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Abstract
The expression of antigens that are recognized by self-reactive T cells is essential for immune-mediated tumor
rejection by immune checkpoint blockade (ICB) therapy. Growing evidence suggests that mutation-associated
neoantigens drive ICB responses in tumors with high mutational burden. In most patients, only a few of the
mutations in the cancer exome that are predicted to be immunogenic are recognized by T cells. One factor that
limits this recognition is the level of expression of the mutated gene product in cancer cells. Substantial preclinical
data show that radiation can convert the irradiated tumor into a site for priming of tumor-specific T cells, that is, an
in situ vaccine, and can induce responses in otherwise ICB-resistant tumors. Critical for radiation-elicited T-cell
activation is the induction of viral mimicry, which is mediated by the accumulation of cytosolic DNA in the
irradiated cells, with consequent activation of the cyclic GMP-AMP synthase (cGAS)/stimulator of interferon (IFN)
genes (STING) pathway and downstream production of type I IFN and other pro-inflammatory cytokines.
Recent data suggest that radiation can also enhance cancer cell antigenicity by upregulating the expression
of a large number of genes that are involved in the response to DNA damage and cellular stress, thus
potentially exposing immunogenic mutations to the immune system. Here, we discuss how the principles of
antigen presentation favor the presentation of peptides that are derived from newly synthesized proteins in
irradiated cells. These concepts support a model that incorporates the presence of immunogenic mutations in
genes that are upregulated by radiation to predict which patients might benefit from treatment with
combinations of radiotherapy and ICB.

Background
T cells can recognize differentiation antigens and other
non-mutated self-antigens that are overexpressed by cancer
cells in the context of sufficient inflammatory signals, which
result from the release of damage-associated molecular
pattern (DAMP) molecules [1, 2]. Over the past few years,
numerous studies have demonstrated that a high mutational load (that is, a high number of non-germline, nonsynonymous mutations per exome) is generally associated
with improved responses of cancer patients to immune
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checkpoint blockade (ICB) therapy [3–6]. When the genes
that contain these somatic mutations are translated at
sufficient levels into proteins that, once degraded by
the proteasome, generate peptides that bind with high
affinity to major histocompatibility complex class I
(MHC-I) molecules, tumor neoantigens are generated.
Neoantigens are known to be often highly immunogenic and represent key targets for T cells [7]. Therefore,
targeting the tumor mutanome for individualized vaccination constitutes a promising strategy for increasing
the responses of patients treated with ICB. Recently,
several phase-I clinical trials have demonstrated the
feasibility of personalized neoantigen vaccination for
treatment of melanoma and glioblastoma patients, with
the induction of neoepitope-specific T cells that were
able to kill autologous tumor cells [8–10].
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Although increased tumor mutational load theoretically
leads to the accumulation of neoantigens, only a subset of
mutated peptides are presented on MHC-I molecules, and
among them, only a small percentage generate T-cell responses. Predicting which somatic mutations are immunologically relevant remains a challenge. Despite the efforts
deployed by many groups to understand the characteristics
of a neoantigen that can induce a strong T-cell response,
this knowledge remains far from complete [11, 12]. The
development of improved prediction algorithms to identify
neoepitopes that bind with high affinity to the product of
each human MHC allele will enhance the identification of
potentially immunogenic mutations. Such algorithms
will be enhanced by our improved ability to identify
MHC-bound peptides using mass spectrometry [13].
Focal radiotherapy (RT) has been used for more than a
century to attain local tumor control. The DNA damage
caused by RT mediates its cytocidal effects, but is also
responsible for many of the pro-inflammatory effects of RT
because DNA that gains access to the cytosol of cancer cells
and myeloid cells within the irradiated tumor microenvironment acts as a powerful DAMP [14, 15]. In pre-clinical
studies, RT has been demonstrated to induce the activation
of T cells that are directed against model antigens introduced into cancer cells, such as ovalbumin, and against
some endogenous tumor antigens [16–18]. There is some
evidence that T-cell activation against some tumor antigens
also occurs in patients [19]. However, RT by itself is seldom
able to induce T-cell responses that mediate abscopal effects (that is, the regression of non-irradiated metastases;
Box 1), as reflected by the extremely rare occurrence of
such effects [20, 21]. Nevertheless, the ability of RT to
promote the activation of anti-tumor T cells has become
clinically relevant with the advent of ICB therapy, with
examples in both mice and patients showing that RT can
help to overcome resistance to ICB [22–25].
In this article, we briefly review key features pertaining
to the regulation of antigen processing and presentation
by MHC-I, which have been studied mostly in the context
of viral infections. We then propose that treatments that
elicit a stress response in cancer cells, such as radiotherapy and chemotherapy, modulate the tumor neoantigen
landscape by inducing the expression of genes that encode
immunogenic mutations. We discuss evidence that
supports this concept in the context of ionizing radiation, where antigenic modulation together with
pro-inflammatory effects regulate the synergy between
focal RT and immunotherapy. We extend the discussion
to consider the role of the MHC class II (MHC-II)
pathway in presenting the cancer mutanome to CD4
T cells, and we describe additional types of tumor
neoantigens that are emerging as targets of antitumor T cells, such as antigens generated by posttranslational modifications (PTMs).
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Box 1 Glossary
Abscopal effect: this indicates tumor regression that occurs
outside the field of radiation.
Adjuvant: a substance or molecule that enhances the immune
response to an antigen, usually by activating innate immune
cells. Adjuvants can be derived from pathogens or from stressed
cells, in which case they are considered ‘endogenous’ adjuvants.
Cross-presentation: the ability of some antigen-presenting cells
to take up and present exogenous antigens with MHC class I
molecules to CD8 T cells, via the route normally employed for
endogenous antigens.
Cyclic GMP-AMP synthase (cGAS): an enzyme that catalyzes
cyclic GMP-AMP synthesis and acts as a cytosolic DNA sensor
that binds to microbial DNA as well as to self-DNA.
Damage-associated molecular patterns (DAMPs):
endogenous molecules that operate as endogenous adjuvants
when released by stressed or dying cells.
Differentiation antigen: an antigen derived from a protein that
is expressed in a specific tissue or organ and the tumor derived
from this tissue.
Immune checkpoint blockade (ICB): a therapeutic strategy
based on the inhibition of immune checkpoint receptors
expressed by T cells that are in place to maintain self-tolerance
and are co-opted by cancers to evade immune rejection.
Micronuclei: extranuclear bodies that contain damaged
chromosome fragments that are not incorporated into the
nucleus after cell division.
Pathogen-associated molecular patterns (PAMPs): conserved
molecular motifs that are expressed by pathogens and recognized
by receptors of the innate immune system as signals of danger.
Post-translational modification (PTM): a biochemical
modification of a protein that occurs after translation.
Radiation dose: the energy deposited by ionizing radiation per
unit mass, measured in Gray (Gy): 1 Gy = 1 J/kg.
Stimulator of interferon genes (STING): an endoplasmicreticulum-associated protein that activates the type I IFN and
NF-κB pathways. STING is activated by cyclic GMP-AMP produced
by cGAS and by other cyclic dinucleotides of bacterial origin.

The rules of antigen presentation by MHC-I
molecules
In order to eliminate aberrant (that is, virally infected or
transformed) cells, CD8 cytotoxic T cells must recognize
antigens displayed by MHC-I molecules on the surface
of the aberrant cells. MHC-I molecules, which are
expressed by all nucleated cells in the body, have evolved
to provide information to the immune system about
internal changes in an individual cell that constitute a
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danger to the organism. The molecular mechanisms that
regulate antigen presentation by MHC-I have been
described in detail in several excellent reviews (for
example, [26, 27]). We focus on the salient features of this
process that are relevant for understanding how neoantigen presentation by cancer cells can be modulated by
treatments, such as RT and genotoxic chemotherapy.
MHC-I molecules present peptides of 8–11 amino acids
in length that are derived from the proteasomal degradation of intracellular proteins. These small peptides are
translocated into the endoplasmic reticulum (ER) by the
transporter associated with antigen processing (TAP)
(Fig. 1). In the ER, the MHC-I components—a polymorphic heavy chain and a light chain called β2microglobulin (β2m)—are partially folded and stabilized
by different chaperone proteins [28]. Once a peptide binds
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to an MHC-I molecule, the chaperones are released and
the peptide–MHC complex is transported via the Golgi
complex to the plasma membrane.
Any peptide that binds with sufficient affinity to
stabilize the complex of the MHC-I heavy chain with
β2m can theoretically be presented. Therefore, a number
of mechanisms have evolved to enable the distinction
between self and non-self peptides. First, T cells that are
reactive to a vast array of self-antigens are eliminated in
the thymus, a process known as central tolerance;
second, T-cell-intrinsic and -extrinsic regulatory mechanisms are in place to maintain peripheral tolerance [29].
Key to T-cell specificity is the requirement for two
signals in order for the T cell to be activated. The T-cell
receptor (TCR) provides the first signal upon binding to
the MHC–antigen complex, and the co-receptor CD28

Fig. 1 Radiation therapy can expose immunogenic mutations for MHC-I presentation on the surface of cancer cells. In response to DNA damage
that is caused by radiation, double-stranded DNA (dsDNA) accumulates in the cytosol, where it triggers a cellular response similar to that induced
by a viral infection. Cytosolic dsDNA binds to cyclic GMP-AMP synthase (cGAS), stimulating the production of cGAMP (cyclic guanosine
monophosphate–adenosine monophosphate), which activates Stimulator of interferon genes (STING). Downstream of STING the type I
interferon (IFN-I) and NF-κB pathways are activated, resulting in the production of IFN-β and other pro-inflammatory cytokines and in the
induction of IFN-stimulated genes, including immunoproteasome subunits. The expression of multiple genes encoding proteins that are involved in
DNA damage repair and cell-cycle regulation is also induced. These genes frequently contain mutations. After translation, the mutated proteins will be
processed by the (immuno)proteasome and degraded into shorter peptides (8–11 amino acids long) that will enter the endoplasmic reticulum via the
transporter associated with antigen processing (TAP) complex. Peptides that bind to MHC-I molecules with sufficient affinity will then be presented at
the tumor cell surface, where they can be recognized by CD8 T cells. RT radiotherapy, TCR T-cell receptor
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delivers the second signal upon binding to costimulatory
molecules CD80 and CD86 [30]. The expression of costimulatory molecules is largely restricted to professional
antigen-presenting cells such as dendritic cells (DCs),
and only a special subset of DCs, known as conventional
DC1, has the ability to take up antigen(s) from other
infected or transformed cells and to cross-present them
on MHC-I in order to activate CD8 T cells [29, 31]. In the
absence of disease, scheduled cell death serves as a source
of tissue-specific antigens that are taken up by DCs and
presented in the absence of co-stimulation, leading to Tcell tolerance [32]. DCs are well-equipped to sense the
presence of danger signals from pathogens, known as
pathogen-associated molecular pattern (PAMP) molecules, and from stressed or damaged cells, known as
DAMPs [33]. DCs that are exposed to PAMPs and/or
DAMPs upregulate the expression of co-stimulatory molecules. Thus, in the presence of an infection or other
inflammatory condition that generates PAMPs and
DAMPs, self-antigens can be presented by DCs that
express costimulatory molecules. Because of their critical
contribution to the activation of the immune response,
these danger signals are known as ‘adjuvants’. Nevertheless, T cells do not usually react to self-antigens, at least
in part because only T cells with TCRs that have low affinity for self-peptide–MHC complexes graduate thymic
education. By contrast, peptides derived from foreign
proteins, such as those encoded by viruses, are recognized
by high-affinity TCRs.
The exquisite specificity of CD8 T-cell-mediated
responses for infected cells is not, however, just a
matter of antigen quality. Elegant studies investigating
the quantitative aspects of antigen processing and
presentation by MHC-I have revealed that the likelihood
that a peptide generated by the proteasome will be
presented by MHC-I is also a numbers game (reviewed in
[34, 35]). Only a small fraction of the peptides generated
by the proteasome, estimated at < 0.1%, is presented by
MHC-I molecules [27]. In order to secure efficient and
timely presentation of viral antigens during an acute infection, the system is skewed towards newly synthesized
proteins, which are the main source of peptides presented
by MHC-I. In other words, the rate of synthesis of an antigen is more important than the amount of antigen present
in the cell for its recognition by T cells [34, 36].
Finally, while all cells express the standard proteasome,
DCs constitutively express high levels of the immunoproteasome, a specialized variant that differs from the
standard proteasome in three subunits and that cleaves
slightly differently, generating peptides that are more
suitable for MHC-I binding [37]. In normal conditions,
expression of the immunoproteasome is very low in
non-immune cells, but it is enhanced in inflammatory
conditions by several cytokines, including interferon
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(IFN) type I (IFN-I) and type II (IFN-II). During a viral
infection, activation of the IFN-I and NF-κB pathways
provides signals for the recruitment and maturation of
DCs to take up viral antigens from dying infected cells
and cross-present them to CD8 T cells. The same pathways fine-tune the antigen presentation machinery of
the infected cells to generate and present the same
antigenic peptides towards which the T cells have been
activated by DCs [38]. As discussed below, the ability of
radiotherapy to enhance tumor immunogenicity is likely
to depend on the induction of a state of viral mimicry in
the cancer cells.

How radiation modulates antigen presentation by
cancer cells
A bulk of work in pre-clinical tumor models, supported
by clinical observations, provided the rationale for the
hypothesis that focal tumor RT can convert the tumor
into an in situ, individualized vaccine [39]. Irradiated
cancer cells undergo a stressful death that is associated
with the release of DAMPs, such as the high-mobilitygroup Box 1 (HMGB1) alarmin protein [40], and the
upregulation of signals that promote their phagocytosis
by DCs, such as calreticulin [41]. This fate is shared by
cancer cells that are treated with chemotherapy agents
such as anthracyclines and oxaliplatin [42]. In addition,
our recent studies have revealed a key role of radiationinduced viral mimicry in the stimulation of robust
tumor-specific CD8 T-cell responses that are capable of
mediating systemic tumor regression in concert with
ICB therapy [25, 43].
IFN-I plays a central role in anti-viral immune responses. Its activation is triggered by the accumulation
of viral DNA in the cytosolic compartment of infected
cells. Cytosolic DNA is sensed by the cyclic GMP-AMP
synthase (cGAS) [44]. cGAS catalyzes the formation of
the cyclic dinucleotide cGAMP (cyclic guanosine monophosphate–adenosine monophosphate), which binds to
transmembrane protein 173 (TMEM173, also known as
stimulator of IFN genes (STING)). STING recruits the
TANK-binding kinase 1 (TBK1), which phosphorylates
interferon regulatory factor 3 (IRF3), enabling IFN-I
gene transcription. IκB kinase (IKK), which phosphorylates IκB, is also recruited, resulting in IκB proteosomal
degradation and canonical NF-κB signaling [45]. Radiation induces DNA breaks that trigger the DNA damage
response. During this process, self-DNA accumulates in
the cytosol of cancer cells at detectable levels, leading to
activation of the cGAS–STING pathway and the resultant production of the type I interferon IFN-β by the
irradiated cancer cells, which is comparable to the production of IFN-I that is observed upon viral infection of
the same cells [43]. The relative contributions of genomic and mitochondrial DNA to the IFN-stimulatory
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cytosolic DNA in irradiated cells remain to be determined. Micronuclei, which are cytoplasmic aggregates of
damaged DNA encircled by a defective nuclear envelope,
have been shown to form following RT-induced DNA
damage and to be major contributors to the pool of
DNA that stimulates cGAS [46, 47].
The burst in IFN-I production by cancer cells following
RT promotes the recruitment of DCs that are specialized
in the cross-presentation of tumor antigens to CD8 T
cells. In the setting of the release of DAMPs by cancer
cells in an irradiated tumor microenvironment, these DCs
upregulated costimulatory molecules and activated tumorspecific CD8 T cells [43]. Tumor-derived DNA itself has
also been shown to be a DAMP that stimulates the
cGAS–STING pathway in DCs, inducing them to produce
IFN-I [48]. It remains unclear whether the tumor-cell
DNA reaches the cytosol of DCs during phagocytosis, a
process that is limited by CD47–SIRPα (signal regulatory
protein α) interaction [49], or via other mechanisms. A
possible mechanism by which tumor-cell DNA might
reach the cytosol of DCs is shuttling by exosomes
that are secreted by irradiated cancer cells, which
have been shown to transfer IFN-stimulatory DNA to
DCs in vitro, but the role of this mechanism in vivo
remains to be fully elucidated [50].
The viral mimicry of radiation is not limited to the production of DAMPs and the activation of pro-inflammatory
cytokines. Radiation modulates the expression of a large
number of genes, many of which are involved in DNA repair [51]. As described above, newly synthesized proteins
are the preferred source of peptides for MHC-I presentation. Thus, similar to proteins that are derived from viral
antigens during an acute infection, the proteome that is
acutely induced in response to ionizing radiation is the
source of the antigens presented by irradiated cancer cells.
Evidence in support of this hypothesis comes from studies
by Reits and colleagues [52], who characterized the peptides presented by MHC-I of irradiated and non-irradiated
melanoma cells (of the MelJuSo cell line) by mass spectrometry and identified several peptides that are unique to
the irradiated cells. Among them were peptides derived
from proteins that are involved in DNA repair and in
protein breakdown. Additional evidence comes from our
analysis of a non-small cell lung cancer (NSCLC) patient
treated with RT and the ICB therapy ipilimumab [25].
It is also important to consider that different radiation
doses and delivery schedules will induce the expression
of different sets of genes [53]. We have shown that
multi-dose radiation regimens (8 Gray (Gy) given on
three consecutive days (8GyX3); and 6GyX5) induced
systemic anti-tumor immune responses in combination
with ICB, whereas a single dose of 20 Gy did not [17].
In-depth mechanistic studies revealed that single doses
in excess of 10–15 Gy, depending on the cancer cells
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studied, did not induce an IFN-I response because the
cytosolic DNA was cleared by the exonuclease TREX1
[43]. Consequently, a large set of IFN-stimulated genes
was upregulated in cancer cells treated with 8GyX3 but
not in those treated with 20GyX1. These findings
suggest that the proteome presented by MHC-I on
cancer cells, and on the cross-presenting DCs that take
up the tumor antigens after radiation exposure, may vary
significantly depending on the dose per fraction of
radiation applied. Moreover, given the role of IFN-I in
enhancing the expression of the immunoproteasome
[54], it can be hypothesized that the repertoire of antigens presented by irradiated cancer cells is likely to be
fine-tuned to match the repertoire presented by DCs
only following RT doses that optimally stimulate the
cGAS–STING pathway [55].
Overall, preclinical and clinical evidence suggests that
RT, in addition to the recruitment of DCs specialized in
cross-presentation of tumor antigens to CD8 T cells, can
enhance tumor antigenicity by inducing a ‘burst’ of gene
transcription that is likely to provide many new and
potentially immunogenic peptides for loading onto
MHC-I of both cross-presenting DCs and cancer cells.

Radiation and the cancer mutanome
Ionizing radiation and DNA-damaging chemotherapy are
powerful mutagens: cancer cells that survive these treatments often carry new mutations. Ionizing-radiationinduced mutagenesis is a stochastic cell-specific process,
and it is generally considered highly unlikely that the same
mutation will be generated in more than one cell following irradiation [56]. The ability of the immune system to
reject a tumor depends on the proportion of cancer cells
that present an antigen [57]. Like cytotoxic chemotherapy
(for example, using alkylating agents), subclonal mutations
induced by radiation may increase the mutational load
without increasing the sensitivity of the tumor to ICB
therapy [57], suggesting that they do not constitute good
targets for tumor rejection. It is worth mentioning, however, that radiation-induced immunogenic variants could
theoretically serve as important antigens in radiationinduced secondary cancers, or when treating a relapsed
tumor in which evolutionary pressure selected for cells
carrying the radiation-induced mutation.
As discussed earlier, the radiation-induced proteome is
presented by MHC-I of irradiated cancer cells (Fig. 1).
This implies that, in response to radiation, the expression
of genes encoding proteins that are involved in cellular
stress and DNA damage repair is induced. Furthermore,
as these genes might contain mutations, at least some of
these otherwise silent immunogenic mutations could be
exposed to the immune system. This process could represent an important mechanism whereby RT enhances
responses to ICB in patients who have cancers with a high
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mutational burden, such as melanoma and NSCLC
[23, 24]. Further support for this notion comes from
our recent study of metastatic NSCLC patients who
were enrolled in a prospective trial of RT and ipilimumab.
Objective abscopal responses were observed in 18% of
these patients. In-depth functional analysis in one patient,
who had a complete response, revealed a rapid in vivo expansion of CD8 T cells recognizing a neoantigen encoded
by the KPNA2 gene, a radiation-upregulated gene [25, 58].
It remains to be determined how often these otherwise
silent immunogenic mutations are expressed and presented by MHC-I in irradiated cancer cells. More than
150 different molecules are involved in DNA repair
alone, a process that is highly dependent on the cell
cycle [59]. Radiation induces the expression of genes
encoding proteins that are involved in DNA-repair
mechanisms and those encoding multiple cell-cycle
regulators. These same genes are frequently mutated in
cancer cells, resulting in uncontrolled proliferation and
genomic instability [60]. It follows that the molecules
that are upregulated in irradiated cancer cells are
encoded by a set of genes that are rich in mutations,
increasing the likelihood that some of them will be immunogenic. We are currently analyzing multiple tumors
and performing mass spectrometry of MHC-I-bound
peptides to assess the differences in presented antigens
between untreated and irradiated cancer cells.

‘Spreading the news’: the role of MHC-II in
presenting the cancer mutanome
The anti-tumor immune response against neoantigens
that are expressed by solid tumors is predominantly
attributed to MHC-I-restricted CD8 cytotoxic T cells,
but MHC-II-restricted CD4 T cells are also important
drivers of anti-tumor immunity [61–63]. With some exceptions, MHC-II molecules are not expressed by solid
tumors, but are selectively expressed by antigenpresenting cells (APCs), including DCs, B cells, and
macrophages. Therefore, CD4 T cells do not directly
target cancer cells but promote the cross-priming of
CD8 T cells to tumor antigens by CD40 ligand-mediated
DC activation [64].
MHC-II molecules present peptides that are derived
from a large variety of endogenous and exogenous proteins that are degraded in the endosomal pathway [65].
The MHC-II antigen processing and presentation pathways vary depending on the type of APC; this complexity has been extensively reviewed [28, 66] and is not
addressed here. Of note is the fact that, in mouse solid
tumor models, a larger portion of the immunogenic
mutanome was presented by MHC-II than MHC-I, and
was recognized by CD4 T cells, possibly because of the
less stringent length and sequence requirements for peptide binding to MHC-II than MHC-I molecules [61].
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The vaccination of mice bearing established CT26 colorectal tumors that had multiple MHC-II-restricted neoepitopes elicited tumor regression, which was mediated
by CD8 T cells that recognized a non-mutated neoepitope encoded by an endogenous retrovirus [61]. This
evidence emphasizes the critical role of CD4 T cells in
promoting the cross-priming of tumor-specific CD8 T
cells [61]. Mutations in genes encoding peptides that are
predicted to bind to MHC-II were also found to be
abundant in human cancers, although their role in
response to ICB remains to be determined [61]. Further
supporting the importance of neoantigen-specific CD4
T-cell responses, in a personalized vaccine trial in
melanoma patients, polyfunctional CD4 T cells were
observed against 60% of the 97 unique neoantigens used
across patients, whereas only 16% were recognized by
CD8 T cells [8].
As described above, CD4 T-cell responses that are
specific for neoantigens exert their helper function at
the level of the DC and enhance the activation of antitumor CD8 T cells [61]. The abundance of an antigen is
critical to achieving an efficient presentation via the
endosomal pathway of APCs [67], so it can be predicted
that the radiation-induced mutanome may boost neoantigen presentation by MHC-II, enhancing the activation of CD4 T-helper responses. Moreover, radiation
and chemotherapy have been shown to markedly enhance antigen transfer from cancer cells to myeloid
cells that are present in the tumor stroma [68], thus
spreading the news about the antigenic composition of
the cancer cells, with potential consequences for T-cell
priming and T-cell-mediated restructuring of the tumor
microenvironment.

Beyond the mutanome: the emerging role of other
types of cancer neoantigen
Cancer neoantigens encoded by genes containing nonsynonymous mutations have been the focus of most
studies, but other types of cancer neoantigens are beginning to emerge as important targets of tumor-specific T
cells. These include neoantigens generated by PTMs,
proteasome splicing, or RNA splicing, or from noncoding regions of the DNA.
PTMs of proteins can give rise to peptides presented by
MHC molecules that activate T-cell responses [27]. Examples of PTMs that are presented by MHC-I include phosphorylated and glycosylated peptides [69–71], but many
other modifications (such as oxidation and hydrolysis)
have been shown to alter the immunogenicity of MHC-I
peptides [27]. There is evidence that phosphorylated
peptides are recognized by tumor-specific T cells across
different malignancies, suggesting that they could represent shared antigens that are associated with altered
phosphorylation pathways in tumors [71, 72]. Likewise,
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MHC-II molecules present modified peptides, and many
of these modifications have been linked to allergic and
autoimmune diseases [27]. MHC-II-restricted phosphopeptides have also been reported as relevant targets for
human CD4 T cells [73]. In addition, a recent study
showed that self-antigens that are modified by citrullination on tumor cells can mediate potent anti-tumor CD4
T-cell responses [74].
Peptide splicing by the standard proteasome is another
mechanism that increases the diversity of the antigenic
peptides presented to CD8 T cells [75, 76]. Liepe et al.
[77] reported that proteasome-generated spliced peptides accounted for about one third of the MHC-I
immunopeptidome in terms of diversity and one quarter
in terms of abundance. To our knowledge, no MHC-IIrestricted neoepitopes generated by proteasome splicing
have been reported in tumors, but a study demonstrated
that autoreactive CD4 T cells in type I diabetes recognize
MHC-II epitopes formed by peptide fusion in β cells
[78]. Thus, it is possible that such processes could also
occur in tumors.
In addition, non-coding DNA regions have been
recently demonstrated to be a source of targetable
tumor-specific antigens [79]. These so-called ‘cryptic’
MHC-associated peptides can be produced by translation
of protein-coding genes in non-canonical reading frames
or by translation of non-coding sequences. Finally, recent
work has shown that tumor cells have up to 30% more
alternative RNA splicing events than normal cells [80],
although further studies are needed to determine whether
these events lead to the generation of neoantigens that are
recognized by T cells.
It remains to be determined whether treatment modulates the expression of these different types of tumor
neoantigens. Some types of PTM, such as oxidation, are
expected to be induced by RT and may generate another
group of RT-specific neoantigens. Epigenetic modulators
(DNA methyltransferase and histone deacetylase inhibitors) induce the transcription of cryptic genes, including
the reactivation of endogenous retroviruses, leading to
increased tumor immunogenicity [81, 82]. The impact of
chemotherapy on alternative transcription and splicing
has been reviewed extensively [83]. Small molecules are
being screened for their utility as alternative splicing
modulators (for example, digoxin), although their effects
in combination with immunotherapy have not yet been
evaluated [84].

Conclusions and future directions
The field of cancer vaccines has struggled for a long
time to identify shared tumor antigens that could be
used to induce effective anti-tumor immune responses
in patients [85]. Progress in genomic and proteomic analysis has enabled the identification of unique mutations
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and PTMs that are immunogenic and can elicit powerful
anti-tumor T-cell responses. In developing strategies to
enhance such tumor-specific T-cell responses, it is important to consider the complex biology of antigen
presentation. Multiple combination treatments, including
chemotherapy, RT, and epigenetic therapy, are being
tested in combination with ICB. Each of these treatments
can modulate the expression and MHC-presentation of
the various categories of neoantigens.
We have discussed the evidence in support of the
concept that RT-induced viral mimicry is not limited to
the production of IFN-I, which promotes the recruitment
and activation of DCs that are essential for the crosspresentation of tumor antigens to CD8 T cells [43, 86]. In
addition, this mimicry extends to directing the T-cell
response towards antigens derived from the radiationinduced proteome, similar to the preferential presentation
of newly synthesized viral proteins upon acute infection
[34, 36, 52]. Our recent data from an NSCLC patient
responding to RT and ipilimumab provide supportive
evidence that RT can enhance the expression of an
immunogenic mutation in the irradiated tumor and can
lead to priming of neoantigen-specific CD8 T cells [25].
Several questions remain to be answered, among them
whether RT enhances the expression of the immunoproteasome in cancer cells, and how CD8 T cells that
are specific for a radiation-exposed neoantigen manage
to recognize and eliminate metastases outside the
radiation field (that is, induce an abscopal response),
where the neoantigen is expressed at lower levels [25]. It
can be reasoned that the expression levels of an antigen
are critical for the activation of naïve T cells by crosspresenting DCs, but once activated, effector CD8 T cells
can target cancer cells that have lower antigen expression. It has also been shown that once a robust antitumor T-cell response is activated and cytotoxic T cells
are driven into the tumor, they will promote antigen
spread, that is, the broadening of the T-cell response to
additional tumor antigens [87]. The latter mechanism
may be crucial for the therapeutic success of all forms of
intratumoral immunotherapy, which usually treat only
one or a few accessible sites but can, in some cases,
induce the regression of untreated metastases [88].
Evidence of TCR repertoire diversification in mouse
tumors is consistent with the hypothesis that antigen
spread occurs after RT and ICB [89, 90]. We are
currently testing which of the expanded T-cell clones
that are present in irradiated tumors home to abscopal
tumor sites. The regression of some but not all metastases in some patients with metastatic disease who
were treated with RT of a single lesion and ICB also
suggests that tumor heterogeneity may be a barrier
when insufficient antigenic overlap occurs between the
irradiated tumor and non-irradiated metastases [25]. The
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irradiation of multiple metastases has been suggested as a
strategy to overcome tumor heterogeneity [91]. Finally, in
the setting of vaccination with neoantigens or adoptive T-cell therapy, RT could be used to facilitate the
recognition and elimination of cancer cells if the neoantigen(s) that are targeted are upregulated by RT.
Despite the many open questions that are being
addressed experimentally, we suggest that the expression
of immunogenic mutations in genes that are modulated
by radiation could be a candidate biomarker for predicting which tumors may benefit the most from RT, to
enhance responses to ICB. The potential of RT to modulate antigenic mutations could be included in a comprehensive model aimed at understanding the determinants
of responses to RT and ICB in the clinic. Other components of this model include the expression of molecules
that are mechanistically linked to the priming of tumorspecific T cells by RT, such as cGAS and STING [55],
and the expression of molecules that are linked to
cancer-cell recognition by CD8 T cells, such as MHC-I,
β2m, and components of the antigen-presentation machinery [92, 93]. Overall, the availability of new tools
that allow in-depth analyses of the antigenic repertoire
of cancer cells and the immune responses that they
engender opens new opportunities to design rational
treatment combinations to improve patients’ responses.
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