* and CD8" T cell activity for
effective ICB responses (108) is consistent with the requirement for CD4* T cell help

to generate robust and sustained CD8" T cell activity. While MHC-II is predominantly
expressed on APCs, it can be expressed by tumor cells, usually under conditions of IFN-y
signaling. Interestingly, expression of MHC-II by tumor cells has been associated with better
outcomes; however, it remains unclear if this is due to MHC-II presentation of neoantigens
on tumor cells or reflects some other benefit of IFN-y associated MHC-11 expression (22).

In general, the level of MHC-II expression on tumor cells is significantly lower than that
observed on APCs (98).

6. DISCUSSION

Rapid technological advances and accumulating clinical trial and tumor genomic data
provide new insights into the complex dynamics at the tumor—immune cell interface.
Understanding this relationship is critical to advance personalized cancer immunotherapy.
While it is clear that neoantigens drive tumor—immune interaction dynamics throughout
tumor development, tumor progression is inevitable. Thus far, studies evaluating high TMB
and neopeptide load in patients that did not undergo immunotherapy found no survival
advantage (45, 133), suggesting that TMB and neopeptide load do not alone guarantee
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effective immune surveillance. Ultimately, the immune system requires help/stimulation to
effectively eliminate tumor cells. Neoantigens are central to this effort, but relatively few
mutations in tumors generate truly immunogenic neoantigens. We highlight here that the
evaluation of neoantigens requires attention to at least three key factors: MHC integrity,
neoantigen availability, and a supportive tumor—-immune microenvironment.

Mapping the landscape of somatic alterations in tumors to effective neoantigens and
immunotherapy responses at scale will inevitably require in silico workflows (Figure 5)
(147). Effective algorithms have been developed to predict neopeptides, but identifying
neoantigens and correlating them with immunogenicity remain difficult (80). In this review,
we have discussed how WXS plus RNA sequencing can be used not only to identify
neopeptides but also to disclose potential mechanisms that alone or in combination could
hinder natural antitumor immunity and immunotherapy. In our own work, we have identified
such factors, including patient genotype—dependent immune visibility of driver mutations,
MHC-I1I presentation, HLA and B2M mutations, the effect of immunoediting over the
course of tumor development, and the effect of age and sex on tumor—immune interactions.
It is obvious that immunotherapy interventions in the personalized era must take into
consideration each and every one of these factors to guarantee a better-informed decision-
making process on the suitability of immunotherapy and improve chances of success.

Although much of the information generated up to this point comes from bulk tissue
analyses, we believe that single-cell applications may add new information but may not
scale equally well, and we argue that the added benefit may not be sufficient to justify the
cost over bulk methods. Going forward, experimental validation of in silico prediction is
necessary in clinical settings and should include mass spectrometry to ensure that antigens
are processed, as well as in vitro assays of T cell activation to demonstrate the presence of
responsive T cells. Whenever feasible, attempts should be made to demonstrate that T cells
expanded by a neoantigen of interest recognize and actually kill autologous tumor cells. It
is worth mentioning that, based on data from clinical trials, T cell responses against mutant
peptides appear biased toward CD4" T cells. Thus, efforts should evaluate neopeptides

for both classes of MHC. Only these systematic analyses may improve the efficacy of
personalized cancer immunotherapies.

While functional MHC, neoantigen availability, and a supportive TME are likely to be
universal requirements for neoantigen-directed immune responses, characteristics of each
may vary by tumor type. There is variation in the efficiency of antigen processing and
presentation across different tumors, and consequently different tumors may adopt different
mechanisms of immune evasion (148). In ccRCC, where TMB and neoantigen loads tend

to be low, expression of the MHC machinery and ratios of specific T cell populations
stratified patient responses where TMB and neoantigen predictions could not (149). Specific
somatic alterations have been reported to drive immunotherapy resistance and may occur

at different rates in different tumor types. For example, PTEN and LKBI loss in some
settings are associated with decreased T cell infiltration and suppressive cytokines, while
oncogenic WNT/B-catenin and TGF-p activity are associated with immune cell exclusion
from the TME (46, 47). Effectively predicting outcomes may require accounting for these as
resistance mechanisms.

Annu Rev Biomed Data Sci. Author manuscript; available in PMC 2023 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castro et al. Page 18

Consideration of tumor heterogeneity, spatial organization, and signaling networks should
also be part of the decision-making process (150, 151). For instance, higher expression

of the MHC machinery and the presence of effective T cells have been associated with
lower levels of clonal heterogeneity in ccRCC (149). Other studies have suggested that
lower clonal heterogeneity may be associated with more effective host antitumor immunity
(124) and that, conversely, heterogeneity contributes to the development of resistance by
facilitating cross talk between different cell populations, potentially in a manner that
depends on the expression of markers such as PD-L1 and IFN+y that would otherwise

be expected to predict better outcomes (152). Longitudinal studies of tumor genomes
undergoing immunotherapy may be helpful for understanding the relationship of clonal
heterogeneity to immunotherapy resistance.

7. CONCLUSION AND FUTURE DIRECTIONS

Identifying immunogenic neopeptides is crucial for a complete and durable response to
immunotherapy but is only the beginning of a validation process we only now begin to
appreciate in its complexity. While considerable progress has been made, there remain
areas of knowledge that definitely need improvement. In this review we discussed those
that, based on data, have been identified and, to the extent possible, quantified. Areas that
still need further exploration include the MHC-I1I processing pathway and what exactly
determines binding of the TCR to the pMHC. For the time being, the areas we have
identified in this review should provide new guidance to the collective effort to use
immunotherapy to treat cancer efficiently and with greater accuracy.
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TERMS AND DEFINITIONS

IFNy interferon-vy is a cytokine that activates the class Il pathway and
macrophages

indel an insertion or deletion mutation

GZMA granzyme A protein is a protease released by cytotoxic T and NK
cells

PRF1 perforin-1 is a cytolytic protein produced by cytotoxic T and NK

cells that forms membrane pores
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Neoantigens are displayed via MHC-1 on tumor cells and recognized by CD8" T cells.

Amino acids in positions 2 and 9 are typically primary MHC-I anchor residues, and amino
acids in positions 4-7 are typically TCR-binding residues. Figure adapted from images
created with BioRender.com. Abbreviations: MHC, major histocompatibility complex;
MHC-1, MHC class I; TCR, T cell receptor.
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appropriate neoantigens is advantageous for successful immune checkpoint blockade. Figure
adapted from images created with BioRender.com. Abbreviations: HLA, human leukocyte
antigen; MHC-I, major histocompatibility complex class I; TCR, T cell receptor.
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Relations among neoantigens, MHC, TCR binding, and immunogenicity. (8) Neopeptide
versus WT peptide affinity. A high differential agretopic index (i.e., the neopeptide has a
greater affinity than the WT) will result in greater presentation of the mutation (fop righi).
(b) Effects of peptide affinity in conjunction with TCR affinity on sustained T cell response.
High TCR affinity to the WT pMHC complex (bottom left and bottom middle) should result
in thymic elimination of T cell clones (7aded T cells). However, high TCR affinity to the
neoepitope could result in cross-reactivity, also targeting the WT pMHC (bottom middle).
Very high TCR affinity may promote short-lived T cell responses (113). High neoepitope—
MHC affinity but lower WT-MHC affinity and intermediate TCR affinity may be the
optimal combination to promote a sustained T cell response (middle right). Figure adapted
from images created with BioRender.com. Abbreviations: MHC, major histocompatibility
complex; pMHC, peptide-MHC; TCR, T cell receptor; WT, wild-type.
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Figure 4.
Multiple independent factors influence the potential of a neopeptide to create an effective

neoepitope. A mutation with high clonality and robust expression, with the potential to be
presented by multiple HLA alleles, may still be ineffective if the MHC alleles to which

it can bind are somatically altered or only weakly expressed. Loss of MHC integrity is
indicated by faded color. In this way, the landscape of potentially immunogenic neoepitopes
may be considerably smaller than what might be predicted based on HLA affinities for
neopeptides. Figure adapted from images created with BioRender.com. Abbreviations: HLA,
human leukocyte antigen; LOH, loss of heterozygosity; MHC, major histocompatibility
complex; MHC-I, MHC class I; pMHC, peptide—-MHC.
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Figure5.
Workflow for in silico mapping of the somatic landscape of tumors to putative immunogenic

neoantigens for clinical applications. Blue text indicates steps that are less commonly
performed. References for further reading are included in parentheses. Abbreviations: aa,
amino acids; HLA, human leukocyte antigen; LOH, loss of heterozygosity; MHC, major
histocompatibility complex; MHC-I, MHC class I; MHC-I1, MHC class II; uORF, upstream
open reading frame.
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Table 1

Older examples of T cells recognizing mutated epitopes in cancer cells

CD4* T cells

Source Type References
Triosephosphate isomerase Nonsynonymous mutation | 7, 153
Low-density lipid receptor/GDP-L-fucose:-D-galactoside-2-a-L-fucosyltransferase | Gene fusion 9, 154
Triosephosphate isomerase Nonsynonymous mutation | 11, 155
CD8" T cells

Source Type References
Chimeric P210 BCR-ABL Gene fusion 8, 156
Chimeric ETV6-AML1 Gene fusion 10, 157
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Table 2
Neoantigen vaccine phase I clinical trials

Study Patients | Neopeptidelength Total IR Pre-existing CD4*Tcells | CD8* T

neopeptides IR cells
Carreno et al. 2015 (28); n=3 9-aa peptide (short) 9/21 (42.8%) 3/9 ND 42.8%
melanoma
Ott et al. 2017 (29); n==6 15- to 30-aa IMP (long) 58/97 (60%) ND 60% 16%
melanoma

10%
Sahin et al. 2017 (30); n=13 Short (MRNA) 75/125 (60%) c ad d
melanoma 2771125 32.8% 9.6%
15.2%d
Hilf et al. 2019 (31); =152 18- to 19-aa peptide 12/13 (92.3%) [**AU: ND? | 11/13 0/13 (0%)
glioblastoma - (long) **] (84.7%)
5/13 (38.4%)

Keskin et al. 2019 (32); n= 1017 20- to 30-aa IMP (long) ND ND 3/7 (42.8%) Unclear
glioblastoma - poolse

Abbreviations: aa, amino acids; IMP, immunizing long peptide; ND, not determined.

all patients received APVAC2, the neopeptide vaccine.

b_. . ) . ] .
Eight patients completed first vaccine, and five patients had at least one booster.

C, . - .
Includes one putative pre-existing response. Data from table S2 in Reference 30.

dVaIues calculated from table S2 in Reference 30.

e . ] . .
For the two patients that generated IFN-y responses of five that received at least one booster vaccine.
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