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4.1 Introduction

Targeted immunotherapy in cancer is a rapidly
expanding and evolving field with a developmen-
tal history spanning at least three decades.
Beginning with the identification and characteri-
sation of tumor-specific antigens (TSA)—protein
molecules which are exclusively associated with
transformed cells—and very recently the dawn of
neoantigen-specific immune-cell reactivity—
championed by immune checkpoint blockade
therapy—demonstrates that immune-based inter-
ventions will substantially shape the future of
cancer therapy. Neoantigens arise from naturally
processed mutated host protein molecules—even-
tually presented as immunogenic peptides to the
immune system. However, a deeper understand-
ing concerning the generation and recognition of
neoantigens is indispensable in order to better
understand the immunological and biological
underpinnings in diagnostics and therapeutic
applications to enhance healthcare for patients
with cancer. We briefly introduce the reader to the
antigen processing and presenting machinery in
cancer, and provide a condensed history of cancer
antigen discovery, touching upon seminal
findings. Last but not least, we discuss the latest
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development in cancer immunotherapy—with a
strong focus on neoantigen-directed strategies,
which may be improved for the time to come in
the context of clinical translation and therapy. We
limit the focus in this chapter to active cellular
therapy (ACT) for patients with cancer and the
potential of using mutant epitopes in combination
witih cellular therapy.

Harnessing the potential of neoepitope-
specific T-cell subsets is highly attractive, due to
their ability to recognize and respond to tumor
cells with limited off-target toxicity, superior
efficiency, and with the capacity to provide dura-
ble and clinically meaningful outcome in patients
with cancer [1]. This anti-cancer reactivity
directed against transformed cells is in essence a
targeted but productive autoimmune response
and dependent on the presence of a T-cell recep-
tor T-cell receptor (TCR) repertoire capable of
recognising mutant targets. Some cancer anti-
gens have been identified as ‘cancer antigens’
due to their selective tissue expression or overex-
pression in malignant/transformed cells, i.e.
mesothelin, or cancer testis antigens (discussed
later in this chapter). In other cases, mutations
that occur in otherwise normally expressed and
functional proteins may cause them to become
cancer-inducing agents. These mutated host mol-
ecules may be involved in cancer initiation (onco-
genesis), disease maintenance, or in metastasis.
Since some mutations are crucial for malignant
transformation and for tumor cell survival, they
may also be instrumental in immune escape
mechanisms, either by selecting tumor-promot-
ing T-cell responses, or - not mutually exclusive,
‘blinding’ anti-cancer immune responses by
inducing loss of immune - ‘fitness’.

Recent findings in cancer research show that
the success of immune - based therapies requires
a T-cell receptor repertoire capable of recogniz-
ing mutant targets along with anti-cancer
directed cellular immune responses (e.g. cyto-
toxicity, Thl - type immune responses, see
Fig. 4.1). In line with this, T-cell-based cancer
immunotherapy is gaining momentum since the
most successful novel interventions against solid
tumors rely on cancer-specific T-cell activity

and their mobilisation to sites of disease, i.e.
immune checkpoint inhibitors, chimeric antigen
receptors (CARs) and T-cell receptor (TCR)-
modified T-cell products [2, 3]. Local activation
of antigen-specific tumour-infiltrating T lym-
phocytes, known as TILs, allows for re-
circulation of cells, robust killing of tumour
cells, reduction in tumour mass and orchestra-
tion of anti-tumour responses in tissue.
Monoclonal antibodies targeting PD-1 and
CTLA-4 have thus revolutionised cancer ther-
apy, with signs of potential use in treating
chronic infectious diseases such as viral hepati-
tis, human immunodeficiency virus (HIV) infec-
tion, malaria and tuberculosis [4-7]. In particular,
anti-PD-1 therapy has been shown to activate
CDS8 T cells specific for mutated antigens (neo-
antigens) associated with cancer progression in
metastatic melanoma [3]. Patients showing dura-
ble responses following immunotherapy had
increased numbers of neoantigen-specific T-cells
in their blood, signifying the underlying mecha-
nism of anti-PD-1 therapy.

4.2 Antigen Processing

and Presentation in Cancer

In order to gain an understanding of the dynamics
driving the generation and ‘visibility’ of antigens
to the immune system, it is advantageous to pro-
vide an overview about antigen processing and
presentation to immune effector cells. Antigens
can be generally viewed as being either intrinsic
or extrinsic in nature; they are biochemically pro-
cessed within cells and presented to various
T-cell subsets, B cells as well as natural killer
(NK) cells [8]. The essential molecule associated
with presenting antigens to the immune system is
termed as the major histocompatibility complex
(MHC), or specifically in humans, the human
leukocyte antigen (HLA) [8]. The function of
MHC/HLA system was discovered and first
described by Rolf Zinkernagel and Peter Doherty
in the early 1970s, the seminal work for which
they were awarded the Nobel prize in Medicine
and Physiology in 1996 [9-12].
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Antigens can derive from whole pathogens,
i.e. bacteria, viruses and parasitic organisms, or
by non-mutant, or mutant proteins associated by
transformed cells. Intrinsic antigens, also called
‘endogenous’ antigens, are processed and pre-
sented to the immune system in the form of spe-
cific peptides called epitopes. This pathway is
termed the MHC/HLA class I pathway (hereafter
referred to as the ‘HLA class I pathway’), and
plays a crucial role in eliciting immune responses
to viruses (viral components synthesised within
the host cell), intracellular bacteria as well as to
cancer - associated antigens - which relies on the
immune system’s capacity to recognized ‘self” or
‘mutant self” antigens [8]. All cells of the body
(with the exception of erythrocytes) are capable
of processing and presenting antigens via the
HLA class I pathway. The processing of antigens
in this pathway involves a crucial step, where the
immunoproteasome (occurring in the cytosol)
cuts up denatured (unfolded) protein structures
into small peptide sequences between 8 and 10
amino acids long. The amino acid junctions at
which the proteasome enzymatically cuts a pro-
tein decides on which peptide or epitopes are
naturally presented to immune cells. Epitopes
presented by HLA class I molecules are recog-
nised by CD8+ T-cells, which can respond by 1)
proliferation, ii) cytokine production and / or iii)
production of cytotoxic molecules, capable of
killing transformed cells [8]. CD8+ T-cells may
produce perforin, granzymes, and granulolysin
(that can be easily measured using an CD107a
induction assay), or - not mutually exclusive -
IFN-gamma in response to transformed cells
[13]. If (cancer) target epitopes are identified
using the ‘reverse immunology strategy’, i.e. that
epitopes are selected based on their predicted
capacity to bind to MHC class I or class II mole-
cules, it cannot be assumed with a very high
degree of certainty that T-cells will also recognise
the naturally processed and presented epitopes on
tumour cells—a scenario which was described
more than two decades ago [14]: T-cells that were
shown to be peptide specific were not able to
react against naturally processed and presented
peptides on tumor cells. One of the reasons driv-
ing this phenomenon is that the specialised, or

‘skewed’ antigen processing and presentation
machinery in transformed cells may be different
compared to professional and non-professional
antigen presenting cells [15] that are responsible
for activating and expanding antigen-reactive
T-cells. Alternatively, epitopes may have been
created via post-translational modifications (such
as phosphorylation) that could not be predicted
from the primary structure of the wildtype and/or
the mutant protein [16].

Antigens that are taken up from the external
environment by professional antigen presenting
cells or APCs (i.e. dendritic cells, macrophages),
including B-cells, that have also professional
APC functions, are usually processed and pre-
sented to the immune system via the HLA class II
pathway. Whole pathogens, as well as proteins,
e.g. generated via destruction of cancer cells by
antibody-mediated mechanism, NK or CDS§
T-cells, are actively taken up by APCs in endo-
cytic vesicles called phagosomes, after which
proteolytic enzymes contained within lysosomal
compartments fuse with the phagosome to digest
the antigen to yield smaller peptide sequences,
usually 13—17 amino acids in length. These epit-
opes are then presented to CD4+ T-cells, which
are also termed as helper T-cells (Th), and have
an indispensable role in orchestrating immune
responses mainly by producing effector cyto-
kines, i.e. IFN-y, tumor necrosis factor alpha
(TNF-a), interleukin (IL)-2 (Thl cells), 1L-4,
IL-10 (Th2 cells) and in some cases, IL-17 (Th17
cells). Cytotoxic activity is not exclusively attrib-
uted to CD8+ CTLs; cytotoxic CD4+ T-cells
have also been reported to mediate biologically
relevant immune responses in cancer as well as in
viral infections [17-19].

The T-cell receptor (TCR) on the surface of
T-cells binds to the HLA-epitope complex, along
with co-receptors CD8 or CD4, to initiate an
immune synapse. Interactions between T-cells and
tumor cells are governed by HLA-restriction—the
alleles encoding a person’s HLA repertoire and
matching TCRs available in the tissue microenvi-
ronment and/or in blood, which dictates the nature
and strength of the immune response. HLA allele-
restriction of epitopes and immune cross-reactiv-
ity thereof plays an indispensable role in dictating
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the nature of immune responses. For example,
HLA-DQ variants have been associated with
increased susceptibility to certain infectious dis-
eases; mutations in the p57 subunit of HLA-DQ
may perpetrate progression to pulmonary disease
[20]. Interestingly, mutations in HLA-DQ alleles
have been attributed to susceptibility to contract
type 1 diabetes mellitus (T1DM). While HLA-DQ
is highly prevalent among Caucasians in the
Americas as well as Europe, East Asians and
Africans are much less likely to express these
alleles [21]. Indeed, individual HLA alleles may
also favour certain immune-recognition profiles,
independent of the peptide repertoire displayed by
the nominal restricting MHC element, i.e.
HLA-DQO0602 favours IL-17 production indepen-
dent of binding peptides, as shown in the trans-
genic murine model of multiple sclerosis [22].
This IL-17-centric reactivity represents a double-
edged sword; it may more effectively contain cer-
tain bacterial infections [23, 24] and IL-17 may be
beneficial to attract immune cells to the tumor site
[25] while the chronic exposure to IL-17 may
rather promote malignant transformation [26-28].
Therefore, the nature, quality and quantity of
immune responses following vaccination appear
to greatly depend on an individual’s HLA profile,
which shapes the quality and quantity of ensuing
cellular immune responses, including increased or
decreased risk for infections, autoimmune
responses or the ability to present (neo) epitopes to
T-cells dependent on the restrictions imposed by
the MHC—peptide complex and the responding
TCR repertoire. For instance, even if neoepitopes
are generated during malignant transformation,
they may not be visible to the cellular immune sys-
tem, if they are not processed and ultimately com-
plexed to the respective HLA molecule and
presented to responding T-cells.

Th1-Th2 Responses and MHC
Restriction Most studies use IFN-gamma as the
readout of T-cells responding to wildtype and
mutant epitopes provided from cancer cells, yet
Th2 responses, with the signature cytokines IL-4,
IL-5 and IL-13 may also be present, either as an
‘original’ Th2 response or as a result of partial
agonist peptides, imposed by the mutational

event (see below) that may turn Thl T-cells into
Th2 cytokine-producing T-cells [29]. Th2-type
T-cell responses may not per se signify an unpro-
ductive and potentially ‘tolerizing’ immune
response; more recent reports indicate that Th2-
type immune responses may also be able to medi-
ate clinically relevant anti-cancer immune
reactivities [30]. In a preclinical model, antigen-
specific Th2 cells eradicated myelomas without
the help of CDS8 T-cells, leading to massive
inflammation at the tumor site [30]. Th2-mediated
tumour destruction has been shown to be associ-
ated with IL-1, TNF-alpha (Th1) and Th2 cyto-
kine (IL-4, IL-5, IL-13) production in situ, while
passively transferred Th2 cells were able to con-
fer long-lasting cellular anti-cancer directed
immune responses. CD8-independent and anti-
gen-specific T-cells in Th2-mediated immune
responses were shown to be eotaxin- and STAT6-
dependent [31-36]. In general, Th2 infiltrates in
human cancers have not been studied extensively
and some studies even suggested a better out-
come with Th2-type cytokines [36]. The nature
of Th2 responses in recognising mutant epitopes
is not well explored at this time. The more
detailed association of CD4 Th2 responses may
also benefit from closer association of T-cells
with the restricting MHC class II elements. For
instance, previous studies reported Th1/Th2
CD4+ T-cell responses against NY-ESO-1 in
DPB1*0401/0402-positive patients with ovarian
cancer [37]. Much more information is available
concerning the nature of the cellular immune
response directed against peptides presented by
the rather less variant (as compared to HLA-DR)
HLA-DP molecules from infectious pathogens,
e.g. Hepatitis B or MHC class II molecules that
pre-dispose humans to certain autoimmune dis-
eases (e.g. gluten-associated colitis) [37-45].
The impact of variant epitopes in association
with certain MHC alleles that are associated with
certain cytokine production patterns (IL-17, Thl,
Th2) is unexplored up to now. Table 4.1 provides
an overview of wildtype and mutant target epit-
opes recognised in TIL from patients with gli-
oma, demonstrating that Th2 responses exist in
the TCR repertoire from individual patients
directed against mutant epitopes.
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Processing and presentation of neoantigens
may yield mutant epitopes (neoepitopes) that are
shared as well as patient-specific (‘private’). This
of course depends on the location of the muta-
tion, i.e. point mutation which might disrupt the
naturally occurring cleavage site and the nature
of the mutation itself i.e. point mutation vs. chro-
mosomal deletion vs. premature stop codons. A
comprehensive analysis of somatic mutations in
the HLA class I pathway, using DNA isolated
from tumour and non-tumour tissue from patients
representing 20 different cancer types, revealed a
high likelihood for loss-of-function mutations
occurring in the N-terminus of the HLA class I
molecule, which abrogates transport of the pep-
tide-HLA complex to the cell surface [46].
Furthermore, in all cancers tested, the most fre-
quent mutations were found to occur in the a3
region of the HLA class I molecule, which is
required for binding of the CD8 co-receptor on
T-cells during an immune synapse for subsequent
activation of the CD8- TCR complex [8].

4.3 Cancer Antigens
and Epitopes: From
Discovery to Therapeutic

Application

Preclinical studies in the mouse model of human
cancer, in particular melanoma, provided the first
insights into cancer antigen discovery and func-
tional characterisation, in the context of tumour
rejection. Thierry Boon and colleagues had shown
in the late 1980s that the tumor antigen P19A, het-
erologously expressed in mouse P815 tumour
cells (isolated from DBA/2 mice bearing methyl-
cholanthrene-induced sarcoma), contains an HLA
class I epitope (within a 13-mer sequence harbour-
ing a point mutation) capable of eliciting potent
CTL responses and lysis of target cells [47].
Epitope mining in the human cancer setting
was first performed using tumour tissue derived
from human melanoma lesions, spearheaded by
groups in Europe and the United States. Thierry
Boon, Pierre Coulie and colleagues at the Ludwig
Institute in Brussels, Belgium discovered the first
tumour-associated antigen (TAA) in 1991, after
in vitro characterisation of CTL responses using

melanoma cell lines derived from an anonymous
patient MZ2 who had metastatic disease [48]. This
TAA, first annotated as MZ2-E and later renamed
as melanoma-associated antigen 1 (MAGE-1, can-
cer testis antigen), was recognised by an autolo-
gous CTL line and induced lysis of the tumour cell
line expressing the MAGE-1 DNA and restricted
by HLA-A1 [48]. Further work with a cell line
from the same patient led to the discovery of MZ2-
F, or as it is known today, G antigen 1 (GAGE-1)
[49]. Much of the ongoing work at the time
focussed on discovering novel immunogenic HLA
class I-restricted antigens that mediated CTL reac-
tivity and lysis of melanoma cells from patients,
with a strong interest to first understand and then
to develop immune-based interventions; Melan-A
(HLA-A2+ epitope) [50]; MAGE-3 (HLA-A1+
epitope)-specific CTL response in a patient vacci-
nated with MAGE-3.A1 peptide [51].

Simultaneous efforts by researchers in Europe
and the United States revealed another important
cancer antigen, the cancer testis antigen
NY-ESO-1, which was discovered by serological
analysis of expression cDNA libraries (SEREX)
(indicating the presence of antibody responses),
using cDNA prepared from human oesophageal
squamous carcinoma cells [52]. NY-ESO-1 was
later shown by Elke Jiager and co-workers
(Frankfurt) to contain biologically functional
CD8+ (HLA-A2/B51) and CD4+ (HLA-DRB*1)
T-cell epitopes, based on seminal studies per-
formed on human melanoma cells as well as
transfected T2 cells as a model [53-56]. The
afore-mentioned T2 cells harbour a defect in the
transporter associated with antigen processing
(TAP), which in turn inhibits them to present
endogenous cytosolic cytosolic peptides (except
for some leader peptide sequences loaded onto
HLA-A2 molecules), but accommodates the
introduction of exogenously added HLA class |
epitopes for CTL recognition assays [57].

Steven Rosenberg and colleagues at the Surgery
Branch, National Cancer Institute (NCI, National
Institutes of Health (NIH), Bethesda, MD) made
pivotal contributions to antigen discovery in
human melanoma, in particular those that induce
reactivity among TILs: the tyrosine related protein
1 (TRP-1) or gp75 restricted by the HLA-A31
molecule in 1995 [58]; HLA-A3l1-restricted
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TRP-2 peptide LLPGGRPYR, which was a major
target of TILs infused into a patient with meta-
static melanoma who thereafter showed disease
regression [58]; epitopes from TRP-1 and TRP-2
(TRP,g7.905) restricted by HLA-A31 as well as
HLA-A33 [59]; a mutated epitope derived from
triosephosphate isomerase restricted by HLA-DR1
and recognised by CD4+ TIL and cell division
cycle protein 27 homolog (CDC27) epitope
restricted by HLA-DR4 [60, 61]. Collectively,
these early efforts (over a span of 15 years, from
the late 1980s to early 2000s) provided an excel-
lent foundation which lead to the expansion of the
field of targeted cancer immunotherapy.

A whole series of other molecules were identi-
fied to be associated with transformed cells. For
instance, mesothelin was discovered as a marker
of several important solid cancers, i.e. mesotheli-
oma, ovarian cancer, pancreatic ductal adenocarci-
noma based on serological (a murine ‘Ki antibody’
recognising human mesothelin) and genetic analy-
ses [62—-64]. Further exploration of the clinical sig-
nificance of this molecule in ovarian cancer,
mesothelioma and squamous cell carcinomas, and
in conjunction with measurable mesothelin as well
as antibody responses in sera of patients, indicated
the immunogenic potential of mesothelin and its
designation as a legitimate cancer antigen [65, 66].
An experimental immunotoxin developed based
on the mesothelin-binding region of the K1 anti-
body was among the earliest attempted targeted
immune-based interventions, with preclinical
studies performed in a murine model of human
carcinoma xenografts [67].

Work implemented in the later part of the
1990s placed a greater focus on studying mutated
proteins in human cancer cells, and the possibil-
ity of discovering mutated antigenic determinants
(neoepitopes) presented by HLA restricting ele-
ments, with biological and clinical relevance in
therapy. An early example is a neoepitope derived
from melanoma ubiquitous mutated 1 protein
(MUM-1, initially named LB33-B, after the
patient from whom the melanoma tumour was
obtained, LB33 [68]), which is restricted by the
HLA-B*44%02 allele. This 9-mer neoepitope
was identified following in vitro cytotoxicity
studies directed against the autologous mela-
noma cell line LB33-MEL.A-1; the same cyto-

lytic activity was not seen with the wildtype
peptide sequence [69]. A 10-mer neoepitope
(amino acids 23-32) from mutated cyclin-
dependent kinase 4 (CDK4g,4c) protein, restricted
by HLA-A*0201, was also shown to mediate
cytolytic activity by autologous CTLs in a dose-
dependent manner, when exposed to T2 cells
transfected with the CDK4g.,uc cDNA [70]. A
caspase 8-derived mutated peptide restricted by
HLA-B*3503, which showed potent cytolytic
activity against the autologous head and neck
cancer cells as well as tumour cDNA-transfected
B-cell lines [71] further strengthened the field of
neoepitope mining from human cancer cells.

A high-throughput analysis of whole genomic
as well as exomic DNA from clinical tumor sam-
ples representing thirty different human cancers
revealed the unique mutational burden in each can-
cer type, in addition to specific mutational signa-
tures characterising these cancers [72]. Although
this provides an elegant view of the general land-
scape of mutational burden in human cancers, the
mutational signature in each patient varies—thus
giving rise to a ‘compendium’ of private mutational
signatures involved not only in driving and main-
taining malignant transformation, but also in the
activation and expansion of immune effector cells.

The mutated form of the V-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog, or known as
KRAS in short, is a well-established neoantigen
implicated in the pathogenesis of pancreatic,
colorectal and lung cancers [73—76]. Native KRAS
was discovered in 1982 following gene sequenc-
ing of human lung adenocarcinomas, and is a gua-
nine triphosphatase involved in cellular signal
transduction [77]; however, mutations at positions
12, 13 and 16 are associated with oncogenesis,
thus making it a proto-oncogene in humans.

Steven Rosenberg and colleagues at the Surgery
Branch, National Institutes of Health (Bethesda,
MD) recently developed a cutting-edge approach
to screen for neoepitope-specific T-cell responses
for individual patients. This method has been
termed the ‘tandem minigene (TMG)’ approach,
which first requires whole-exome sequencing data
of genomic DNA isolated from patients’ tumor tis-
sue samples. The sequencing data then yield all
non-somatic mutations contained within gene-
coding DNA of the patient. This allows for
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constructing a personalised library of the patient’s
‘private’ mutations that potentially code for neo-
epitopes. These short gene sequences are then put
together, an artificial construct, and inserted into
an expression plasmid, which is subsequently
transfected into a lentiviral vector for infection of
APCs, i.e. dendritic cells (DCs) from a patient.
Autologous TILs (from the same patient) are then
co-cultured with the TMG-bearing DCs to allow
induction of immune-reactivity. A positive
response, represented by IFN-y production by the
TILs, would signal that the co-cultured DCs har-
bour a TMG that includes a neoepitope-encoding
sequence(s) that is/are naturally processed and
presented to the immune system [78].

Mutations may lead to different, not mutually
exclusive effects on the responding T-cell popula-
tion based on the prerequisite that a mutant epitope
is indeed processed and presented to T-cells: (1) a
T-cell may be newly recruited that would exclu-
sively recognize the mutant sequence, (2) potential
T-cell receptor (TCR) cross-reactivity between
wildtype and mutant epitope sequences (if both,
the wildtype and the mutant epitopes are being pro-
cessed and presented to T-cells). It is biologically
relevant whether there is already a T-cell popula-
tion expanded that recognizes the wildtype epitope
and then, following malignant transformation, rec-
ognizes the mtuant target, since this situation may
lead to differential TCR triggering and subse-
quently to differential T-cell effector functions.

Mutant Epitopes as the ‘Biological Scalpel’
Against Cancer Cells Increasing immune effec-
tor functions by recruiting T-cells that recognise
mutant epitope sequences is a clinically attractive
attempt to improve and broaden the TCR repertoire
directed against mutations that exclusively exist in
malignancies and would therefore represent the
‘ideal’ cancer-associated antigen - a ‘biological
scalpel’ that would only target cancer cells and not
harm non-transformed cells. One method is to
modify peptides at residues that do not interact
with the nominal MHC restricting molecule, yet
with the TCR contact residues: these variants are
called ‘heteroclitic’ analogues and are able to trig-
ger the nominal TCR with differential T-cell effec-
tor functions, e.g. cytotoxicity, quality and quantity
of cytokine production, as well as proliferation

[79]. This approach has been used to induce T-cells
that react to wildtype peptides, e.g. to p53, yet are
elicited with a variant peptide. If single mutations
occur in epitopes, it could yield peptides that are
naturally processed and presented by tumour cells
to TCRs. What could potentially happen if a T-cell
response, directed against a wildtype target, will
also be able to able to react to the corresponding
mutant target epitope, presented by the identical,
nominal HLA-restricting element?. The following
scenarios may occur, which have been described
already in the early 1990s from several groups: In
general, a single ligand specificity for each indi-
vidual TCR appears to be rare. In contrast, the TCR
recognition has been shown to be flexible, induced
by altered peptide ligands, grouped into antago-
nists, partial agonists and superagonists. Mutations
within peptide targets can induce differential phos-
phorylation of the TCR/CD3 complex with a dif-
ferential ~ downstream  signalling  pathway
configuration [80]. Mutations may therefore—in
case the wildtype peptide is also recognized—Iead
to abrogation of T-cell recognition simply because
the ligand is not processed and presented.
Alternatively, the T-cell ligand may well be pro-
cessed and presented, but the T-cell signal may be
abrogated potentially due to cellular anergy [29].
Partial agonists, i.e. by inducing a single amino
acid residue, will still be able to stimulate the
T-cells directed against the wildtype peptide, even
across a similar dose range of the nominal epitopes:
as the T-cells with the wildtype TCR ligand react
with proliferation, cytokine production and cyto-
toxicity, peptide variants may either induce cyto-
toxicity and/or cytokine production, in the absence
of T-cell proliferation [81, 82]. Of note, a similar
observation may be true for TCRs directed against
the mutant epitope that would react with a qualita-
tively and quantitatively differential T-cell reactiv-
ity pattern. Single amino acid exchanges may also
turn T-cell clones from a Thl into a Th2 cytokine
production pattern, or lead to T-cell clones with
abrogated cytokine production, yet strong cyto-
toxic T-cell responses as shown for viral pathogens
[81-83]. Mutations in nominal targets, associated
with differential signalling events, may also be cru-
cial for the differentiation status of T-cells reacting
to wildtype as well as to mutant targets, first
described in preclinical models of thymocyte
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differentiation and maturation [84, 85]. Differential
triggering of the nominal TCR is associated with
T-cell maturation and differentiation—a quality
that is important for long-term immune memory,
access to (tumor) tissue as well as for clinical effi-
cacy of T-cell therapy. The passive transfer of
immune cells directed to TAAs has been shown to
be clinically relevant as the transfer of the T-cell
product leads to the generation of central memory
T-cells [86]. The biochemical signals that govern
T-cell memory rely not only on the cytokine envi-
ronment, yet also on the signal strength delivered
by the TCRC chain complex; the quality and quan-
tity of T-cell responses including T-cell memory is
strikingly shaped by the strength of the MHC/pep-
tide-TCR interaction [87], which may in part be
relevant for CD8+ T-cells. A decreasing potential
model has been proposed, gauging the signal
strength delivered by the target epitope to the cor-
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Fig. 4.2 Different T-cell clones (A: VB5.1, B-D: VBY)
recognize a naturally processed and presented (mutant)
target on autologous pancreatic cancer cells. Note that the
cancer - directed T-cell clones expresses different T-cell
homing and differentiation markers, defined by CD45RA
and CCR?7 expression, i.e. CD45RA+CCR7+ T-cells are
precursor T-cells, CD45RA-CCR7+ central memory

responding TCR that is dictating whether the T-cell
most likely enters the T-cell memory pool [88, 89].
This ‘signal strength’ model will need to take into
account the locally produced cytokines and pro-
inflammatory signals associated with moving
T-cells into the diversity of the memory T-cell pool.
In general, weaker TCR signals are sufficient in
order to move T-cells into a memory T-cell pro-
gram [90, 91]. Not mutually exclusive, the length
of the TCR signalling (i.e. shortening the TCR
stimulation) will also decide whether T-cells enter
the memory T-cell pool [92, 93]. The observation
that point mutations within peptides affect the con-
tact with the nominal TCR also impairs CD8+
T-cell memory development, mediated in part by
TCR-dependent NFxB signalling [94]. This may
partly explain why T-cell clones targeting the iden-
tical (mutant) tumor epitope exist in heterogeneous
differentiation states (see Fig. 4.2).
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T-cells, CD45RA-CCR7- T-cells memory effector T-cells
and CD45RA+CCRT7- T-cells represent terminally differ-
entiated effector T-cells. Note that the majority of cells
derived from clone B reside in the central memory T-cell
subset that has been shown to be associated with increased
responsiveness in the cellular therapy of cancer
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The role of gamma-delta (yd) T-cells in cancer
is now also being revisited, due to their non-
classical recognition of antigens. v T-cells recog-
nise non-peptide structures, i.e. phosphoantigens
such as derivatives of the eukaryotic isoprenoid
(mevalonate) pathway presented by the CDI1d
molecule [95]. The Vy9V32 (V52+) subset of yd
T-cells, which are found in peripheral blood. They
have also been described to express the CXCR3
surface marker which is crucial for tissue penetra-
tion, an important feature in accessing trans-
formed cells or tissue-residing pathogens. An
interesting feature of V82+ yd T-cells is that they
express the CD16 co-receptor, which can bind to
FcyRIII present on tumour cells in addition to the
killer receptor NKG2A [96]. Thus, like NK cells,
yd T-cells can also orchestrate antibody-depen-
dent cellular cytotoxicity (ADCC), which is
implicated in the therapeutic activity of several
monoclonal antibody-based cancer drugs, i.e.
rituximab, trastuzumab, ofatumumab and alemtu-
zumab [97-99]. An intermediate of the isoprenoid
pathway, isopentenyl pyrophosphate (IPP), is
strongly recognised by Vy9Vo2 T-cells, as shown
in the context of zoledronic acid-treated human
cancer cells [100]. Zoledronic acid induces accu-
mulation of IPP in cancer cells, thus stimulating
the activity of Vy9Va2 T-cells, subsequently pro-
moting the production of IFN-y as well as cyto-
toxic molecules. This effect can be further
enhanced in the presence of IL-2 and/or IL-15
conditioning. Although altered/mutated forms of
IPP are yet to be reported, the significance of yd
T-cells in targeted cellular therapy should be
explored further. There have also been reports of
the recognition and killing of overexpressed
human heat shock protein 60/70 on cancer cells
by yd T-cells, indicating that the overall T-cell
repertoire in human which recognizes tumor anti-
gens is rather generous [101, 102].

4.4 Clinical Significance
of Neoepitope-specific

Immune Responses

The clinical value of neoantigen-specific responses
is most evident in immune checkpoint blockade
therapy. Case reports of patients with melanoma or

non-small cell lung cancer treated with anti-PD-1
and anti-CTLA-4 monoclonal antibodies showed
that the repertoire of neoantigen-directed CD8+
T-cell responses (based on the diversity of TCRs
recognizing mutated peptides) is is associated with
clinical responses [103—-108]. The most relevant
examples are the T-cell responses from patients
with metastatic melanoma or non-small cell lung
cancer NSCLC, whereby the number of PD-1+
circulating T-cells directed against neoepitopes
(visualised by flow cytometry) associates with
clinical outcome in patients [105, 109, 110].
Furthermore, more recent clinical observations
indicate  that neoepitope-specific ~ immune
responses in peripheral blood can be used as a
prognostic marker for several solid cancers [107,
110, 111].

Tissue scarring, arising from inflammatory
processes processes, associated with infection(s),
may lead to to genetic aberrations, which in time
may perpetrate oncogenesis. Observations in
patients with lung adenocarcinomas who had
previously contracted M. tuberculosis infection
in the lung showed that immune responses to
mycobacterial antigens (‘old’ tuberculosis (TB)
lesions) caused mutational changes to the gene
encoding epidermal growth factor receptor
(EGFR), in association with cancer development
[112]. More strikingly, these patients had a worse
1-year survival prognosis compared to those who
did not have ‘old’ TB lesions in the lung at cancer
diagnosis. Patients presenting with ‘old TB
lesions’ and adenocarcinomas in the same lung
did not harbour the EGFR; g5z mutation (occur-
ring in exon 21 of the EGFR gene, which encodes
the intracellular tyrosine kinase domain of the
receptor), which is implicated in positive clinical
outcomes in patients with lung cancer who are
treated with the tyrosine kinase inhibitor gefitinib
[113]. The EGFR; 455z mutation has been shown
to give rise to neoepitopes that induce antibody
responses in patients with NSCLC who received
gefitinib therapy [114]. Another EGFR-associated
mutation, EGFRy9gy, Which is found in approxi-
mately 60% of patients with NSCLC, yields
HLA-A2-restricted neoepitopes that are linked to
favourable anti-tumor immune responses that
could be implemented for designing better
immunotherapies [115, 116].
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The agonistic activity of peptides, namely
their ability to stimulate T-cell activation can in
fact shape the cellular immune response milieu
due to mutational changes in their molecular
structure. Paul Allen and co-workers had ele-
gantly shown in the mid-1990s that peptide ana-
logues of staphylococcal enterotoxin A, derived
from haemoglobin, can abrogate the effector
functions while inhibiting the proliferation of T
helper cells (CD4+ T-cells with a Thl or Th2
phenotype) [117]. While some mutations in the
haemoglobin peptides inhibited T-cell prolifera-
tion, other mutations did not have a deleterious
effect on the T-cell. Further research showed that
partial phosphorylation of the immunoreceptor
tyrosine-based activation motif (ITAM), which
forms an indispensable component of the intra-
cellular TCR zeta ({) chain, can either totally
abrogate or even lead to T-cell death during an
immune synapse [118]. Importantly, this phe-
nomenon can be due to the binding of TCR with
HLA molecules presenting mutated peptides, and
more importantly, the nature of the mutation
itself and the very position of the mutation within
the epitope sequence. It is undeniable that the
local inflammatory milieu in cancer lesions (such
as those described in chronic infections [119])
may also contribute to chromosomal aberrations
resulting in strong downregulation or loss of the
TCR chain. These seminal findings were first
reported in a preclinical murine model of colon
carcinoma and later in TILs from patients with
renal cell carcinoma and peripheral blood T-cells
from patients with non-Hodgkin’s lymphoma
[120-122].

Preclinical studies of infectious disease mod-
els may provide an insight into TCR repertoire
shaping in relation to neoepitope-specific immune
responses. Analyses of splenic and bronchoalveo-
lar lavage fluid-derived T-cells from mice primed
with a wildtype strain of influenza A virus (HK/
PR8) by intraperitoneal infection showed that ani-
mals’ CD8 TCRV repertoire was shaped by pri-
mary viral challenge to efficiently recognize and
respond to a secondary challenge with another
wildtype strain but not a mutated version of either
virus (HK/PR8-NPN3A) [123]. Also, while chal-
lenge with a wildtype virus strain provided a
broader TCRVp repertoire, the mutant strain of

the virus induces a more focussed and narrow
antigen-specific T-cell compartment, with subtle
TCR re-arrangement patterns. Furthermore, an
immunogenic epitope from the wildtype virus
(NP3ss, ASNENMETM) induced a measurable
CD8+ T-cell response among mice primed and re-
challenged with a mutated viral strain. Conversely,
the mutated version of the NP;4 epitope, harbour-
ing only a single amino acid change (NPN3A;,
ASAENMETM), did not promote strong binding
between MHC and TCR among T-cells from mice
challenged with a wildtype virus, exhibiting a
high ‘off-rate’ (large percentage of mutated epit-
ope-bearing tetramers dissociating from the TCR
within minimal time), requiring greater depen-
dence on the CDS co-receptor binding to MHC to
elicit an immune response. This is of relevance to
immune responses in cancer; T-cell reactivity to
neoepitopes may be subdued owing to poor bind-
ing kinetics between the HLA-restricting element
and the TCR. However, vaccination with a broader
array of personalised neoepitopes may help prime
the immune system to either re-awaken the
smaller populations of central memory T-cell that
are tumor-reactive, or not mutually exclusive,
generate a fresh pool of (as yet not activated)
antigen-specific T-cells. [124].

4,5 Harnessing Basic
Immunology to Improve
Clinical Immunotherapeutic

Approaches

The effect of gut commensal bacteria on shaping
(and re-shaping) immune responses in health and
disease has been at the heart of current immuno-
logical research. It was recently shown that induc-
tion of T-cell responses to select, ‘immunogenic’
intestinal bacteria (Bacteroides thetaiotaomicron
and B. fragilis) driven by anti-CTLA-4 therapy
correlates with clinically beneficial outcomes in
patients with metastatic melanoma [125]. In a
murine model highly susceptible to tumors, the
introduction of Bifidobacterium sp. notably
improved cytotoxic lymphocyte-dependent con-
trol of tumor burden [126]. Combination of
Bifidobacterium inoculation and anti-PD-L1
monoclonal antibody administration further
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enhanced tumor control in these animals, thereby
underlining the critical role of gut microbiota in
dictating anti-cancer immune responses. Thus,
supplementing biologically active material from
intestinal bacteria with immune blockade therapy
or T-cell immunotherapy may potentially improve
neoantigen-specific immune responses in patients
with advanced cancer.

Small molecules and cytokines that target the
activation of fatty acid oxidation (FAO) in CD8+
T-cells and promote maintenance of cellular
memory can be used as an adjunct to mainstream
therapeutic regimens in cancer and infectious
diseases. For example, the antidiabetic drug met-
formin activates 5’ adenosine monophosphate-
activated protein kinase (AMPK) and improves
FAO in memory CD8+ TILs, as shown in a proof-
of-concept study in a murine model of chemi-
cally induced skin cancer [127]. IL-15 also
promotes lipid metabolism by upregulating mito-
chondrial biogenesis and inducing the expression
of carnitine palmitoyl transferase, an enzyme that
is critical for mitochondrial beta-oxidation [128].
This process has been shown to be upregulated in
memory CD8+ T-cells in mice, and enhances
their survival. In cancer therapy, IL-15 has
already been evaluated as an instrumental adju-
vant with pronounced effects on proliferation of
TIL and enhanced cytotoxic activity of tumour-
antigen specific T-cells [129-134].

Although immunological tolerance of T-cells
is necessary to prevent overt pathology,
increased numbers of regulatory T-cells (Tregs)
have significant implications for the success of
cell-based immunotherapies. While infusion of
mesenchymal stromal cells for downregulation
of severe inflammation requires subsequent
TGF-B production and Treg activation [135],
T-cell products reinfused into patients with can-
cer are allowed to contain only minimal Treg
populations in order to optimise anti-tumor
activity mediated by cancer-specific T-cells
[136]. In addition, IL-17 production in response
to chronic inflammation in the tumor microen-
vironment can induce TGF-f production and
suppression of CD8+ T-cell responses [27].
Tregs could also be stimulated by TAAs, i.e.
NY-ESO-1,57_170-specific Treg responses in

patients with melanoma given the NY-ESO-1/
ISCOMATRIX™ therapeutic vaccine [137];
NY-ESO-1,,9_143 and TRAG-33, 45 (derived from
another cancer testis antigen, Cancer/Testis
Antigen Family 24) can induce the expansion
of both Thl cells and FoxP3+ Tregs in patients
with melanoma [138], and therefore contribute
to immune evasion. More research is needed to
better understand whether certain mutations
would represent the nominal epitopes for Tregs
directed specifically against cancer mutations.

New information arising from basic research
needs to be considered for inclusion into preclini-
cal (pre-GMP) evaluation of T-cell products. For
example, analysis of BTB Domain and CNC
Homolog 2 (BACH?2), a transcription factor that
promotes the generation and maintenance of reg-
ulatory as well as central memory T-cells in the
host while repressing immune effector mecha-
nisms could be a useful tool in characterising the
T-cell populations which may persist in the
patient to fight transformed cells [139]. Mice
lacking BACH2 were able to mount a strong
T-cell response in the tumor microenvironment
(marked by CD4+ and CD8+ T-cell proliferation
and IFN-y production), concomitant with reduced
numbers of FoxP3+ regulatory T-cells, which
subsequently allowed for allowed for improved
tumor control. BACH2 deficiency also increased
gene transcription of cytotoxic molecules, i.e.
granzymes and perforin. From a translational
viewpoint, this finding has direct implications for
enhancing the T-cell-mediated anti-tumor effect
in targeted cellular immunotherapy. Regulating
the expression of BACH?2 in neoantigen-reactive
T-cells in diseased tissue, i.e. TILs as well as
peripheral blood T-cells may improve the quality
and efficacy of immune cells for exploitation in
clinical therapy [140].

Exploiting novel technology platforms to
screen for TCR specificities in diseased tissue, i.e.
deep (TCR) sequencing, peptide microarrays, cel-
lular microarrays and TCR-epitope docking stud-
ies are contributing substantially to our current
knowledge of disease mechanisms and immune
dynamics. This may allow to characterise in
greater detail the immune repertoires crucial for
orchestrating long-term immunological protection
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against cancer. Combining mathematical knowl-
edge and biological understanding of cancer
dynamics and tumor development algorithms will
benefit this field greatly. Furthermore, implement-
ing comparative studies using these techniques
with clinical samples from various anatomical
sites of healthy individuals and patients will
deliver new information for the development of
next-generation biotherapeutics. The differential
TCR repertoires in TIL versus PBMCs, in addi-
tion to the mutational load in a patient with cancer
relate to the success of checkpoint inhibitors. This
is evident in patients with metastatic melanoma
and NSCLC, who have among the highest muta-
tional burden and respond well to anti-PD-1 and/
or anti-CTLA-4 therapy [3, 103-105, 107].
‘Mining’” biologically and clinically relevant
TCRs targeting cancer mutations may lead to the
generation of T-cell products for therapy by clon-
ing and transferring specific TCRs to PBMCs; at
present a viable and pursuable platform, as
already shown in a patient with metastatic colorec-
tal cancer [86, 141, 142]. These examples under-
line the importance of a topic that has been
discussed for decades, e.g. in the field of cellulary
immune responses directed against HIV: How
much focus and how much diversity should a tai-
lored immune response directed against mutant
epitopes afford? How much diversity, with regard
to focus on single epitopes, is biologically and
clinically relevant taking into account the (1) sim-
ilarity of mutations in primary tumors versus
relapse, (2) the mutational diversity displayed by
the primary tumour and distant metastasis as well
as (3) the ‘local’ imprint of gene expression (bear-
ing in mind that not all gene-encoding DNA may
at all, or at some points be translated into RNA
and then subsequently into protein), associated
with the tissue environment (e.g. lung versus
liver-metastases). These questions will represent a
matter of clinically relevant research with impact
on the design of biologically and clinically rele-
vant studies. For instance, an educated decision
will take into account the similarity and dissimi-
larity of the primary tumor versus the correspond-
ing relapsed malignancy, if TIL would be
immediately available from the primary tumor
upon clinical detection of a relapse.

The humoral immune response to cancer anti-
gens, and thus its significance in mediating clini-
cally relevant and beneficial anti-tumour
responses in patients calls for greater emphasis
[114, 143-145]. Along these lines, peptide
microarray studies possess the sensitivity and
specificity to discover naturally presented epit-
opes recognised by circulating antibodies in
serum as well as those derived from patients’ B
cells in culture. In serum derived from patients
with cancer, disease-associated epitopes may
include those belonging to neoantigens, and can
be screened for using the high-content peptide
microarray (HCPM) platform. The HCPM is a
novel technology used for profiling antibodies in
many research areas, which has been more
recently been developed, including our research
group, in order to visualize an unbiased view of
serum reactivity to a wide range of epitopes.
This sophisticated technology allows to display
on each individual microarray slide 2.9 million
peptide sequences (spots), corresponding to
unique epitopes. Using only a small sample vol-
ume (i.e. 4 pL of biological fluid per slide), it is
possible to identify immune-recognition patterns
associated with relevant endpoints on a HCPM
microarray chip containing the whole human
proteome, at the highly detailed level of 16-mer
peptides. Well-documented experience in the use
of the HCPM platform with regard to chip
design, pre-processing and methods of analysis
as well as techniques [146-151], and different
applications of HCPM in various clinical set-
tings, i.e. bacterial infections [149, 152, 153],
viral infections [154—156], sarcoidosis [157] and
pertussis [151] (further references for readers:
146-157) strongly suggests that this platform is
also able to pick up very specific serum reactivi-
ties directed against mutant versus wildtype tar-
get molecules. This technique can also be used
to detect humoral immune responses to ‘private’
neoepitopes in the peripheral blood of patients
with cancer [158]. Results from HCPM studies
can contribute to developing novel antibody-
based therapies including the identification of
novel, clinically relevant cancer - associated tar-
gets for CARs, or augment cellular immune
responses directed against (intracellular) mutant
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antigens via ADCC. On the other hand, B cell-
dependent immune responses in disease may aid
to modulate a T-cell driven ‘immunopathologi-
cal’ milieu, such as that observed in patients with
post-transplantation lymphoproliferative disease
(PTLD) [159]. The early studies and identifica-
tion of cancer-associated antigens supported the
hypothesis that strong B-cell responses point to
the existence of strong anti-cancer T-cell
responses in patients with cancer. For instance,
the cancer testis antigens MAGE or NY-ESO-1,
which are clinically relevant T-cell targets, were
identified via B-cell responses and are currently
used in clinical protocols to induce disease-mod-
ifying T-cell responses targeting NY-ESO-1+
cancer lesions [132, 160-164].

Where Could Anti-Mutation-Reactive T-cells
be Harvested? Immune cells from peripheral
blood express tissue-specific homing markers of
their surface (e.g. VLA-4 for the central nervous
system, CXCR3 for the lung, CCR6 for the gut)
that can be instrumental in gauging circulating
T-cells among PBMCs that are travelling either
from or to the respective target organ [165].
Enrichment, e.g. for VLA-4+ T-cells, will result
in selecting T-cells trafficking to and from the
tumor lesions in the patient, which can then be
tested for their recognition of neoepitopes and
potential immunoreactivity targeting transformed
cells. Furthermore, some of the epitopes recog-
nised in target organs overlap with the recogni-
tion patterns observed in PBMCs, while others
do not and are either exclusively recognised in
PBMC:s or TILs [109]. In line with this, 15 out of
20 HLA-A2+ patients with breast cancer whose
tumor and blood samples were analyzed were
shown to harbor 18 TCR specificities shared
between TILs and PBMC-derived T-cells [166].
Sim et al. reported in 2016 that the complemen-
tarity determining region (CDR) 3 of the TCR,
the portion of the complex which binds to the
HLA-peptide complex on targets cells, is greatly
diverse between PBMCs and TILs among
patients with glioma [167]. Importantly, this
research consortium also found a unique TCR
signature present in peripheral blood of the
patients exhibiting a minimally divergent TIL
TCR repertoire concomitant with low-grade gli-

oma, while patients with glioblastoma showed a
wider selection of TCRs. We have also noticed
this among patients with glioblastoma, where
some of the somatic mutations are recognized by
PBMC:s but not TILs, and vice versa (Liu et al.,
unpublished data). Thus, information arising
from such studies is already translated into clini-
cal products for patients with advanced cancer,
i.e. genetically transferring the TCR repertoire
associated with better prognosis into PBMCs, for
re-infusion as adjunctive therapy, given the feasi-
bility of using advanced gene transfer technolo-
gies [141, 142, 168]. Dr. Rosenberg’s group at
the NIH has in fact treated patients with advanced
cancer harbouring particular mutations using
autologous T-cell products expressing specific
TCRs directed against neoepitopes. Pivotal
examples include the treatment of a patient with
metastatic cholangiocarcinoma with CD4+ IFN-
v+ TILs reognizing an HLA-DQ*06-restricted
neoepitope derived from the receptor tyrosine-
protein kinase erbB-2 (ERBB2), or HER-2 inter-
acting protein (ERBB2IP) [169], and a patient
with metastatic colorectal cancer, who received a
TCR-transferred T-cell product specific for the
KRASG,p mutation (HLA-C*08*02-restricted)
driver mutation, with subsequent regression of
metastases expressing the KRASg,p, mutation
[86]. The latter strategy was initiated by a TMG
screen performed on TILs isolated from tumour
tissue samples obtained from 10 patients with
metastatic gastrointestinal cancers, in the quest to
detect neoepitope-specific reactivity [170].
Patients with the HLA-C*0802 allele had TIL
responses to their tumor cells (directed to KRAS)
underlining that the restricting HLA element in
the patient may limit the therapeutic targeting of
KRAS, as other (KRAS) mutations may not be
visible to the cellular immune system, since these
mutations may not be naturally processed and
ultimately be presented to the patients cellular
immune repertoire.

Identification and verification of clinically and
biologically relevant neoepitopes remains a chal-
lenge, i.e. whether the epitopes are expressed in a
representative fashion, whether they are processed
and presented on tumour cells, and whether a ‘fit’
TCR repertoire is available and capable of reacting
to it—leading to immune effector functions that
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will most likely facilitate a strong and long-lasting
anti-tumor immune response. A possible way is to
design and generate potential neoepitopes based on
whole genome sequences from patients with cancer.
Once these neoepitopes are chemically synthesised,
they could be submitted for large-scale in vitro
screening of T-cell cultures to carefully select for
high quality, mutation-specific T-cells that could be
expanded and reinfused into patients. In a non-
mutually exclusive fashion, the TCRs exclusively
targeting mutant TAAs, and not the wildtype pep-
tide sequence, may be cloned and subsequently
transferred into recipient target cells (T-cells) for the
active cellular therapy of patients with cancer [86,
103]. PBMCs may serve as a very good starting
point to screen for populations of neoepitope-spe-
cific T-cells circulating (and re-circulating) in the
patient. The fact that peripheral T-cells are able to
recognise mutant epitopes/neoepitopes has been
heralded by the Rosenberg group, pointing to
PD-1+ T-cell populations that are enriched for
tumor neoantigen-specific T-cells that rather reflect
the repertoire of antigen-experienced and not only
‘exhausted’ T-cells [109, 171]. This echoes earlier
findings in TIL from patients with metastatic mela-
noma: PD1+ TIL recognize ‘private’ mutations pre-
sented by tumor cells. However, the heterogeneity
of cancer lesions needs to be further investigated
concerning the anatomy of the ‘diversity of muta-
nomes’ and the diversity of the corresponding
immune effector cells that could be harvested from
individual cancer lesions [140]. An essential point
for TCR transfer targeting commonly shared or pri-
vate mutations is that the HLA-restriction element
presenting cancer epitopes differs from individual
to individual. Thus, not all patients would benefit
from a single TCR-HLA-matched T-cell product/
TCR transfer but rather a more personalized
approach, taking into account the neoepitope struc-
ture, the corresponding TCR sequence(s) as well as
the HLA-restricting element. An illustrative exam-
ple in this regard is the occurrence of PTLD associ-
ated with Epstein—Barr virus (EBV)-induced
inflammatory T-cell responses [159]. Individuals
with an HLA- A2, All, B5, B18, B21, Bw22 and
B35 background suffer a greater risk of PTLD onset
following solid organ transplantation compared to
those an HLA-A0O3 or HLA-DR7 (CD4+ T helper
cell response) genetic background, while individu-

als with an HLA-A1, B8 or DRS appeared to be
protected against PTLD [172-174]. Careful selec-
tion of specific TCRs and HLA restriction is also
being pursued in targeted immunotherapy of
patients with hepatitis B virus (HBV)-induced
hepatocellular carcinoma, with a focus of HBV-
specific epitopes and potentially, neoepitopes [175].
Ton Schumacher’s research group at the Netherlands
Cancer Institute in Amsterdam recently showed that
since naturally occurring neoepitope-specific T-cell
responses may be silenced in patients with cancer
and that T-cells isolated from peripheral blood from
healthy individuals may contain neoepitope-
recognising TCRs [176], the latter option may rep-
resent the starting point of generating anti-mutant
epitope reactive T-cells. Five different HLA-A2-
restricted neoepitopes were recognized by CTL
lines, established from PBMCs obtained from dif-
ferent healthy donors, and produced IFN-y and/or
CD107a in response to patient-derived melanoma
cell lines that expresses the cognate (mutant) T-cell
epitope. Also, T-cells which recognized the neoepi-
topes as well as the tumor cells expressed epitopes
which exhibited strong peptide-HLA binding kinet-
ics (half-life of MHC-class I-f, microglobulin—
epitope interaction) Specific TCRs could then be
cloned and heterologously expressed in T-cells
from an individual who is in need of an ‘improved’
TCR repertoire tailored to target mutation-specific
T-cells. This has been shown in PBMCs from
patients with cancer using T-cells from MHC-
matched donors [176] and has been shown to be
clinically feasible in the context of infectious dis-
eases, i.e. by transferring CMV-specific T-cells
from an allogeneic-donor matched for the HLA
class I-restricting allele, to patients with CMV
infection (and a non-functional immune system)
after allogeneic hematopoietic stem cell trans-
plantation [177, 178]. Similar observations have
been generated in our laboratory using HLA class
I-matched TIL (see Table 4.2), that have been
shown to react—i.e. without restimulation and
expansion—to mutant target epitopes that are
reognized on autologous tumor cells from an
HLA-B*2705 matched patient, suggesting that
precursor T-cells exist, even in TIL, following
exposure to epitope arising from ‘driver’ muta-
tions, i.e. KRAS, SMADA4, p53 or even commonly
shared mutations among individuals [1, 86, 179].
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Table 4.2 Shared recognition of mutant epitopes between MHC class I matched TIL from different patients

IFN-y IFN-y

wildtype mutant  IFN-y IFN-y

(GBM- (GBM- wildtype mutant

Wildtype sequence from  alpha alpha (GBM- (GBM- Mutated sequence from

Gene ID GBM-alpha TILs) TILs) beta TILs) beta TILs) GBM-alpha
TUBBS8 ALYDICSKTLKLPTP 193.09 570.95 4494.32 2791.76  ALYDICSRTLKLPTP
LCELR SSGGCCGSSSGGCCS 63.38 SSGGCCGSSSGGCCS
GOLGAG6L1 REDAGAGGEDVGAGG 88.74 REDAGAGEEDVGAGG
GOLGAG6L2 IREQEEMLREQEAQR 10548 75423  2568.97 1826.17 IREQEEMIREQEAQR
LOC645752 PPTWSGRRAPGDRDN 270.84 390.47 PPTWSGRHAPGDRDN
DSPP QFLIPTSLSVSSNSV 30.48 QFLIPTSFSVSSNSV

TIL were harvested after IL-2, IL-15 and IL-21 driven expansion from patients GBM alpha and GBM beta and epitopes
were identified from the tumor from patient GBM alpha. TIL from patient GBM alpha were tested for recognition,
defined by IFN gamma production, directed against the patient’s own mutations (and corresponding wildtype sequences).
The epitope mutant PPTWWSGRHAPGDRDN is exclusively recognized by TIL from patients GBM alpha—and not
the wildtype sequence: a similar situation for TIL from patient GBMbeta that recognize the identical mutation which is
restricted by HLA-B*2705. Numbers are picrogram (pg) cytokine production in 1 x 10° TIL.

Preparing the Ground: Enhancing the TCR
Repertoire to Mutant Targets The activation of
the innate immune compartment using standard
anti-cancer drugs, i.e. gemcitabine, decitabine,
cisplatin and doxorubicin can prompt the activa-
tion of APCs such as macrophages and dendritic
cells, and facilitate antigen-processing and
orchestrating pro-inflammatory immune response,
i.e. IL-12 production [180]. In addition, che-
moimmunotherapy with decitabine has also been
shown to induce potent anti-cancer cytotoxic
responses mediated by CD8+ T-cells [181], while
its use in patients with pancreatic cancer along
with cytokine-activated killer cells leads to
improved progression-free survival compared to
chemotherapy alone [182]. Increase in neoanti-
gen-specific cellular immune responses following
adjuvant cancer therapy has not been explored in
depth, yet could be the focus of future evaluations
- directed towards enhancing the ‘visibility” of the
patients’ mutanome to their immune repertoire.
Several approaches could be explored, which is
beyond the scope of this overview. A strong argu-
ment that anti-cancer immune responses can be
increased with ‘standard therapeutic manipula-
tions’ is the observation that in patients with brain
metastases who underwent whole-brain radiation
therapy (WBRT), immune responses were acti-
vated that resulted in tumor regression at distant
lesions [183]. Patients with advanced melanoma-

related brain metastases appear to have a greater
survival advantage when they are treated with ipi-
limumab (anti-CTLA-4) in addition to WBRT
[184]. Along these lines, preclinical evaluation of
radiotherapy-induced CTL responses have shown
that the mutational landscape shifts alongside
modifications in HLA class I antigen processing
and presentation, subsequently concomitant with
enhanced control of the tumor burden [185]. In
general terms, ionising radiation promotes
immune stimulatory events such as (1) increased
HLA molecule expression, MHC-I expression,
(2) generation of specific peptides involved in
cytotoxic T-cell recognition and (3) promotion of
cytotoxic T-cell activity by the release of tumor
associated antigens [186, 187]. The latter pro-
cesses lead to the activation and trafficking of
effector cells promoting in situ cellular immune
responses, although distant (abscopal) responses
may also occur [186—190]. In this particular con-
text, dose and fractionation seem to play a deter-
mining role for eliciting anti-tumor immunological
effects. The preclinical studies of the Demaria
group on breast- and colon cancer models showed
a clear indications of anti-tumor T-cell responses
when combining local fractionated radiation
schedules (8gy x 3, 6gy x 5) in addition to
CTLA-4 blockade [186, 187, 191, 192]. Other
preclinical/clinical studies lend support to the rel-
evance of such combined approaches [186, 187,
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193]. Considering the inhibitory effects of mono-
clonal antibodies on CTLA-4 and PD-I1-
modulated immune suppressive actions taking
place in metastatic non-small cell lung cancer,
melanoma and renal cancer, further studies aim-
ing to identify the potential adjunctive effects of
radiation on local and distant sites are certainly
necessary [186]. Postow et al. reported a case of a
patient diagnosed with metastatic melanoma
treated with ipilimumab; at a stage, the patient
underwent hypofractionated radiotherapy to treat
a paraspinal metastasis; the patient was treated
with 28.5 Gy delivered in three fractions over a
period of 7 days. Four to five months later, the
paraspinal mass and a group of previously identi-
fied distant hilar lymphadenopathies and splenic
lesions (not targeted by radiation) had consider-
ably diminished. CT-imaging 10 months after
treatment still showed a stable condition [194].
Reproducing these latter described effects in a
larger group of patients requires consideratino of
many biological and clinical variables, among
others mathematical models able to provide quali-
tative and quantitative predictive data on radiation-
induced immune responses. Image analysis that
may even reflect the ‘mutational load’ and T-cell
infiltration may also provide a prognostic tool, yet
also an instrument to gauge how ‘focused’ and
narrow or broad a T-cell response directed against
mutated antigens should be (see Fig. 4.3) in order
to provide increased survival.

Although (limited) data suggests that a very
focused immune recognition is clinically more
favourable (as defined by survival), more basic
and clinical research needs to be undertaken to
visualize a link between mutational load, the
number of targets recognized, the possibility to
tailor the T-cell graft targeting mutations and, sub-
sequently, clinical responsiveness. Thus, it is
plausible that activation of neoepitope-specific
T-cells in patients after a combination of radio-
therapy and immune checkpoint blockade therapy
is key to improved clinical outcomes, and thus
warrants further exploration in well-controlled
clinical settings. Full-scale analyses of surface
tissue-homing markers as well as memory mark-
ers on neoantigen-reactive T-cells, the relation-

ship between these readouts and the anatomical
locations of metastasis in the patient as well as the
functionality of the T-cells are of paramount
importance to enrich our understanding of tar-
geted cellular immunotherapies in cancer [195].
These immunological analyses can be performed
on clinical samples obtained from patients under-
going therapy, i.e. peripheral blood drawn at
various time points during ‘standard’ or immuno-
logical treatment strategies. Another major conun-
drum in further optimising targeted T-cell-based
therapies lies in the lack of our understanding of
antigen processing and presentation, i.e. which
epitopes are naturally presented, what is their
respective tissue expression pattern, their corre-
sponding HLA restriction and their capacity to
drive antigen-specific T-cell responses, based on
the TCR repertoire capable of reacting to individ-
ual mutant target epitopes. Further research into
the ‘immunological fitness’ of antigen-specific
T-cell populations may impact on the quality of
cell-based therapies and further aid to tailor T-cell
products. For instance, recent advances in T-cell
therapy for cancer, viral infections and autoim-
mune diseases highlight the broad therapeutic
potential of T-cell engineering. Even as site-spe-
cific genetic manipulation in primary human
T-cells remains challenging, they hold great clini-
cal promise to tailor T-cell products, e.g. genome
editing in T-cells using the CRISPR and TALEN
approaches [196] along with the detailed analysis
of asymmetric T-cell division in order to better
understand and define the quality of mutational
epitopes that would give rise to immediate
immune effector cells, as well as to long-term
memory T-cells [197]. New and clinically relevant
insights as to how exposures to pathogens and
‘environmental factors’ may impact on TCR rep-
ertoires and ultimately disease susceptibility
[198] will aid to decipher the molecular ‘decision-
making process’ in adaptive cellular immune
responses targeting mutant epitopes in patients
with cancer [199, 200] and provide the necessary
tools to enhance treatment decisions to offer
more effective, multi-layered and long-term cel-
lular immune responses for patients with
malignancies.
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Fig. 4.3 MRI scans of
4 patients with glioma
(grade 4, WHO
classification) with (i)
survival time in days
after surgery and (ii) the
number of mutant
epitopes recognized by
the patients’ TIL defined
by IFN-gamma
production in relation to
the total number of
mutations recognized. A
focused TIL response
appears to be associated
with increased survival,
an observation that
needs to be followed up
in larger studies

Patient B: 447 days (9/22)

Patient C: 582 days (16/75)

Patient D: 770 days (4/92)

death-1 (PD-1), in patients with chronic hepatitis C
virus infection. PLoS One. 2013;8(5):¢63818.
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