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Chapter1

ADAPTIVE IMMUNITY

We are in constant battle against pathogens, and throughout evolution our bodies
have developed sophisticated mechanisms to protect us. Our immune system
consists of two branches to prevent, cure and suppress infection'? As immediate
defense, the non-specific innate immune system recognizes and responds to
pathogens in a generic fashion. Recognition of danger- or pathogen-associated
molecular patterns (DAMPs or PAMPs) induces inflammation, membrane attack
and phagocytosis of pathogens®. Common PAMPs that trigger innate immunity
are motifs not found in vertebrates, such as dsRNA, glycans, lipopolysaccharides
or endotoxins. DAMPs can be host-derived constituents, such as DNA or RNA,
that are normally contained in the nucleus or cytosol. The second branch of
the immune system, adaptive immunity, is acquired throughout life*. This highly
specialized response is the main focus of this dissertation. Its key mediators
are B (bursa-derived) and T (thymus-derived) lymphocytes, which are typically
activated by specific antigens®. In contrast to the immediate and short-lived
innate immune response, the adaptive response results in long-term protection
by creating immunological memory following the initial infection®.

To evoke potent adaptive responses against pathogens without inducing
auto-immunity T cells must be able to distinguish between ‘self’ and ‘non-self’
antigens. The first step in the generation of functional T cells is positive selection
by matching cell surface receptors, such as CD4 and CD8’. Those that match
undergo a second round of (negative) selection: self-reactive T cells are deleted,
thus preventing autoimmunity and establishing central tolerance®. Stringent
selection assures that only cells with functional T cell receptors (TCRs) that are not
auto-reactive will leave the thymus. But before doing so, they downregulate one
of the two coreceptors, maturing into either CD4* (T helper) or CD8* (cytotoxic) T
cells’. Aberrations in T cell selection mechanisms can result in immune deficiency
or autoimmunity, often causing severe disease.

Cell-mediated immunity

In adaptive immunity two pathways are distinguished: cell-mediated and
humoral. The first adaptive immune pathway allows the immune system to catch
a glimpse inside most cells for signs of infection or mutation and to take action
if needed. The pathway is mediated by major histocompatibility complex (MHCI)
class I molecules that present peptides derived from intracellular proteins on the
surface of all nucleated cells (Fig. 1, left panel)*®. CD8+ T cells scan the repertoire of
peptide-MHCI (pMHCI) complexes and, when they recognize peptides originating
from viral or mutated (onco)proteins, set a cytotoxic response in motion*3,
The majority of peptides presented by MHCI are the product of proteasomal
degradation of proteins that have fulfilled their function and are no longer
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needed, but about 30% of newly synthesized proteins is degraded immediately
after synthesis, as a result of defects in protein transcription, translation or
folding'*¢. Presentation of fragments derived from these proteins, collectively
termed defective ribosomal products (DRiPs), allows processing and display of
even long-lived proteins to CD8* T cells as soon as 1.5 hours post infection, thus
accelerating the detection rate of infection’. A more recently discovered source
of T cell epitopes is protein splicing: protease-mediated transpeptidation by the
proteasome®®?, This ligation of peptide fragments broadens the repertoire of
presented peptides by extending past the expressed peptidome?°2,

Peptide fragments generated by the proteasome are transported into
the endoplasmic reticulum (ER) by the transporter associated with antigen
processing (TAP), where MHCI molecules await to be loaded??. Peptide receptive
MHClI is assembled in the ER as a heterodimeric complex unstable in the absence
of peptide and thus requires stabilization by chaperones?. Upon loading of a
cognate peptide, typically comprised of 8-10 amino acids, MHCI acquires enough
stability to be released from the ER and transported to the cell surface, where
it can present its peptide to CD8+ cells. When a naive CD8* T cell encounters a
non-self antigen, it becomes activated, resulting in proliferation of the antigen-
specific T cell and lysis of the antigen-presenting cell. After an infection is
cleared, most mature CD8* T cells undergo apoptosis, but a few remain in the
form of memory T cells®. In general, the initial response is slow, while the one
initiated from memory progresses much quicker. Hence, in case of challenge with
a previously-encountered virus or pathogen, the infection is likely to be cleared
even before symptoms occur.

Humoral immunity

The second adaptive immune pathway protects the extracellular space (body
fluid — humor) and is mediated by MHC class || complexes (MHCII). These present
antigensderived from extracellular proteinsonthesurface of professionalantigen-
presenting cells (APCs), such as dendritic cells (DCs), B cells and macrophages
(Fig. 1, right panel)*. APCS can internalize proteins in various ways, including
receptor-mediated endocytosis (B cells), phagocytosis (DCs) or macropinocytosis
(macrophages)?.Inlysosomes the proteins are cleaved into peptides, generally 15-
24 amino acids in size, which can bind to major histocompatibility complex class
II (MHCII) molecules in late endosomes?. Endosomes carrying peptide-loaded
MHCII complexes are then transported back to the cell surface for presentation
to CD4+* T cells. Upon binding of non-self antigens, CD4+* T cells become activated,
inducing the release of cytokines that stimulate clonal expansion of B cells, thus
promoting antibody production. Antibodies are subsequently released into the
plasma, where they can bind cognate antigens. By doing so, antibodies are able
to confer protection through three main modes of action: inhibiting infectivity
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Figure 1. Schematic representation of major histocompatibility complex (MHC) class | and
class ll-mediated antigen presentation.

or toxicity by binding proteins on the pathogen’s cell surface to neutralize
them; marking a pathogen for phagocytosis; or activating the innate classical
complement pathway.

The pathways described above are not strictly distinct: certain APCs can also
process and present extracellular peptides on MHCI in a process referred to as
cross-presentation. This is particularly useful for protection against pathogens
that have developed strategies to evade immune detection?. For example, some
herpes viruses produce specific proteins to interfere with host protein synthesis,
mainly targeting those involved in MHCI antigen presentation and thus escaping
detection by CD8* T cells?. Through cross-presentation of endocytosed antigen
fragments on MHCI (that would normally be presented on MHCII) CD8* T cells
can still get activated. It is apparent that primarily DCs are capable of cross-
presenting, but the exact mechanisms by which cross-presentation occurs are still
under debate?®. Various mechanisms have proposed, yet many questions remain
unanswered.

Immune response in three signals

TCR activation by recognition of an antigenic peptide on MHCs is only the first of
three signals required for mounting a full-blown immune response?. Whether or
not a peptide is presented to its matching T cell depends on a number of factors.
Firstly, peptides processed by the proteasome and downstream peptidases
need to be of compatible size. Peptides presented by MHCI are typically nine
amino acids long, while the proteasome generates peptides of various lengths.
Peptides, which are too short (less than seven amino acids), will not interact with
TAP and will therefore not be translocated to the ER lumen3°. On the other hand,
long peptides (more than sixteen amino acids) will require further trimming
by peptidases to enable efficient loading onto MHCI**32 Secondly, the peptide
sequence needs to match one of the expressed MHCI allotypes®. Lastly, the
affinity of the peptide for its cognate MHC allele should be sufficient to sustain
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presentation at the cell surface and prevent exchange for exogenous peptides3:.
The frequency of a specific T cell clone in circulation is generally low prior to
encounter with its cognate peptide, so it could take a while before a presented
antigen comes in contact with the right CD8* T cell. Once a peptide manages to
reach the cell surface—on average a chance of 1:200—the pMHC is ready to be
scrutinized by passing T cells®. TCRs interact not only with the exposed residues
of the peptide, but also with the residues on top of the two a helices, which make
up the MHC's binding groove. This interaction is highly selective: a TCR will only
be potently activated by a specific combination of peptide and allele3*%*. This
feature is referred to as MHC restriction, which is essential for mounting an
appropriate immune response, while maintaining self-tolerance.

Researchers only learned in the late 1980s of a second immune signal,
provided by costimulation predominantly through the B7-1/B7-2:CD28 pathway?*.
The CD28 receptor is expressed on 95% of CD4* T cells and 50% of CD8* T cells,
and constitutively on naive T cells in humans3®. Engagement by costimulatory
ligands B7-1 (CD80) or B7-2 (CD86) on APCs provides the signals needed for T
cell activation and survival, including production of the master regulator of T cell
activation, IL (interleukin)-23>%2. A second costimulatory factor in the B7:CD28
family is CD28 homologue ICOS (inducible costimulator) and its ligand 1COS-L
(B7h),ahomolog of B7-1 and B7-24344 1COS is expressed on TCR-activated CD4*and
CD8* T cells and upregulates expression of helper T cell (Th)1- and Th2-polarizing
cytokines, but in contrast to CD28, it does not activate IL-2 production®#. ICOS
and CD28 seem to work synergistically to regulate CD4* T cells®. In absence of
costimulation, T cells activated by pMHCI will become anergic, although in some
cases, when the interaction between pMHCI and TCR is very strong, T cells may
remain activated, resulting in peripheral tolerance*#’.

Although proliferation of naive T cells can be initiated when TCR and CD28
signals are present, a productive response will only be established once specific
cytokines are produced®. Cytokines that provide this third immune signal,
required for proper development of CD8* T cell effector and memory functions,
are IL-12 and type | interferons (IFNs)®“°. For CD4* T cells, IL-1 can be considered
a general third signal, in addition to cytokines that prompt differentiation into
one of the Th subsets, such as polarization towards Thl or Th2 by IL-12 and IL-4,
respectively>*2,

MHC STRUCTURE AND FUNCTION

The functions of the two classes of MHC are similar: presentation of peptides to
the immune system, but what peptides they present, in which tissues and to which
cells differs between the classes. In short, MHCI presents peptide fragments
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derived from intracellular proteins to CD8* T cells, resulting in a cytotoxic
response against cells expressing an immunogenic antigen. MHCII, on the other
hand, is only found on dedicated antigen-presenting cells and can activate
CD4+ T cells, leading to a B cell response. MHCI and MHCII both consist of two
immunoglobulin (Ig)-like domains topped by two a helices®**>. MHCI consists of
one long heavy chain, the a-chain, that forms an Ig-like transmembrane domain,
a3, and the al and a2 domains that comprise the peptide-binding groove. The
second Ig-like domain is provided by the light chain B2m, which associates non-
covalently with the heavy chain. In MHCII, heavy chains a and B combine to form
the a-helices of the peptide-binding groove. Both chains harbor Ig-like domains
(a2 and B2) that anchor the complex in the membrane. The groove of MHCl is
closed at both ends wherein only short peptides of 8-11 amino acids can fit,
whereas MHCII has an open groove able to accommodate peptides in the range
of 15-24 amino acids>*®8, These structural features dictate binding of certain sized
peptides in general, but exact sequences depends on other factors described in
more detail below.

MHC polymorphisms
The three major groups of human MHC genes, referred to as HLA (human
leukocyte antigens) class |, I and IlI, are located on chromosome 6, together with
many more immunity-associated genes®®. Unlike the HLA class | and Il regions,
the gene-dense HLA class Il region has been poorly defined®. The HLA class |
gene region contains three loci coding for the classical HLAI proteins involved
in antigen presentation, HLA-A, HLA-B and HLA-C®-%4, Classical HLA class Il
proteins HLA-DR, HLA-DP and HLA-DQ are also expressed from three loci. The
loci coding for the HLAI heavy chains are among the most polymorphic in the
human genome, meaning that they contain many variations in their sequence,
generated by mutation, recombination and gene conversion®¢, Different
allotypes have evolved with selection pressure, yielding a distinct distribution of
allele frequencies across the globe®”*°. Individuals can carry three to six different
MHCI allotypes and three to twelve different MHCII allotypes, depending on the
inheritance of their parents:. The majority of single nucleotide polymorphisms
and deletion/insertion polymorphisms are found in the regions that code for
the peptide-binding groove, resulting in differences in nature and location of
binding pockets, and consequently preferred peptide motifs per allele®>’072
Since only peptides with a matching motif get presented, expressing multiple
allotypes allows presentation of more fragments derived from the same protein
and hence provides widespread protection against numerous pathogens. There is
an obvious heterozygote advantage, explaining why expression of MHC genes is
even suggested to play a role in mate selection”>7>,

Over the years, vastness of information on MHC ligands and motifs has been
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gathered in online databases, with SYFPEITHI and the IEDB (Immune Epitope
Database) containing the largest collections’®”’. The discovery of new alleles
has greatly advanced since the development of Next-Generation Sequencing,
resulting in the identification of over 15,000 subtypes registered in international
databases®*’87°, These data are extremely valuable for immunogenicity research
and the transplantation community®®8, For instance, using the data available,
HLA types of donors and patients can be matched to increase survival rates of
hematopoietic stem cell transplant recipients®?®, This is important because
mismatch of only a single nucleotide polymorphism could affect the outcome of
a transplant.

Peptide affinity and T cell activity

Which peptides can stably associate with the MHCI heavy chain depends on
the interactions of the binding groove residues with the peptide backbone and
occupation of defined binding pockets by the peptide side chains®, HLA-A, -B
and -C heavy chains form six binding pockets, named A-F, that can accommodate
a peptide’s amino acid side chains®8. Generally two amino acids, referred to
as the anchor residues, position the peptide by docking in the pockets. Because
theoretically any peptide with a matching motif will fit a certain allotype,
predicting which peptides will strongly bind is extremely challenging.

The use of algorithms to predict peptide affinity in silico, such as those used
by SYFPEITHI, IEDB and NetMHC, facilitates epitope prediction’68%, Although
they provide an indication of binding strength, computational tools alone often
fail to accurately predict immunogenicity. For a long time it was assumed that
a high peptide affinity results in prolonged presentation to T cells, and hence
in increased immunogenicity. Gradually, however, it became clear that binding
affinity of a peptide to an MHC is not the only determinant forimmunogenicity®*3.
This is illustrated by a study by Speiser et al,, who directly compared vaccination
with wild-type melanoma antigen EAAGIGILTV or a higher-affinity altered peptide
ligand (APL), ELAGIGILTV®4 They found that, although more T cells were induced
by vaccination with the APL, quality of the response in terms of tumor reactivity
and T cell activation in vivo was higher after vaccination with the wild-type
ligand. A similar observation was made by McMahan et al, who investigated T cell
responses in mice with CT26 colon cancer®®. When comparing vaccination with
tumor-associated antigens or APLs, they observed proliferation of tumor antigen-
specific T cells and elevated IFN-y in response to the high-affinity APLs, but this
did not correlate with anti-tumor immunity. Although a certain affinity is required
for efficient loading in the ER, other factors, such as stability, conformational
flexibility and formation of the immunological synapse, are also important
determinants for T cell activation®23%-%° More recent epitope prediction tools
therefore also include pMHC stability as an extra parameter®10,
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Passing T cells may sample various antigens, but will only respond to ligands
with a certain affinity!°#1%, The TCR-pMHC contact should last long enough to
induce signaling, but short enough to allow serial engagement and activation
of multiple T cells'®%. Because infected or mutated cells do not always express
many copies of an antigen, for example due to downregulation of MHCI or other
proteins involved in antigen presentation, sometimes only a few peptides survive
the journey to the cell surface. Activation of multiple T cells by one pMHC-
complex amplifies the immune stimulus, thus ensuring high sensitivity needed
to respond to low-frequency peptides. Of course this can only be accomplished
if the association and dissociation kinetics of the TCR-pMHC interaction occur at
a reasonable rate. This is in line with the observation that TCR affinity for pMHC
is generally low, in the micromolar range!®. Serial engagement becomes less
important when density of a certain pMHC is high, thus an optimal half-life seems
to only be required for low-density pMHCs,

MHC and disease

Predisposition to certain infectious, inflammatory or autoimmune diseases is
known to have a genetic origin, in many cases located in the MHC genes'®12, An
estimated 5% of the population suffers from autoimmune diseases, which include
the well-known type | diabetes, multiple sclerosis and rheumatoid arthritis, all
diseases that have been extensively studied in relation to MHC3118 |n the past few
decades increasing numbers of HLA subtypes have been reported in concurrence
with other autoimmune diseases not initially linked to MHC, such as celiac
disease, systemic lupus erythematosus, ulcerative colitis, Crohn’s disease and
ankylosing spondylitist*®12, The latter example is associated with expression of
HLA-B*27:05'24125 |t was discovered as early as 1973 that this subtype is expressed
in 85-90% of ankylosing spondylitis patients, but how it relates to development
of the rheumatoid disorder is still unknown??4+12¢ Strikingly, individuals expressing
the closely related HLA-B*27:09 do not develop the disease, although the two
subtypes only differ in residue 116 found at the bottom of the F pocket (Asp
in HLA-B*27:05 and His in HLA-B*27:09)*¥. Crystal structures of the two alleles
complexed with the same peptide are virtually indistinguishable, however,
molecular dynamics simulations show that the flexibility of peptide-bound
HLA-B*27:09 is much higher than that of HLA-B*27:05%%%, This implies that peptide
dynamics may play an important role in the activation of T cells, and molecular
dynamics studies should therefore be included in the experimental data used to
build prediction algorithms?>1%,

Insome cases,combinations of MHCland MHCll alleles convey a predisposition,
such as the additional effect of HLA-A*3 on the HLA-DR15-associated susceptibility
to multiple sclerosis'?. Often, even though a genetic association is established, the
mechanism by which a given HLA allotype confers protection or causes disease
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is unknown. Understanding the basis of these associations can help advance
personalized disease prevention and treatment3%,

A few relevant mechanisms can be envisioned, of which undesirable
presentation of self-peptides or altered self-peptides is perhaps the most obvious.
Alternatively, the association may have nothing to do with peptide presentation,
but instead may affect the T cell repertoire, including regulatory T cells. Or there
could be no effect at all, but the allotype could just be in linkage disequilibrium
with another disease-causing gene and therefore act as a marker.

Altered self-peptides may arise from mutated proteins, but can also be derived
from post-translationally modified proteins'*2!*, The latter appears to be the
case with type 1 diabetes, where a number of modifications present on peptides
have been found to trigger autoimmune responses*3+13¢, In addition, citrullination,
a post-translational deiminaton of arginine to form citrulline, is the hypothesized
culprit in development and progression of rheumatoid arthritis*>”13, Specifically,
evidence points to dysregulation of protein citrullination in the rheumatoid
joint, resulting in hypercitrullination and concurrent loss of tolerance*. Anti-
citrullinated protein antibodies are detectable in early stages of the disease
and hence provide valuable diagnostic and prognostic markers for rheumatoid
arthritis4o4,

Certain MHC alleles are not directly associated with disease, but with
susceptibility to adverse drug effects, ranging from mild skin reactions, fever
and nausea to even fatal reactions upon re-exposure!#?14, Patients are often
genotyped for risk alleles prior to starting treatment with a drug known to have
an association'*. One of the best known HLA-related adverse drug effects is T
cell-mediated hypersensitivity to treatment with abacavir, a nucleoside analog
reverse-transcriptase inhibitor used to treat HIV*, Treatment with abacavir
induces high frequencies of reactive CD8* T cells in individuals expressing
HLA-B*57:01, but not in those expressing any of the closely related allotypes
HLA-B*57:02/03 or HLA-B*58:01, which only differ from HLA-B*57:01 in three or
four amino acids, respectively**. A crystal structure of HLA-B*57:01 complexed
with abacavir and an immunogenic peptide shows that abacavir binds specifically
in the F pocket of HLA-B*57:01 and may alter the specificity of the MHC to allow
binding and presentation of self peptides#14.

CANCER IMMUNOTHERAPY

According to its definition, i.e. ‘treatment designed to produce immunity to a
disease or enhance the resistance of the immune system to an active disease
process’, immunotherapy has been around for centuries, with first evidence of
inoculation with smallpox dating from tenth century China'*®. Examples of
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modern day immune-activating therapies are vaccination or immunization,
whereas immune suppression is used to treat autoimmune diseases or prevent
transplant rejection. A role for the immune system in the clearance of cancer has
been studied for decades, and this has led to the perception that primary tumor
development, especially of cancers that are virus-induced, is suppressed by the
immune system®>1%, As long as the ‘cancer immunity cycle’ proposed by Chen
and Mellman functions properly, even distant tumor cells are eradicated**. Those
sporadic tumors which escape, likely develop mechanisms to induce tolerance,
for example by promoting expansion of anergic CD8* T cells or induction of
CD4+ T cells®™” L, Immunotherapy may then restore the cycle and concurrently
reestablish anti-cancer immunity.

The advance of DNA and RNA sequencing techniques has made it possible to
identify tumor-associated mutations or aberrations, and to target these to cure
disease. Several therapeutic strategies targeting T cell immunity are described in
the next sections and in more detail in Chapters 2, 3 and 4.

Peptide vaccines

The majority of cancer immunotherapy efforts involve vaccination, which is not
surprising in light of historical achievements of vaccination to prevent or cure
disease®®?, Despite this potential, only minor successes have been accomplished
using preventive or therapeutic vaccines as anti-cancer strategy!¢>¢4, Preventive
vaccines are designed to induce humoral immunity through engendering a pool
of memory B cells and antipathogenic antibodies. On the other hand, therapeutic
vaccines are designed to treat an established disease by activating cellular
immunity through T cells. Preventive vaccines are primarily employed against
cancers caused by viruses, such asin the case of the human papilloma virus vaccine
used to prevent cervical cancer?®. The first generation of therapeutic vaccines,
consisting of adjuvants or microbial or tumor preparations, was not particularly
specific and chiefly aimed at establishing an inflammatory environment®,
Current anti-cancer vaccines are more specific, comprising antigens released by
tumors often complemented with adjuvantst®’. Vaccination with epitope-based
peptides to specifically induce relevant T cells targeted to infected or mutated
cells potentially provides effective prevention or treatment of infection or cancer.
Peptide vaccines are usually aimed at activation of CD8* T cells, because of
their cytolytic activity directly targeting cells that present the antigen, also at
distant sites. Antigenic peptides can be self or non-self when cancer is caused
by viruses'®®17° Self-antigens can originate from highly upregulated proteins
necessary for tumor growth and formation, peptide splicing by the proteasome
or tumor-associated antigens such as melanoma-associated antigen (MAGE) or
cancer testis antigen 1 (CTAGL, also known as NY-ESO-1)!*174 In many cases the
TCR affinity for these self-antigens is low, which is why they could escape negative
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selection'’>'7¢, Vaccination with such self-antigens supports T cell activation,
augmenting anti-tumor responses.

Neoantigens are mutated self-antigens that arise from tumor-specific
somatic DNA mutations'’’. Because neoantigens are not expressed in healthy
tissue, vaccination induces only tumor-specific responses’®. It is not difficult to
imagine that for this reason neoantigens are hot targets in the development
of cancer immunotherapeutics’?®, Spontaneous immune recognition of
neoantigens is inefficient, for tumors are poor antigen-presenting cells, but anti-
tumor immunity can be greatly enhanced by neoantigen-based vaccination!®,
Many pharmaceutical companies endeavor to discover neoantigens that can
be exploited for treatment options!®21%, Multiple modes of neoantigen-focused
treatment have been successfully demonstrated, including vaccination with
peptides or neoantigen mRNA, or adoptive transfer of neoantigen-specific
T cells®®18, Since neoantigens are patient-specific, their identification needs
to be performed on an individual basis. Somatic mutations can be discovered
through sequencing and comparison of expression profiles between healthy
and tumor tissues. Using binding algorithms, transcribed neoantigens may be
matched to MHCI or MHCII to predict presented neoantigens!®-%, QOnly a few of
these predicted neoantigens will actually be expressed and presented on MHCs
and even fewer will be immunogenic?®* Therefore, screening of T cells using
neoantigen-loaded MHC multimers, as described in Chapter 7 of this thesis, or
validation by peptide elution, is necessary to reveal true neoantigenst**1%2,

Despite 20 years of peptide vaccine studies and numerous clinical trials,
none have made it to the clinic yet'*>%4 Peptides alone are poorly immunogenic
and consequently improving the immunogenicity of known MHCI antigens
by altering amino acid sequences has been the central focus in the field>1%,
Substitutions are primarily introduced in the anchor positions, to increase the
number and quality of the interactions in the binding pockets, while the central
amino acids are kept unaltered. Mutating the central amino acids can result
in hyperstimulation of T cells with the risk of inducing a pool of T cells that is
reactive against the altered peptide, but not the wild-type epitope!®. This off-
target activation can even be caused by modifying only the anchor residues, since
they can induce conformational changes in both MHC and peptide, thus altering
T cell reactivity**. Design of APLs that contain not only the 20 proteogenic amino
acids, but also amino acids with chemically-modified side chains is elaborated
upon in Chapters 2 and 3.

One of the reasons for low efficiency of peptide vaccines is the absence of the
second signal required for immune activation; namely, costimulation. Peptides
presented by MHCI are usually derived from cytosolic or nuclear proteins and
undergo trimming and loading in the ER. Circulating peptides are internalized
in endosomes: the archetypal MHC class || compartments. How exactly peptide
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vaccines administered in the blood eventually end up in class | MHCs on the cell
surface is not completely understood, but this presumably takes place through
cross-presentation, exchange on the cell surface or simply by cytosolic uptake
of cell-permeable peptides?®®2%3, These mechanisms bypass processing by
professional APCs, such as DCs, and as a result, costimulatory signals necessary
for activation of T cells are insufficiently provided, which may ultimately lead
to tolerance®2%4205. Additional immune stimulation can be provided by CD4* T
cells. Accordingly, the most successful peptide vaccines to date encompass
long peptides that contain both MHCI and MHCII epitopes, thus triggering both
cytotoxic (CD8*) and helper (CD4*) T cell responses®. Long peptides are processed
by professional APCs and have been found to induce more competent anti-viral
responses in multiple studies, with anti-human papilloma virus vaccines to prevent
recurrent vulvar intraepithelial dysplasia as the greatest success story?°2%, These
long peptides ideally contain multiple potential epitopes able to bind various
MHC allotypes, providing intrinsically broader application. Herein lies also the
risk of off-target effects, since allotypes differ per individual and therefore the
epitopes within a vaccine can unfavorably activate T cells in different individuals.

Cell-based therapies

By directly administering autologous T cells, the peptide vaccination step can
be skipped. Tumor-specific CD8* T cells can be isolated from peripheral blood
mononuclear cells or tumor tissue, stimulated and expanded ex vivo, and then
readministered to specifically attack the tumor?°2t, Especially in the treatment
of melanoma, adoptive transfer of tumor-infiltrating lymphocytes has shown
remarkable reponses?#25, To further enhance efficacy and tumor specificity, T
cells can be genetically engineered through lentiviral or retroviral transduction
or transfection with DNA or RNA to express novel tumor-specific TCRs or chimeric
antigen-receptors6-218,

Another cell type that has been successfully used in cancer treatment are
DCs?22L, They are at the center of antigen processing and presentation
and activate both CD4* and CD8* T cells, providing both activation and
costimulation??2?2, DCs can be used in various ways, but the most successful
strategies include vaccination with antigens coupled to DC-antibodies (e.g. DEC-
205) or DCs loaded with antigens ex vivo?20224228 The first therapeutic anti-cancer
vaccine to get approval from the US Food and Drug Administration (FDA, in 2010)
is such a DC-based vaccine: Provenge®, also called Sipuleucel-T (Dendreon, Inc.),
for treatment of prostate cancer??23 This vaccine contains DCs that are activated
ex vivo with a prostate cancer-specific antigen, prostatic acid phosphatase, to
stimulate tumor-specific CD8* T cells?23, Especially in these cases it is of the
utmost importance that antigens are only expressed on tumors to avoid off-tumor
effects?’.234,
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Checkpoint inhibition

Widespread success and fame of cancer immunotherapy came with the
discovery of checkpoint inhibition. Inhibitory receptors on T cells, such as
cytotoxic T-lymphocyte-associated antigen (CTLA)-4 and programmed death
(PD)-1, are negative regulators of the costimulatory signal necessary for T
cell activation?>2% The balance between inhibitory and stimulatory immune
checkpoints ensures optimal immune protection, while maintaining self-
tolerance and preventing autoimmunity?®. By blocking inhibitory pathways, the
brakes on immune responses are released, resulting in a boost of preexisting
anti-tumor responses?%24, Checkpoint inhibition offers great opportunities,
especially when treating cancers harboring high mutational burden and thus
likely to express higher frequencies of neoantigens?324, For their roles in this
discovery James P. Allison and Tasuku Honjo were awarded the 2018 Nobel Prize
for Physiology or Medicine?””. The group of Allison was the first to demonstrate
increased antitumor activity in vivo using antibodies blocking CTLA-4 in murine
colorectal carcinoma and one year later in murine prostate cancer?®,
CTLA-4isahomologue of CD28 and binds both B7-1 and B7-2, with a higher affinity
than CD28%°. This negative regulation results in inhibition of IL-2 production and
blocking of cell cycle progression, thus functioning as an immune checkpoint
to control lymphocyte homeostasis?*°252, A quick search for clinical trials shows
roughly 50 active and 150 recruiting/enrolling trials targeting CTLA-4 as a single
or combination therapy?>. Ipilimumab, a blocking antibody against CTLA-4, has
demonstrated durable clinical responses and was approved for treatment of
metastatic melanoma by the FDA and the European Medicines Agency (EMA) in
2011254,255.

A wide range of tumors express PD-L1, the ligand for immune checkpoint
receptor PD-1, thus creating an immunosuppressive environment and escaping
immune surveillance®*2%, Blocking the PD-L1/PD-1 interaction is therefore
even more effective against cancer than anti-CTLA-4. Indeed, as a monotherapy,
antibodies against PD-1 cause a remarkable reduction of tumor metastasis spread
in mice, owing to enhanced recruitment of effector T cells®%0, Their efficacy is
reflected in the high number of clinical trials targeting PD-1 (almost 200 active
and over 800 recruiting/enrolling trials) or PD-L1 (almost 200 active and over 500
recruiting/enrolling)?. Two PD-1 antibodies, nivolumab and pembrolizumab,
have shown durable clinical responses in various cancer types and have been
approved by the FDA and EMAZ2¢2_ Currently, one PD-L1 antibody, atezolizumab,
has been approved by the FDA and EMA for treatment of urothelial cancer and
non-small cell lung carcinoma?3. Since PD-1 and CTLA-4 function in different
stages of immune activation, combination of therapies targeting both pathways
leads to additive anti-tumor effects?42%,

CTLA-4 and PD-1 were the first of many targets for immunotherapy and the
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Figure 2. Overview of checkpoint molecules and a selection of current preclinical and
clinical therapeutics. Green indicates stimulatory- and red inhibitory checkpoint molecules.
Antibody therapies are depicted in orange; small molecules in dark blue; T cell therapies
in grey. Arrows represent stimulation and T-bars represent inhibition. Arrow thickness
corresponds to relative affinity compared to other ligands.

list is expanding immensely, as depicted in Figure 2. Both negative and positive
regulators of the immune system are promising targets for cancerimmunotherapy
and autoimmune treatment and are actively pursued by pharmaceutical
companies?®®. Combination with other treatment modalities has also led to
synergistic effects, and consequently many ongoing clinical trials focus on
combination therapies. Our perspective on the future of cancer immunotherapy
is elaborately described in Chapter 4.

T CELL DETECTION THROUGH PMHCI MULTIMERS

The study of T cell interactions and specificities has immensely benefited from the
development of pMHCI tetramers?¢72¢8, These tetramers conventionally consist of
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Figure 3. Visualization and isolation of antigen-specific T cells using pMHCI tetramers.
Peptide-major histocompatibility complex class | (pMHCI) monomers are loaded with
antigenic peptides and multimerized on fluorescently-labeled streptavidin. These reagents
are widely used for the detection, isolation and characterization of antigen-specific CD8*
T cells using flow cytometry.
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MHCI monomers that are folded with a specific antigenic peptide, enzymatically
biotinylated and subsequently multimerized on streptavidin. It is imperative that
pMHC complexes are multimerized so that they can bind multiple TCRs on their
corresponding CD8* T cell, to reduce typically high monomeric dissociation rates
and remain attached to the T cell during further experimental analysis?®*. When
labelled with a fluorophore these tetramers can be used to directly visualize (by
flow cytometry) T cells specific for the bound antigen in a cell suspension, as
depicted in Figure 3. Using this technology T cell responses can be quantified,
characterized and monitored, providing invaluable information on an individual’s
immune status and responses to treatment?’°?’*, One of the main advantages
over traditional assays, such as ELISpot (enzyme-linked immune absorbent spot),
cytokine staining or single-cell PCR, is that cells can even be sorted using FACS for
further studies?’2. Besides diagnostics, pMHCI tetramers are widely used to study
basic principles of ligand specificity, kinetics and dynamics of immune responses
and employed in epitope mapping?3%¢, Although MHCII multimer technology is
improving, considerable efforts are required to reach the same standards as those
of MHCI multimers?’. Progress is hampered by the difficulty to generate stable
soluble forms of biotinylated MHCII, low frequency of CD4* T cells in circulation
and generally low affinities of MHCII peptides?’2

Since first reportsin 1996 MHCl tetramer technology has markedly improved?’.
A major step towards high-throughput analysis was made by the advance of
technologies to exchange peptides on MHCI. Because MHCI molecules require
a peptide (or chaperones) for stability, every specific pMHCI had to be folded
with the desired peptide, and production of tetramers was therefore laborious
and costly?®. Where at first production of one or a few tetramers would take
more than a week of work, the development of exchange technologies now
allows generation of numerous MHCI tetramer variants in parallel. This approach
involves folding of a large batch of MHCI monomers with a peptide that upon
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applying a trigger exchanges for a peptide of interest. Various techniques
have been investigated, utilizing dipeptides or chemicals, such as dithionite or
periodate, as stoichiometric reagents?2%2, One of the most successful exchange
technologies was developed in a collaboration between the Ovaa and the
Schumacher labs, and employs UV radiation as a trigger?3?4, The peptide used
for folding contains a central photocleavable amino acid, which becomes cleaved
upon UV irradiation, resulting in dissociation of peptide remnants and liberation
of the binding groove for association with a peptide of choice. This approach
was easily extended to other alleles by incorporating the UV-cleavable amino
acid in allele-specific epitopes?>. More recently, | have developed an exchange
technology based on temperature, which is described in detail in Chapters 5
and 62%2¢’ Unlike UV, which damages proteins and bleaches fluorophores,
this exchange can be performed on already multimerized pMHCI. Exchange is
induced by simply warming up the multimers, without the need for chemicals or
specific lab equipment, and is therefore the easiest and most flexible exchange
technology available to date.

In flow cytometry, the maximum number of detectable T cell specificities
is limited by the number of available fluorochromes. Since sample volumes
are often small, it is preferred to stain for as many specificities as possible
in one sample. With development of combinatorial coding the number of
simultaneously detectable reactivities increased from eight single stains to 28
dual combinations?®, Adopting more complex coding strategies using six colors
raises the number of detected specificities to 63, but also adds to the complexity
of spectral overlap?. The most recently published strategy to scale up detection
uses DNA labels instead of fluorophores?, where pMHCI multimers are
conjugated to a dextran backbone carrying a unique 25-oligonucleotide barcode
sequence and a common fluorochrome. After assembly, different multimers are
mixed and used to stain T cells in a similar fashion to conventional tetramer
staining. Consequently, fluorophore-labelled T cells are isolated by FACS and
their associated DNA is amplified and sequenced. This approach allows detection
of over 1000 specificities in one sample in a high-throughput fashion and can
be used for screening of epitopes in small sample volumes. First steps towards
creating thermally-exchangeable DNA-labeled pMHCI multimers are described
in Chapter 7.
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SCOPE OF THIS DISSERTATION

The work described in this dissertation highlights how the adaptive immune
system can be used to our advantage, either from a therapeutic or diagnostic
perspective. In a therapeutic setting tumor- or pathogen-specific T cells can be
activated to eliminate mutated or infected cells. Chapter 2 describes the design
and use of chemically enhanced altered peptide ligands as therapeutic vaccines.
By modifying their anchoring residues, the affinity of wild-type epitopes to their
corresponding MHC, HLA-A*02:01, could be markedly increased with the goal
of improving pMHCI stability and prolonging recognition by antigen-specific T
cells. The study described in Chapter 3 then sets out to chemically enhance three
HLA-A*02:01- and three HLA-A*03:01-presented influenza A epitopes, of varying
affinity and immunodominance, to serve as a preventive vaccine. In vitro and in
vivo assays demonstrate that affinity and immunogenicity of HLA-A*02:01 epitopes
could be improved by modifying the anchoring residues, but that immunogenicity
did not directly correlate with affinity. Peptide vaccines alone may not induce
full anti-tumor responses, but they efficiently initiate T cell activation, thus
supporting other immunotherapies. Our opinion on the potential contribution of
small-molecule drugs is detailed in Chapter 4.

The classic reagents for studying antigen-specific T cell responses are pMHCI
multimers. Chapter 5 summarizes the development of a novel technique to
exchange peptides on MHCI multimers. This method, described in a step-by-step
protocol in Chapter 6, allows the generation of large panels of pMHCI multimers
in parallel. Implementation of DNA barcoding increases the scale of detectable
specificities. Such high-throughput approaches may prove particularly useful in
neoantigen identification, as described in Chapter 7.

The findings of the research described in this dissertation are recapitulated in
the final chapter, where we also provide suggestions for future directions.

25




Chapter1

REFERENCES

1 Flajnik, M.F. & Du Pasquier, L. Evolution of innate and adaptive immunity: can we draw a line?
Trends Immunol 25, 640-644 (2004).

2. Vivier, E. & Malissen, B. Innate and adaptive immunity: specificities and signaling hierarchies
revisited. Nat Immunol 6, 17-21 (2005).

3. Medzhitov, R. & Janeway, C. Innate immune recognition: mechanisms and pathways. Immunol
Rev 173, 89-97 (2000).

4. Boehm, T. & Swann, J.B. Origin and Evolution of Adaptive Immunity. Annu Rev Anim Biosci 2,
259-283 (2014).

5. Janeway, C.A, Jr. & Medzhitov, R. Innate immune recognition. Annu Rev Immunol 20, 197-216
(2002).

6. Gourley, T.S., Wherry, E.J., Masopust, D. & Ahmed, R. Generation and maintenance of immunolo-
gical memory. Semin Immunol 16, 323-333 (2004).

7. Klein, L, Kyewski, B., Allen, P.M. & Hogquist, KA. Positive and negative selection of the T cell
repertoire: what thymocytes see (and don’t see). Nat Rev Immunol 14, 377-391 (2014).

8. Kyewski, B. & Klein, L. A central role for central tolerance. Annu Rev Immunol 24, 571-606 (2006).

9. Starr, T.K, Jameson, S.C. & Hogquist, KA. Positive and negative selection of T cells. Annu Rev
Immunol 21, 139-176 (2003).

10. Jensen, P.E. Recent advances in antigen processing and presentation. Nat Immunol 8, 1041-
1048 (2007).

11.  Rock, K.L, York, I.A. & Goldberg, A.L. Post-proteasomal antigen processing for major histocom-
patibility complex class | presentation. Nat Immunol 5, 670-677 (2004).

12.  Rock, KL, York, I.A, Saric, T. & Goldberg, A.L. Protein degradation and the generation of MHC
class I-presented peptides. Adv Immunol 80, 1-70 (2002).

13.  Yewdell, JW, Reits, E. & Neefjes, J. Making sense of mass destruction: quantitating MHC class |
antigen presentation. Nat Rev Immunol 3, 952-961 (2003).

14.  Schubert, U, et al. Rapid degradation of a large fraction of newly synthesized proteins by pro-
teasomes. Nature 404, 770-774 (2000).

15.  Reits, EA, Vos, J.C, Gromme, M. & Neefjes, J. The major substrates for TAP in vivo are derived
from newly synthesized proteins. Nature 404, 774-778 (2000).

16.  Neefjes, J, Jongsma, M.L, Paul, P. & Bakke, O. Towards a systems understanding of MHC class |
and MHC class Il antigen presentation. Nat Rev Immunol 11, 823-836 (2011).

17.  Khan, S, et al. Cutting edge: neosynthesis is required for the presentation of a T cell epitope
from a long-lived viral protein. J Immunol 167, 4801-4804 (2001).

18.  Vigneron, N, et al. An antigenic peptide produced by peptide splicing in the proteasome. Scien-
ce 304, 587-590 (2004).

19. Liepe, J, et al. A large fraction of HLA class | ligands are proteasome-generated spliced pepti-
des. Science 354, 354-358 (2016).

20.  Mishto, M. & Liepe, J. Post-Translational Peptide Splicing and T Cell Responses. Trends Immunol
38, 904-915 (2017).

21.  Mannering, S.l, So, M., Elso, C.M. & Kay, T.W.H. Shuffling peptides to create T-cell epitopes: does
the immune system play cards? Immunol Cell Biol 96, 34-40 (2018).

22. Blees, A, et al. Structure of the human MHC-I peptide-loading complex. Nature 551, 525-528
(2017).

23.  Ortmann, B, et al. A critical role for tapasin in the assembly and function of multimeric MHC
class I-TAP complexes. Science 277, 1306-1309 (1997).

24.  Watts, C. The exogenous pathway for antigen presentation on major histocompatibility com-
plex class Il and CD1 molecules. Nat Immunol 5, 685-692 (2004).

25.  Bennett, K, et al. Antigen Processing for Presentation by Class-li Major Histocompatibility Com-
plex Requires Cleavage by Cathepsin-E. Eur J Immunol 22, 1519-1524 (1992).

26.  Fruh, K, Gruhler, A, Krishna, R.M. & Schoenhals, G.J. A comparison of viral immune escape stra-
tegies targeting the MHC class | assembly pathway. Immunol Rev 168, 157-166 (1999).

27.  Horst, D, Verweij, M.C,, Davison, AJ, Ressing, M.E. & Wiertz, E.J. Viral evasion of T cell immunity:

26

ancient mechanisms offering new applications. Curr Opin Immunol 23, 96-103 (2011).



General introduction and Scope of this dissertation

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

Segura, E. & Amigorena, S. Cross-Presentation in Mouse and Human Dendritic Cells. Adv Immu-
nol 127, 1-31 (2015).

Mescher, M.F, et al. Signals required for programming effector and memory development by
CD8* T cells. Immunol Rev 211, 81-92 (2006).

Momburg, F., Roelse, J,, Hammerling, G.J. & Neefjes, J.J. Peptide size selection by the major his-
tocompatibility complex-encoded peptide transporter. J Exp Med 179, 1613-1623 (1994).
Parcej, D. & Tampe, R. ABC proteins in antigen translocation and viral inhibition. Nat Chem Biol
6, 572-580 (2010).

Serwold, T., Gaw, S. & Shastri, N. ER aminopeptidases generate a unique pool of peptides for
MHC class | molecules. Nat Immunol 2, 644-651 (2001).

Rock, K.L, Reits, E. & Neefjes, J. Present Yourself! By MHC Class | and MHC Class Il Molecules.
Trends Immunol 37, 724-737 (2016).

Yewdell, JW. & Bennink, J.R. Immunodominance in major histocompatibility complex class
I-restricted T lymphocyte responses. Annu Rev Immunol 17, 51-88 (1999).

Kersh, G.J., Kersh, E.N., Fremont, D.H. & Allen, P.M. High- and low-potency ligands with similar
affinities for the TCR: the importance of kinetics in TCR signaling. Immunity 9, 817-826 (1998).
Kazansky, D.B. MHC restriction and allogeneic immune responses. J Immunotoxicol 5, 369-384
(2008).

Langenhorst, D., et al. CD28 Costimulation of T Helper 1 Cells Enhances Cytokine Release In
Vivo. Front Immunol 9, 1060 (2018).

Gross, J.A, Callas, E. & Allison, J.P. Identification and distribution of the costimulatory receptor
CD28 in the mouse. J Immunol 149, 380-388 (1992).

Sharpe, A.H. & Abbas, AK. T-cell costimulation--biology, therapeutic potential, and challenges.
N Engl J Med 355, 973-975 (2006).

Greenwald, R.J,, Freeman, G.J. & Sharpe, A.H. The B7 family revisited. Annu Rev Immunol 23, 515-
548 (2005).

DeSilva, D.R, Urdahl, K.B. & Jenkins, M.K. Clonal anergy is induced in vitro by T cell receptor
occupancy in the absence of proliferation. J Immunol 147, 3261-3267 (1991).

Kalia, V. & Sarkar, S. Regulation of Effector and Memory CD8 T Cell Differentiation by IL-2-A
Balancing Act. Front Immunol 9, 2987 (2018).

Hutloff, A, et al. ICOS is an inducible T-cell co-stimulator structurally and functionally related
to CD28. Nature 397, 263-266 (1999).

Swallow, M.M,, Wallin, J.J. & Sha, W.C. B7h, a novel costimulatory homolog of B7.1 and B7.2, is
induced by TNFalpha. Immunity 11, 423-432 (1999).

Okamoto, N., Tezuka, K, Kato, M., Abe, R. & Tsuji, T. PI3-kinase and MAP-kinase signaling casca-
des in AILIM/ICOS- and CD28-costimulated T-cells have distinct functions between cell prolife-
ration and IL-10 production. Biochem Biophys Res Commun 310, 691-702 (2003).

Sharpe, AH. & Freeman, G.J. The B7-CD28 superfamily. Nat Rev Immunol 2, 116-126 (2002).
Bachmann, M.F, Speiser, D.E, Mak, TW. & Ohashi, P.S. Absence of co-stimulation and not the
intensity of TCR signaling is critical for the induction of T cell unresponsiveness in vivo. Eur J
Immunol 29, 2156-2166 (1999).

Curtsinger, J.M. & Mescher, M.F. Inflammatory cytokines as a third signal for T cell activation.
Curr Opin Immunol 22, 333-340 (2010).

Valenzuela, J,, Schmidt, C. & Mescher, M. The roles of IL-12 in providing a third signal for clonal
expansion of naive CD8 T cells. J Immunol 169, 6842-6849 (2002).

Curtsinger, J.M,, Lins, D.C. & Mescher, M.F. Signal 3 determines tolerance versus full activation
of naive CD8 T cells: dissociating proliferation and development of effector function. J Exp Med
197, 1141-1151 (2003).

Ben-Sasson, S.Z,, et al. IL-1 acts directly on CD4 T cells to enhance their antigen-driven expansi-
on and differentiation. Proc Natl Acad Sci U S A 106, 7119-7124 (2009).

Scott, P. IL-12: initiation cytokine for cell-mediated immunity. Science 260, 496-497 (1993).
Madden, D.R. The three-dimensional structure of peptide-MHC complexes. Annu Rev Immunol
13, 587-622 (1995).

Stern, LJ. & Wiley, D.C. Antigenic peptide binding by class | and class Il histocompatibility pro-
teins. Structure 2, 245-251 (1994).

27




Chapter1

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.

69.

70.

71.

72.
73.

74.
75.

76.
77.

78.
79.
80.
81.

82.

28

Lafuente, E.M. & Reche, P.A. Prediction of MHC-peptide binding: a systematic and comprehensi-
ve overview. Curr Pharm Des 15, 3209-3220 (2009).

Bouvier, M. & Wiley, D.C. Importance of peptide amino and carboxyl termini to the stability of
MHC class | molecules. Science 265, 398-402 (1994).

Chicz, R.M,, et al. Predominant naturally processed peptides bound to HLA-DR1 are derived
from MHC-related molecules and are heterogeneous in size. Nature 358, 764-768 (1992).
Zacharias, M. & Springer, S. Conformational flexibility of the MHC class | alphal-alpha2 domain
in peptide bound and free states: a molecular dynamics simulation study. Biophys J 87, 2203-
2214 (2004).

Horton, R, et al. Gene map of the extended human MHC. Nat Rev Genet 5, 889-899 (2004).

Xie, T, et al. Analysis of the gene-dense major histocompatibility complex class Ill region and its
comparison to mouse. Genome Res 13, 2621-2636 (2003).

Marsh, S.G,, et al. Nomenclature for factors of the HLA system, 2010. Tissue Antigens 75, 291-455
(2010).

Parham, P, Lawlor, D.A, Lomen, C.E. & Ennis, P.D. Diversity and diversification of HLA-A,B,C alle-
les. J Immunol 142, 3937-3950 (1989).

The, M.H.Cs.c. Complete sequence and gene map of a human major histocompatibility com-
plex. Nature 401, 921 (1999).

Meyer, D, VR, C.A, Bitarello, B.D., DY, C.B. & Nunes, K. A genomic perspective on HLA evolution.
Immunogenetics (2017).

Falk, K, Rotzschke, O., Stevanovic, S, Jung, G. & Rammensee, H.G. Allele-specific motifs revealed
by sequencing of self-peptides eluted from MHC molecules. Nature 351, 290-296 (1991).

de Bakker, P.I, et al. A high-resolution HLA and SNP haplotype map for disease association
studies in the extended human MHC. Nat Genet 38, 1166-1172 (2006).

Middleton, D., Menchaca, L, Rood, H. & Komerofsky, R. New allele frequency database: http://
www.allelefrequencies.net. Tissue Antigens 61, 403-407 (2003).

Gonzalez-Galarza, F.F, et al. Allele frequency net 2015 update: new features for HLA epitopes,
KIR and disease and HLA adverse drug reaction associations. Nucleic Acids Res 43, D784-788
(2015).

Meyer, D., Single, R.M,, Mack, S.J., Erlich, HAA. & Thomson, G. Signatures of demographic history
and natural selection in the human major histocompatibility complex Loci. Genetics 173, 2121-
2142 (2006).

Rammensee, H.G., Friede, T. & Stevanoviic, S. MHC ligands and peptide motifs: first listing. Immu-
nogenetics 41,178-228 (1995).

Falk, K, Rotzschke, O., Stevanovic, S., Jung, G. & Rammensee, H.G. Pool sequencing of natural
HLA-DR, DQ, and DP ligands reveals detailed peptide motifs, constraints of processing, and
general rules. Immunogenetics 39, 230-242 (1994).

Parker, K.C, et al. Sequence motifs important for peptide binding to the human MHC class |
molecule, HLA-A2. J Immunol 149, 3580-3587 (1992).

Chaix, R, Cao, C. & Donnelly, P. Is mate choice in humans MHC-dependent? PLoS Genet 4,
€1000184 (2008).

Ober, C, et al. HLA and mate choice in humans. Am J Hum Genet 61, 497-504 (1997).
Wedekind, C. & Furi, S. Body odour preferences in men and women: do they aim for specific MHC
combinations or simply heterozygosity? Proc Biol Sci 264, 1471-1479 (1997).

Vita, R, et al. The immune epitope database (IEDB) 3.0. Nucleic Acids Res 43, D405-412 (2015).
Rammensee, H., Bachmann, J,, Emmerich, N.P, Bachor, O.A. & Stevanovic, S. SYFPEITHI: database
for MHC ligands and peptide motifs. Immunogenetics 50, 213-219 (1999).

Robinson, J,, et al. The IPD and IMGT/HLA database: allele variant databases. Nucleic Acids Res
43, D423-431 (2015).

Sette, A. & Sidney, J. HLA supertypes and supermotifs: a functional perspective on HLA poly-
morphism. Curr Opin Immunol 10, 478-482 (1998).

Wiebe, C. & Nickerson, P. Human leukocyte antigen mismatch and precision medicine in trans-
plantation. Curr Opin Organ Transplant (2018).

Bertaina, A. & Andreani, M. Major Histocompatibility Complex and Hematopoietic Stem Cell
Transplantation: Beyond the Classical HLA Polymorphism. Int J Mol Sci 19(2018).

Lee, S.J, et al. High-resolution donor-recipient HLA matching contributes to the success of un-



General introduction and Scope of this dissertation

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

related donor marrow transplantation. Blood 110, 4576-4583 (2007).

Flomenberg, N, et al. Impact of HLA class | and class Il high-resolution matching on outcomes
of unrelated donor bone marrow transplantation: HLA-C mismatching is associated with a
strong adverse effect on transplantation outcome. Blood 104, 1923-1930 (2004).

Garrett, T.P., Saper, MA, Bjorkman, P.J,, Strominger, J.L. & Wiley, D.C. Specificity pockets for the
side chains of peptide antigens in HLA-Aw68. Nature 342, 692-696 (1989).

Brown, J.H,, et al. Three-dimensional structure of the human class Il histocompatibility antigen
HLA-DR1. Nature 364, 33-39 (1993).

Stern, LJ,, et al. Crystal structure of the human class Il MHC protein HLA-DR1 complexed with
an influenza virus peptide. Nature 368, 215-221 (1994).

Sidney, J,, Peters, B, Frahm, N., Brander, C. & Sette, A. HLA class | supertypes: a revised and up-
dated classification. BMC Immunol 9, 1 (2008).

van Deutekom, HW. & Kesmir, C. Zooming into the binding groove of HLA molecules: which
positions and which substitutions change peptide binding most? Immunogenetics 67, 425-436
(2015).

Lundegaard, C, et al. NetMHC-3.0: accurate web accessible predictions of human, mouse and
monkey MHC class | affinities for peptides of length 8-11. Nucleic Acids Res 36, W509-512
(2008).

Lundegaard, C, Lund, O., Buus, S. & Nielsen, M. Major histocompatibility complex class | binding
predictions as a tool in epitope discovery. Inmunology 130, 309-318 (2010).

Slansky, J.E. & Jordan, K.R. The Goldilocks model for TCR-too much attraction might not be best
for vaccine design. PLoS Biol 8(2010).

vanderBurg, S.H., Visseren, M.J.W., Brandt, RM.P,, Kast, W.M. & Melief, CJ.M. Immunogenicity
of peptides bound to MHC class | molecules depends on the MHC-peptide complex stability.
Journal of Immunology 156, 3308-3314 (1996).

Sette, A, et al. The relationship between class | binding affinity and immunogenicity of potential
cytotoxic T cell epitopes. J Immunol 153, 5586-5592 (1994).

Speiser, D.E,, et al. Unmodified self antigen triggers human CD8 T cells with stronger tumor
reactivity than altered antigen. Proc Natl Acad Sci U S A 105, 3849-3854 (2008).

McMahan, R.H,, et al. Relating TCR-peptide-MHC affinity to immunogenicity for the design of
tumor vaccines. J Clin Invest 116, 2543-2551 (2006).

Harndahl, M,, et al. Peptide-MHC class | stability is a better predictor than peptide affinity of
CTL immunogenicity. Eur J Immunol 42, 1405-1416 (2012).

Rosendahl Huber, S.K, et al. Chemical Modification of Influenza CD8* T-Cell Epitopes Enhances
Their Immunogenicity Regardless of Immunodominance. PLoS One 11, e0156462 (2016).

Corse, E., Gottschalk, RA. & Allison, J.P. Strength of TCR-peptide/MHC interactions and in vivo T
cell responses. J Immunol 186, 5039-5045 (2011).

Cemerski, S., et al. The stimulatory potency of T cell antigens is influenced by the formation of
the immunological synapse. Immunity 26, 345-355 (2007).

Jorgensen, KW., Rasmussen, M., Buus, S. & Nielsen, M. NetMHCstab - predicting stability of pep-
tide-MHC-I complexes; impacts for cytotoxic T lymphocyte epitope discovery. Immunology 141,
18-26 (2014).

Rasmussen, M., et al. Pan-Specific Prediction of Peptide-MHC Class | Complex Stability, a Corre-
late of T Cell Immunogenicity. J Immunol 197, 1517-1524 (2016).

McKeithan, T.W. Kinetic proofreading in T-cell receptor signal transduction. Proc Natl Acad Sci
U SA92,5042-5046 (1995).

Huang, J., et al. The kinetics of two-dimensional TCR and pMHC interactions determine T-cell
responsiveness. Nature 464, 932-936 (2010).

Valitutti, S. The Serial Engagement Model 17 Years After: From TCR Triggering to Immunothera-
py. Front Immunol 3, 272 (2012).

Kalergis, AM., et al. Efficient T cell activation requires an optimal dwell-time of interaction
between the TCR and the pMHC complex. Nat Immunol 2, 229-234 (2001).

Gonzalez, P.A, et al. T cell receptor binding kinetics required for T cell activation depend on the
density of cognate ligand on the antigen-presenting cell. Proc Natl Acad Sci U S A 102, 4824-
4829 (2005).

Stewart, C.A, et al. Complete MHC haplotype sequencing for common disease gene mapping.

29




Chapter1

108.
109.

110.

111

112.

113.

114.

115.
11e6.

117.

118.

119.

120.

121

122.

123.

124.
125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

30

Genome Res 14, 1176-1187 (2004).

Howell, W.M. HLA and disease: guilt by association. Int J Immunogenet 41, 1-12 (2014).
Carrington, M. & O’Brien, S.J. The influence of HLA genotype on AIDS. Annu Rev Med 54, 535-551
(2003).

Gao, X, et al. HLA-B alleles associate consistently with HIV heterosexual transmission, viral
load, and progression to AIDS, but not susceptibility to infection. AIDS 24, 1835-1840 (2010).
Garamszegi, L.Z. Global distribution of malaria-resistant MHC-HLA alleles: the number and fre-
quencies of alleles and malaria risk. Malar J 13, 349 (2014).

Lima-Junior Jda, C. & Pratt-Riccio, L.R. Major Histocompatibility Complex and Malaria: Focus on
Plasmodium vivax Infection. Front Immunol 7, 13 (2016).

Traherne, J.A, et al. Genetic analysis of completely sequenced disease-associated MHC haplo-
types identifies shuffling of segments in recent human history. PLoS Genet 2, e9 (2006).

Davies, J.L, et al. A genome-wide search for human type 1 diabetes susceptibility genes. Nature
371,130-136 (1994).

Svejgaard, A. The immunogenetics of multiple sclerosis. Immunogenetics 60, 275-286 (2008).
Fernando, M.M,, et al. Defining the role of the MHC in autoimmunity: a review and pooled ana-
lysis. PLoS Genet 4, 1000024 (2008).

Black, M.H., et al. HLA-associated phenotypes in youth with autoimmune diabetes. Pediatr Dia-
betes 14,121-128 (2013).

Larsen, C.E. & Alper, C.A. The genetics of HLA-associated disease. Curr Opin Immunol 16, 660-
667 (2004).

Ranganathan, V., Gracey, E., Brown, M.A, Inman, R.D. & Haroon, N. Pathogenesis of ankylosing
spondylitis - recent advances and future directions. Nat Rev Rheumatol 13, 359-367 (2017).
Harbo, H.F, et al. Genes in the HLA class | region may contribute to the HLA class Il-associated
genetic susceptibility to multiple sclerosis. Tissue Antigens 63, 237-247 (2004).

Liu, E, et al. Risk of pediatric celiac disease according to HLA haplotype and country. N Engl J
Med 371, 42-49 (2014).

Qiao, S.W,, Iversen, R, Raki, M. & Sollid, LM. The adaptive immune response in celiac disease.
Semin Immunopathol 34, 523-540 (2012).

Forabosco, P., et al. Meta-analysis of genome-wide linkage studies of systemic lupus erythema-
tosus. Genes Immun 7, 609-614 (2006).

Brewerton, D.A, et al. Ankylosing spondylitis and HL-A 27. Lancet 1, 904-907 (1973).
Schlosstein, L, Terasaki, P.I, Bluestone, R. & Pearson, C.M. High association of an HL-A antigen,
W27, with ankylosing spondylitis. N Engl J Med 288, 704-706 (1973).

Dendrou, C.A, Petersen, J., Rossjohn, J. & Fugger, L. HLA variation and disease. Nat Rev Immunol
18, 325-339 (2018).

Pohlmann, T, et al. Differential peptide dynamics is linked to major histocompatibility complex
polymorphism. J Biol Chem 279, 28197-28201 (2004).

Narzi, D., et al. Dynamical characterization of two differentially disease associated MHC class |
proteins in complex with viral and self-peptides. J Mol Biol 415, 429-442 (2012).

Knapp, B., et al. 3-Layer-based analysis of peptide-MHC interaction: in silico prediction, peptide
binding affinity and T cell activation in a relevant allergen-specific model. Mol Immunol 46,
1839-1844 (2009).

Ayres, C.M,, Corcelli, S.A. & Baker, B.M. Peptide and Peptide-Dependent Motions in MHC Pro-
teins: Immunological Implications and Biophysical Underpinnings. Front Immunol 8, 935 (2017).
Thorsby, E. & Lie, B.AA. HLA associated genetic predisposition to autoimmune diseases: Genes
involved and possible mechanisms. Transpl Immunol 14, 175-182 (2005).

Doyle, HAA. & Mamula, M.J. Post-translational protein modifications in antigen recognition and
autoimmunity. Trends Immunol 22, 443-449 (2001).

Engelhard, V.H., Altrich-Vanlith, M., Ostankovitch, M. & Zarling, A.L. Post-translational modifica-
tions of naturally processed MHC-binding epitopes. Curr Opin Immunol 18, 92-97 (2006).
McGinty, JW., Marre, M.L, Bajzik, V., Piganelli, J.D. & James, EA. T cell epitopes and post-trans-
lationally modified epitopes in type 1 diabetes. Curr Diab Rep 15, 90 (2015).

Strollo, R, et al. Antibodies to post-translationally modified insulin in type 1 diabetes. Diabeto-
logia 58, 2851-2860 (2015).

Sidney, J, et al. Low HLA binding of diabetes-associated CD8* T-cell epitopes is increased by



General introduction and Scope of this dissertation

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151

152.
153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

post translational modifications. BMC Immunol 19, 12 (2018).

Schellekens, G.A, de Jong, B.A, van den Hoogen, F.H., van de Putte, L.B. & van Venrooij, W.J. Ci-
trulline is an essential constituent of antigenic determinants recognized by rheumatoid arthri-
tis-specific autoantibodies. J Clin Invest 101, 273-281 (1998).

Vincent, C., Nogueira, L, Clavel, C, Sebbag, M. & Serre, G. Autoantibodies to citrullinated pro-
teins: ACPA. Autoimmunity 38, 17-24 (2005).

Darrah, E. & Andrade, F. Rheumatoid arthritis and citrullination. Curr Opin Rheumatol 30, 72-78
(2018).

Fox, D.A. Citrullination: A Specific Target for the Autoimmune Response in Rheumatoid Arthritis.
J Immunol 195, 5-7 (2015).

Sebbag, M., et al. Clinical and pathophysiological significance of the autoimmune response to
citrullinated proteins in rheumatoid arthritis. Joint Bone Spine 71, 493-502 (2004).

Pavlos, R, et al. Shared peptide binding of HLA Class | and Il alleles associate with cutaneous
nevirapine hypersensitivity and identify novel risk alleles. Sci Rep-Uk 7(2017).

Hetherington, S., et al. Hypersensitivity reactions during therapy with the nucleoside reverse
transcriptase inhibitor abacavir. Clin Ther 23, 1603-1614 (2001).

Ruiz-Iruela, C, et al. HLA-B*57: 01 genotyping in the prevention of hypersensitivity to abacavir:
5 years of experience. Pharmacogenet Genomics 26, 390-396 (2016).

Siljic, M,, et al. High Frequency of Human Leukocyte Antigen-B*57:01 Allele Carriers among
HIV-Infected Patients in Serbia. Intervirology 60, 43-47 (2017).

Chessman, D,, et al. Human leukocyte antigen class I-restricted activation of CD8* T cells provi-
des the immunogenetic basis of a systemic drug hypersensitivity. Immunity 28, 822-832 (2008).
Ostrov, D.A, et al. Drug hypersensitivity caused by alteration of the MHC-presented self-peptide
repertoire. Proc Natl Acad Sci U S A 109, 9959-9964 (2012).

Illing, P.T., et al. Immune self-reactivity triggered by drug-modified HLA-peptide repertoire. Na-
ture 486, 554-558 (2012).

Yerly, D., et al. Structural Elements Recognized by Abacavir-Induced T Cells. Int J Mol Sci
18(2017).

Gross, C.P. & Sepkowitz, KA. The myth of the medical breakthrough: smallpox, vaccination, and
Jenner reconsidered. Int J Infect Dis 3, 54-60 (1998).

Burnet, F.M. Implications of immunological surveillance for cancer therapy. Isr J Med Sci 7, 9-16
(1971).

Thomas, L. On immunosurveillance in human cancer. Yale J Biol Med 55, 329-333 (1982).
Shankaran, V., et al. IFNgamma and lymphocytes prevent primary tumour development and
shape tumour immunogenicity. Nature 410,1107-1111 (2001).

Klein, G. & Klein, E. Immune surveillance against virus-induced tumors and nonrejectability of
spontaneous tumors: contrasting consequences of host versus tumor evolution. Proc Natl Acad
Sci U S A74,2121-2125 (1977).

Corthay, A. Does the immune system naturally protect against cancer? Front Immunol 5, 197
(2014).

Chen, D.S. & Mellman, I. Oncology meets immunology: the cancer-immunity cycle. Immunity 39,
1-10 (2013).

Pardoll, D. Does the immune system see tumors as foreign or self? Annu Rev Immunol 21, 807-
839 (2003).

Getnet, D, et al. Tumor recognition and self-recognition induce distinct transcriptional profiles
in antigen-specific CD4 T cells. J Immunol 182, 4675-4685 (2009).

Willimsky, G. & Blankenstein, T. Sporadic immunogenic tumours avoid destruction by inducing
T-cell tolerance. Nature 437, 141-146 (2005).

Dunn, G.P, Bruce, AT, Ikeda, H., Old, LJ. & Schreiber, R.D. Cancer immunoediting: from immu-
nosurveillance to tumor escape. Nat Immunol 3, 991-998 (2002).

Schreiber, R.D., Old, LJ. & Smyth, M.J. Cancer immunoediting: integrating immunity’s roles in
cancer suppression and promotion. Science 331, 1565-1570 (2011).

Mellman, I, Coukos, G. & Dranoff, G. Cancer immunotherapy comes of age. Nature 480, 480-489
(2011).

Ochsenreither, S, et al. “Wilms Tumor Protein 1” (WT1) peptide vaccination-induced complete
remission in a patient with acute myeloid leukemia is accompanied by the emergence of a

31




Chapter1

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191

32

predominant T-cell clone both in blood and bone marrow. J Immunother 34, 85-91 (2011).
Melief, CJ,, van Hall, T, Arens, R, Ossendorp, F. & van der Burg, S.H. Therapeutic cancer vaccines.
J Clin Invest 125, 3401-3412 (2015).

Steinbrook, R. The potential of human papillomavirus vaccines. N Engl J Med 354, 1109-1112
(2006).

Wiemann, B. & Starnes, C.O. Coley’s toxins, tumor necrosis factor and cancer research: a histori-
cal perspective. Pharmacology & therapeutics 64, 529-564 (1994).

Banchereau, J. & Palucka, K. Immunotherapy: Cancer vaccines on the move. Nat Rev Clin Oncol
15, 9-10 (2018).

Wang, RF. & Rosenberg, S.A. Human tumor antigens for cancer vaccine development. Immunol
Rev 170, 85-100 (1999).

Novellino, L, Castelli, C. & Parmiani, G. A listing of human tumor antigens recognized by T cells:
March 2004 update. Cancer Immunol Immunother 54, 187-207 (2005).

Parmiani, G., De Filippo, A., Novellino, L. & Castelli, C. Unique human tumor antigens: immuno-
biology and use in clinical trials. J Immunol 178, 1975-1979 (2007).

Chomez, P, et al. An overview of the MAGE gene family with the identification of all human
members of the family. Cancer Res 61, 5544-5551 (2001).

Gnjatic, S., et al. NY-ESO-1: review of an immunogenic tumor antigen. Adv Cancer Res 95, 1-30
(2006).

Hanada, K, Yewdell, JW. & Yang, J.C. Immune recognition of a human renal cancer antigen
through post-translational protein splicing. Nature 427, 252-256 (2004).

Boon, T, Cerottini, J.C, Van den Eynde, B, van der Bruggen, P. & Van Pel, A. Tumor antigens
recognized by T lymphocytes. Annu Rev Immunol 12, 337-365 (1994).

Colella, T.A, et al. Self-tolerance to the murine homologue of a tyrosinase-derived melanoma
antigen: implications for tumor immunotherapy. J Exp Med 191, 1221-1232 (2000).

McWilliams, J.A, et al. Age-dependent tolerance to an endogenous tumor-associated antigen.
Vaccine 26, 1863-1873 (2008).

Schumacher, T.N. & Hacohen, N. Neoantigens encoded in the cancer genome. Curr Opin Immu-
nol 41, 98-103 (2016).

van den Bulk, J., Verdegaal, E.M. & de Miranda, N.F. Cancer immunotherapy: broadening the
scope of targetable tumours. Open Biol 8(2018).

Kreiter, S., Castle, J.C, Tureci, O. & Sahin, U. Targeting the tumor mutanome for personalized
vaccination therapy. Oncoimmunology 1, 768-769 (2012).

Wang, R.F. & Wang, H.Y. Immune targets and neoantigens for cancer immunotherapy and preci-
sion medicine. Cell Res 27,11-37 (2017).

Mahnke, K, et al. Targeting of antigens to activated dendritic cells in vivo cures metastatic me-
lanoma in mice. Cancer Res 65, 7007-7012 (2005).

Linnemann, C, et al. High-throughput epitope discovery reveals frequent recognition of neo-an-
tigens by CD4* T cells in human melanoma. Nat Med 21, 81-85 (2015).

Vigneron, N,, Stroobant, V., Van den Eynde, B.J. & van der Bruggen, P. Database of T cell-defined
human tumor antigens: the 2013 update. Cancer Immun 13, 15 (2013).

Ott, P.A, et al. An immunogenic personal neoantigen vaccine for patients with melanoma. Na-
ture 547, 217-221 (2017).

Kreiter, S., et al. Mutant MHC class Il epitopes drive therapeutic immune responses to cancer.
Nature 520, 692-696 (2015).

Karasaki, T., et al. Prediction and prioritization of neoantigens: integration of RNA sequencing
data with whole-exome sequencing. Cancer Sci 108, 170-177 (2017).

Matsushita, H., et al. Cancer exome analysis reveals a T-cell-dependent mechanism of cancer
immunoediting. Nature 482, 400-404 (2012).

Yadav, M, et al. Predicting immunogenic tumour mutations by combining mass spectrometry
and exome sequencing. Nature 515, 572-576 (2014).

Schumacher, T.N. & Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 348, 69-74
(2015).

Tran, E, et al. Immunogenicity of somatic mutations in human gastrointestinal cancers. Science
350, 1387-1390 (2015).

van Rooij, N,, et al. Tumor exome analysis reveals neoantigen-specific T-cell reactivity in an



General introduction and Scope of this dissertation

192.

193.

194.

195.

19%6.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211

212.

213.

214.

215.

ipilimumab-responsive melanoma. J Clin Oncol 31, e439-442 (2013).

Rajasagi, M., et al. Systematic identification of personal tumor-specific neoantigens in chronic
lymphocytic leukemia. Blood 124, 453-462 (2014).

Purcell, AW., McCluskey, J. & Rossjohn, J. More than one reason to rethink the use of peptides in
vaccine design. Nat Rev Drug Discov 6, 404-414 (2007).

Sette, A. & Fikes, J. Epitope-based vaccines: an update on epitope identification, vaccine design
and delivery. Curr Opin Immunol 15, 461-470 (2003).

Slansky, J.E., et al. Enhanced antigen-specific antitumor immunity with altered peptide ligands
that stabilize the MHC-peptide-TCR complex. Immunity 13, 529-538 (2000).

Cole, D.K, et al. Modification of MHC anchor residues generates heteroclitic peptides that alter
TCR binding and T cell recognition. J Immunol 185, 2600-2610 (2010).

Sloan-Lancaster, J. & Allen, P.M. Altered peptide ligand-induced partial T cell activation: mole-
cular mechanisms and role in T cell biology. Annu Rev Immunol 14, 1-27 (1996).

Hos, B.J., Tondini, E., van Kasteren, S.I. & Ossendorp, F. Approaches to Improve Chemically Defin-
ed Synthetic Peptide Vaccines. Front Immunol 9, 884 (2018).

Rubio, V., et al. Ex vivo identification, isolation and analysis of tumor-cytolytic T cells. Nat Med
9,1377-1382 (2003).

Cruz, F.M,, Colbert, J.D.,, Merino, E., Kriegsman, B.A. & Rock, K.L. The Biology and Underlying Me-
chanisms of Cross-Presentation of Exogenous Antigens on MHC-I Molecules. Annu Rev Immunol
35,149-176 (2017).

Ackerman, A.L, Kyritsis, C., Tampe, R. & Cresswell, P. Early phagosomes in dendritic cells form a
cellular compartment sufficient for cross presentation of exogenous antigens. Proc Natl Acad
Sci U SA100,12889-12894 (2003).

Jensen, P.E, Weber, D.A, Thayer, W.P,, Westerman, L.E. & Dao, C.T. Peptide exchange in MHC
molecules. Immunol Rev 172, 229-238 (1999).

Luft, T, et al. Exogenous peptides presented by transporter associated with antigen processing
(TAP)-deficient and TAP-competent cells: intracellular loading and kinetics of presentation. J
Immunol 167, 2529-2537 (2001).

Bijker, M.S,, et al. Superior induction of anti-tumor CTL immunity by extended peptide vaccines
involves prolonged, DC-focused antigen presentation. Eur J Immunol 38, 1033-1042 (2008).
Toes, R.E, et al. Enhancement of tumor outgrowth through CTL tolerization after peptide vacci-
nation is avoided by peptide presentation on dendritic cells. J Immunol 160, 4449-4456 (1998).
Kenter, G.G,, et al. Vaccination against HPV-16 oncoproteins for vulvar intraepithelial neoplasia.
N Engl J Med 361, 1838-1847 (2009).

Ahrends, T, et al. CD4(*) T Cell Help Confers a Cytotoxic T Cell Effector Program Including
Coinhibitory Receptor Downregulation and Increased Tissue Invasiveness. Immunity 47, 848-
861 e845 (2017).

Rosendahl Huber, S.K, et al. Synthetic Long Peptide Influenza Vaccine Containing Conserved T
and B Cell Epitopes Reduces Viral Load in Lungs of Mice and Ferrets. PLoS One 10, e0127969
(2015).

Bijker, M.S,, et al. CD8* CTL priming by exact peptide epitopes in incomplete Freund’s adjuvant
induces a vanishing CTL response, whereas long peptides induce sustained CTL reactivity. J
Immunol 179, 5033-5040 (2007).

Oelke, M,, et al. Generation and purification of CD8* melan-A-specific cytotoxic T lymphocytes
for adoptive transfer in tumor immunotherapy. Clin Cancer Res 6, 1997-2005 (2000).
Mackensen, A, et al. Phase | study of adoptive T-cell therapy using antigen-specific CD8* T cells
for the treatment of patients with metastatic melanoma. J Clin Oncol 24, 5060-5069 (2006).
Robbins, P.F., et al. Mining exomic sequencing data to identify mutated antigens recognized by
adoptively transferred tumor-reactive T cells. Nat Med 19, 747-752 (2013).

Kelderman, S, et al. Antigen-specific TIL therapy for melanoma: A flexible platform for persona-
lized cancer immunotherapy. Eur J Immunol 46, 1351-1360 (2016).

Kvistborg, P., et al. TIL therapy broadens the tumor-reactive CD8(*) T cell compartment in mela-
noma patients. Oncoimmunology 1, 409-418 (2012).

Dudley, M.E, Wunderlich, J.R, Shelton, T.E, Even, J. & Rosenberg, S.A. Generation of tumor-in-
filtrating lymphocyte cultures for use in adoptive transfer therapy for melanoma patients. J
Immunother 26, 332-342 (2003).

33




Chapter1

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.
240.

241.

34

Fesnak, A.D., June, C.H. & Levine, B.L. Engineered T cells: the promise and challenges of cancer
immunotherapy. Nat Rev Cancer 16, 566-581 (2016).

Si, W,, Li, C. & Wei, P. Synthetic immunology: T-cell engineering and adoptive immunotherapy.
Synth Syst Biotechnol 3,179-185 (2018).

Wilkins, O., Keeler, AM. & Flotte, T.R. CAR T-Cell Therapy: Progress and Prospects. Hum Gene
Ther Methods 28, 61-66 (2017).

Dudley, M.E. & Rosenberg, S.A. Adoptive-cell-transfer therapy for the treatment of patients with
cancer. Nat Rev Cancer 3, 666-675 (2003).

Van Tendeloo, V.F, et al. Induction of complete and molecular remissions in acute myeloid
leukemia by Wilms’ tumor 1 antigen-targeted dendritic cell vaccination. Proc Natl Acad Sci U S
A 107, 13824-13829 (2010).

Palucka, K. & Banchereau, J. Dendritic-cell-based therapeutic cancer vaccines. Immunity 39, 38-
48 (2013).

Guermonprez, P., Valladeay, J,, Zitvogel, L, Thery, C. & Amigorena, S. Antigen presentation and
T cell stimulation by dendritic cells. Annu Rev Immunol 20, 621-667 (2002).

Trombetta, E.S. & Mellman, I. Cell biology of antigen processing in vitro and in vivo. Annu Rev
Immunol 23, 975-1028 (2005).

Badillo-Godinez, O., et al. Targeting of rotavirus VP6 to DEC-205 induces protection against the
infection in mice. Vaccine 33, 4228-4237 (2015).

Bonifaz, L.C, et al. In vivo targeting of antigens to maturing dendritic cells via the DEC-205
receptor improves T cell vaccination. J Exp Med 199, 815-824 (2004).

Palucka, A.K, et al. Dendritic cells loaded with killed allogeneic melanoma cells can induce ob-
jective clinical responses and MART-1 specific CD8* T-cell immunity. J Immunother 29, 545-557
(2006).

O’Rourke, M.G,, et al. Dendritic cell immunotherapy for stage IV melanoma. Melanoma Res 17,
316-322 (2007).

Steinman, RM. & Banchereau, J. Taking dendritic cells into medicine. Nature 449, 419-426
(2007).

Plosker, G.L. Sipuleucel-T: in metastatic castration-resistant prostate cancer. Drugs 71, 101-108
(2011).

Small, E.J., et al. Placebo-controlled phase Ill trial of immunologic therapy with sipuleucel-T
(APC8015) in patients with metastatic, asymptomatic hormone refractory prostate cancer. J
Clin Oncol 24, 3089-3094 (2006).

Kantoff, P.W., et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl
J Med 363, 411-422 (2010).

Fong, L, Ruegg, C.L, Brockstedt, D., Engleman, E.G. & Laus, R. Induction of tissue-specific autoim-
mune prostatitis with prostatic acid phosphatase immunization: implications for immunothera-
py of prostate cancer. J Immunol 159, 3113-3117 (1997).

Sheikh, N.A. & Jones, LA. CD54 is a surrogate marker of antigen presenting cell activation. Can-
cer Immunol Immunother 57, 1381-1390 (2008).

Hinrichs, CS. & Restifo, N.P. Reassessing target antigens for adoptive T-cell therapy. Nat Bio-
technol 31, 999-1008 (2013).

Keir, M.E., Butte, M.J, Freeman, G.J. & Sharpe, A-H. PD-1 and its ligands in tolerance and immuni-
ty. Annu Rev Immunol 26, 677-704 (2008).

Butte, M.J,, Keir, M.E.,, Phamduy, T.B,, Sharpe, A.H. & Freeman, G.J. Programmed death-1 ligand 1
interacts specifically with the B7-1 costimulatory molecule to inhibit T cell responses. Immunity
27,111-122 (2007).

Freeman, G.J, et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family
member leads to negative regulation of lymphocyte activation. J Exp Med 192, 1027-1034
(2000).

Parry, RV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol
Cell Biol 25, 9543-9553 (2005).

Abbas, A.K. The control of T cell activation vs. tolerance. Autoimmun Rev 2, 115-118 (2003).
Leach, D.R,, Krummel, M.F. & Allison, J.P. Enhancement of antitumor immunity by CTLA-4 bloc-
kade. Science 271, 1734-1736 (1996).

Lesokhin, AM,, Callahan, M.K, Postow, M.A. & Wolchok, J.D. On being less tolerant: enhanced



General introduction and Scope of this dissertation

242.

243.

244.

245,

246.

247.
248.

249.

250.

251.

252.

253.
254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

cancer immunosurveillance enabled by targeting checkpoints and agonists of T cell activation.
Sci Transl Med 7, 280sr281 (2015).

Quezada, S.A, Peggs, KS., Simpson, T.R. & Allison, J.P. Shifting the equilibrium in cancer im-
munoediting: from tumor tolerance to eradication. Immunol Rev 241, 104-118 (2011).

Rizvi, N.A, et al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 bloc-
kade in non-small cell lung cancer. Science 348, 124-128 (2015).

Hellmann, M.D,, et al. Tumor Mutational Burden and Efficacy of Nivolumab Monotherapy and in
Combination with Ipilimumab in Small-Cell Lung Cancer. Cancer Cell 33, 853-861 €854 (2018).
Gubin, M.M,, et al. Checkpoint blockade cancer immunotherapy targets tumour-specific mutant
antigens. Nature 515, 577-581 (2014).

McGranahan, N,, et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to im-
mune checkpoint blockade. Science 351, 1463-1469 (2016).

NobelPrize.org. Prize announcement. Vol. Jan 2 2019 (Nobel Media AB, 2018).

Kwon, E.D., et al. Manipulation of T cell costimulatory and inhibitory signals for immunotherapy
of prostate cancer. Proc Natl Acad Sci U S A 94, 8099-8103 (1997).

Linsley, P.S,, et al. CTLA-4 is a second receptor for the B cell activation antigen B7. J Exp Med
174, 561-569 (1991).

Walunas, T.L, et al. CTLA-4 can function as a negative regulator of T cell activation. Immunity 1,
405-413 (1994).

Waterhouse, P., et al. Lymphoproliferative disorders with early lethality in mice deficient in
Ctla-4. Science 270, 985-988 (1995).

Thompson, C.B. & Allison, J.P. The emerging role of CTLA-4 as an immune attenuator. Immunity
7, 445-450 (1997).

ClinicalTrials.gov. Vol. Oct 12 2018 (2018).

Snyder, A, et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl J
Med 371, 2189-2199 (2014).

Hodi, F.S,, et al. Improved survival with ipilimumab in patients with metastatic melanoma. N
Engl J Med 363, 711-723 (2010).

Dong, H., et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of
immune evasion. Nat Med 8, 793-800 (2002).

Iwai, Y., et al. Involvement of PD-L1 on tumor cells in the escape from host immune system and
tumor immunotherapy by PD-L1 blockade. Proc Natl Acad Sci U S A 99, 12293-12297 (2002).
Blank, C., Gajewski, T.F. & Mackensen, A. Interaction of PD-L1 on tumor cells with PD-1 on tu-
mor-specific T cells as a mechanism of immune evasion: implications for tumor immunothera-
py. Cancer Immunol Immunother 54, 307-314 (2005).

Iwai, Y., Terawaki, S. & Honjo, T. PD-1 blockade inhibits hematogenous spread of poorly im-
munogenic tumor cells by enhanced recruitment of effector T cells. Int Immunol 17, 133-144
(2005).

Lipson, E.J., et al. Antagonists of PD-1 and PD-L1 in Cancer Treatment. Semin Oncol 42, 587-600
(2015).

Iwai, Y., Hamanishi, J., Chamoto, K. & Honjo, T. Cancer immunotherapies targeting the PD-1
signaling pathway. J Biomed Sci 24, 26 (2017).

Hamid, O, et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma. N
Engl J Med 369, 134-144 (2013).

Seetharamu, N., Preeshagul, I.R. & Sullivan, KM. New PD-L1 inhibitors in non-small cell lung
cancer - impact of atezolizumab. Lung Cancer (Auckl) 8, 67-78 (2017).

Curran, M.A, Montalvo, W, Yagita, H. & Allison, J.P. PD-1 and CTLA-4 combination blockade
expands infiltrating T cells and reduces regulatory T and myeloid cells within B16 melanoma
tumors. Proc Natl Acad Sci U S A 107, 4275-4280 (2010).

Wolchok, J.D., et al. Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med 369, 122-
133 (2013).

Carreno, B.M,, Carter, L.L. & Collins, M. Therapeutic opportunities in the B7/CD28 family of li-
gands and receptors. Curr Opin Pharmacol 5, 424-430 (2005).

Altman, J.D,, et al. Phenotypic analysis of antigen-specific T lymphocytes. Science 274, 94-96
(1996).

Crawford, F, Kozono, H., White, J,, Marrack, P. & Kappler, J. Detection of antigen-specific T cells

35




Chapter1

269.

270.

271.

272.
273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

36

with multivalent soluble class Il MHC covalent peptide complexes. Immunity 8, 675-682 (1998).
Davis, M.M,, Altman, J.D. & Newell, EW. Interrogating the repertoire: broadening the scope of
peptide-MHC multimer analysis. Nat Rev Immunol 11, 551-558 (2011).

Nepom, G.T,, et al. HLA class Il tetramers: tools for direct analysis of antigen-specific CD4* T
cells. Arthritis Rheum 46, 5-12 (2002).

Lee, P.P, et al. Characterization of circulating T cells specific for tumor-associated antigens in
melanoma patients. Nat Med 5, 677-685 (1999).

Nepom, G.T. MHC class Il tetramers. J Immunol 188, 2477-2482 (2012).

Savage, P.A. & Davis, M.M. A kinetic window constricts the T cell receptor repertoire in the thy-
mus. Immunity 14, 243-252 (2001).

Murali-Krishna, K, et al. In vivo dynamics of anti-viral CD8 T cell responses to different epitopes.
An evaluation of bystander activation in primary and secondary responses to viral infection.
Adv Exp Med Biol 452,123-142 (1998).

McHeyzer-Williams, M.G., Altman, J.D. & Davis, M.M. Enumeration and characterization of me-
mory cells in the TH compartment. Immunol Rev 150, 5-21 (1996).

Novak, E.J., et al. Tetramer-guided epitope mapping: rapid identification and characterization
of immunodominant CD4+ T cell epitopes from complex antigens. J Immunol 166, 6665-6670
(2001).

Jansen, D, et al. Flow Cytometric Clinical Immunomonitoring Using Peptide-MHC Class Il Tetra-
mers: Optimization of Methods and Protocol Development. Front Immunol 9, 8 (2018).
Ljunggren, H.G.,, et al. Empty MHC class | molecules come out in the cold. Nature 346, 476-480
(1990).

Saini, SK, et al. Dipeptides catalyze rapid peptide exchange on MHC class | molecules. Proc
Natl Acad Sci U S A 112, 202-207 (2015).

Choo, J.A, et al. Bioorthogonal cleavage and exchange of major histocompatibility complex
ligands by employing azobenzene-containing peptides. Angew Chem Int Ed Engl 53, 13390-
13394 (2014).

Amore, A, et al. Development of a hypersensitive periodate-cleavable amino acid that is me-
thionine- and disulfide-compatible and its application in MHC exchange reagents for T cell
characterisation. Chembiochem 14, 123-131 (2013).

Rodenko, B, et al. Class | major histocompatibility complexes loaded by a periodate trigger. J
Am Chem Soc 131, 12305-12313 (2009).

Rodenko, B, et al. Generation of peptide-MHC class | complexes through UV-mediated ligand
exchange. Nat Protoc 1,1120-1132 (2006).

Toebes, M,, et al. Design and use of conditional MHC class | ligands. Nat Med 12, 246-251 (2006).
Bakker, AH., et al. Conditional MHC class | ligands and peptide exchange technology for the
human MHC gene products HLA-AL, -A3, -A11, and -B7. Proc Natl Acad Sci U S A 105, 3825-3830
(2008).

Luimstra, J.J., et al. A flexible MHC class | multimer loading system for large-scale detection of
antigen-specific T cells. J Exp Med 215, 1493-1504 (2018).

Garstka, M.A, et al. The first step of peptide selection in antigen presentation by MHC class |
molecules. P Natl Acad Sci USA 112, 1505-1510 (2015).

Hadrup, S.R, et al. Parallel detection of antigen-specific T-cell responses by multidimensional
encoding of MHC multimers. Nat Methods 6, 520-526 (2009).

Newell, EW., Klein, L.O., Yu, W. & Davis, M.M. Simultaneous detection of many T-cell specificities
using combinatorial tetramer staining. Nat Methods 6, 497-499 (2009).

Bentzen, AK, et al. Large-scale detection of antigen-specific T cells using peptide-MHC-I multi-
mers labeled with DNA barcodes. Nat Biotechnol 34, 1037-1045 (2016).



General introduction and Scope of this dissertation

37





