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Preface

This thesis has been submitted to the Technical University of Denmark, the Department of Health
Technology, as part of the requirements for obtaining the PhD degree. The research included was
conducted first at the Veterinary Institute, later the Institute of Micro- and Nanotechnology and
finally at the newly constituted Department of Health Technology. The work was carried out from
December 2014 to January 2019 under supervision of Professor Sine Reker Hadrup.

The thesis consists of two parts: first a section that introduces concepts essential for
understanding the scope of the thesis and discuss the impact and perspectives of the research
included. This is followed by a section composed of the research included in the thesis; presented
in the papers or manuscripts listed on the next page. Moreover, a number of manuscripts and patent
applications that were prepared during the PhD study are listed but are not included as part of this
thesis.

Amalie Kai Bentzen
Kongens Lyngby, January 2019
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Abstract

The studies presented in this thesis have all involved the development of novel technologies for
interrogating different aspects of antigen-specific T cell recognition.

The immune system’s potential for eliminating intruding pathogens or malignancies is
largely governed by the ability of T cells to specifically recognize and respond to foreign
molecular structures. The activity of T cells is guided by specific interactions of the surface
expressed T cell receptor (TCR) with peptides presented in the context of MHC molecules on the
surface of target cells. Hence, for broad protection of virtually any encountered pathogen or
cellular malignancy, the TCR repertoire of each individual must be able to recognize and adapt to
an extensively large and unpredictable range of foreign peptides, while avoiding immunopathology
caused by autoreactivity. The scope of this PhD has been to develop novel technologies that enable
us in describing peptide-MHC-TCR interactions from a broader and more detailed view, which
aims at integrating the complexity of the range of peptide-MHCs potentially recognized by T cells,
as well as the cross-recognition potential of the individual T cell.

The implementation of molecular barcodes as labels to trace peptide-MHC-TCR
interactions provide the foundation for all the research included in this thesis. In a first study, I
show that unique DNA barcodes can be used to label specific peptide-MHC multimer reagents,
and subsequently enable tracing of the antigen-specificities of T cells within a heterogeneous
sample. With this strategy | show that it is possible to screen for more than 1,000 different peptide-
MHC specificities in parallel, which provides completely new possibilities for assessing immune
recognition in an individualized manner. In a second study, | discuss the advantages of assessing T
cell recognition at such complexities, as well as current shortcomings. In a third study | address the
cross-recognition potential of individual T cells through establishment of a technology that assess
the relative affinity of a TCR to several MHC multimers carrying related peptide. This in turn
enabled the identification of essential molecular interaction-points of TCRs and identification of
cross-recognized peptides. The fourth study comprises a protocol which should enable other
researchers to understand details of the technologies reported in study one and three, and
ultimately assist them in performing the same types of analyses. The data reported in the fifth
study comprise an early finding that show the simultaneous identification of peptide-MHC
specificity and TCR sequence of many single cells in parallel. This will be implemented in a high-
throughput format and hereby facilitate the pairing of numerous peptide-MHC specificities with
the corresponding TCR sequences, which in turn can provide a first step towards resolving the
relationship between the TCR sequence and the peptide-MHC binding motif. Collectively, the
studies reported in this thesis provide a foundation for others to develop new and personalized
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therapeutic schemes for immune interventions, and for resolving some of the complex
relationships existing between T cells and their targets.



Dansk resumé

Studierne preasenteret i denne afhandling, har alle involveret udviklingen af nye teknologier til at
undersgge og forsta forskellige aspekter af antigenspecifik T-cellegenkendelse.

Immunsystemets potentiale til at eliminere patogener eller maligne celler er i hgj grad
bestemt af T-cellers evne til specifikt at genkende og reagere pa fremmede molekylare strukturer.
T-cellers aktivitet er styret ud fra specifikke interaktioner mellem de overflade-udtrykte T-celle-
receptorer (TCR'er), og peptider praesenteret i konteksten af MHC-molekyler, som selv er udtrykt
pa overfladen af alle kroppens celler. For at sikre beskyttelse mod ethvert forekommende patogen
eller celluleere misdannelser, er det derfor essentielt at TCR-repertoiret i hvert enkelt individ er i
stand til at genkende og tilpasse sig et omfattende stort og uforudsigeligt udpluk af fremmede
peptider, samtidig med at immunpatologi forarsaget af autoreaktivitet skal undgas. Formalet med
denne Ph.d. har veeret at udvikle nye teknologier, der gar det muligt at beskrive peptid-MHC-TCR-
interaktioner bredere og mere detaljeret end tidligere, og som forsgger at integrere kompleksiteten
af kombinationen af de peptid-MHC'er, som prasenteres for T celler, savel som de enkelte T
cellers potentiale for krydsgenkendelse.

Implementeringen af molekylaere stregkoder, brugt til at opmarke og spore peptid-MHC-
TCR-interaktioner, danner grundlaget for al den forskning, der indgar i denne afhandling. | et
farste studie viser jeg, at unikke DNA-stregkoder kan anvendes til at mearke specifikke peptid-
MHC multimer-reagenser, og dermed ggre det muligt at spore antigenspecificiteterne af T-celler i
en heterogen prgve. Med denne strategi viser jeg, at det i en enkelt preve er muligt at screene
parallelt for mere end 1000 forskellige peptid-MHC-specificiteter, hvilket giver helt nye
muligheder for at evaluere enkelte individers personlige immungenkendelse. | et andet studie
diskuterer jeg fordelene ved at udfere sa komplekse metoder til at evaluere T-celle-genkendelse,
savel som aktuelle svagheder. | det tredje studie behandler jeg potentialet for kryds-genkendelses
af enkelte T-celler ved at etablere en teknologi, der bestemmer den relative affinitet af en TCR
mod adskillige MHC multimerer der beerer beslaegtede peptider. Denne viden gjorde det muligt at
identificere de essentielle molekylare interaktionspunkter for en TCR, som vi benyttede til at
identificere kryds-genkendte peptider. Det fjerde studie er en protokol, der skal gere det muligt for
andre forskere at opna detaljeret forstaelse af de teknologier, der er rapporteret i studie et og tre, og
I sidste ende hjelpe dem med at udfgre lignende analyser. Datarapporteret i det femte studie
omfatter tidlige undersggelser, der viser, at mange enkelte cellers peptid-MHC-specificitet og
TCR-sekvens kan identificeres simultant. Denne teknik vil blive implementeret i en “high-
throughput” teknologi og saledes lette pardannelsen mellem talrige peptid-MHC specificiteter og
de sekvenser, der koder for den TCR, der genkender dem. Dette vil potentielt gare det muligt at
tage det farste skridt imod en dybere forstaelse af forholdet mellem TCR-sekvensen og peptid-
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MHC-bindingsmotivet. Samlet set giver de studier, der rapporteres i denne afhandling, grundlag
for at andre kan udvikle nye og personlige immunterapeutiske behandlingsmetoder og vil hjelpe
os til at forsta nogle af de komplekse relationer, der eksisterer mellem T-celler og de strukturer, de
genkender.
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1 Introduction

Our immune system is comprised of a heterogeneous mixture of cells whose orchestrated actions
ensure the repeated elimination of most threats encountered from pathogenic infections or
malignant transformation of cells, without damaging healthy tissue. Surveillance is managed by
T cells through interaction of their T cell receptor (TCR) with peptide fragments displayed in the
Major Histocompatibility Complex (MHC) (Davis et al., 1998) on the surfaces of nucleated or
antigen presenting cells. Specific interaction with cognate peptide-MHC (pMHC) activates the T
cells, induces proliferation and enables them in exerting essential effector functions; specifically
eliminating threats by cytotoxic killing or by potentiating other immune cells, thus initiating an
adaptive immune response. The ability of the immune system to react to various threats is
therefore largely dependent on the TCR repertoire that is both unique and highly diverse
between individuals. Combined with the broad range of presented peptides and the genetic
polymorphisms of the Human Leukocyte Antigen (HLA, human encoded MHC) this crucial
diversity makes it challenging to accurately describe T cell recognition, both in terms of
detecting antigen-responsive T cells and understanding the structural features that determine
whether a TCR will recognize a given pMHC (Newell and Davis, 2014). However, due to the
key role of T cells in eliciting an immune response, knowledge on these features of TCR
recognition is crucial for understanding and monitoring immune mediated diseases, that being
virus infections, autoimmunity or cancer, and for developing targeted therapies for immune
interventions.






2 Scope of thesis

The scope of this thesis has been to develop technologies that allow extensive interrogations of T
cell recognition at a level that better meets the inherent complexity of:

(1) The numerous possible pMHC that can be recognized by the repertoire of TCRs (Paper I-11)
Identification of the disease-associated pMHC antigens that are recognized by T cells
may help uncover disease etiology, assist therapeutic development, facilitate immune
monitoring and help predict response to a given treatment.

(2) The immense number of pMHC targets that one TCR may recognize (Paper I11)
Knowing the structural patterns that determine a given TCRs ability to recognize
different pMHCs will uncover new relationships between the diversity of antigenic
targets and specific recognition by a TCR. This in turn may be applied to predict cross-
recognized epitopes, relevant for reducing risk of off-target adverse events in vaccine-
and precision medicine development, and can reveal potential relationships between
infectious disease and autoimmunity.

(3) The many possible pairs of interacting pPMHC and TCR (Paper V)
Pairing TCR sequence with pMHC recognition at a large scale will open the possibility
for computational modeling of TCR interaction with pMHC and thus provide a first step
towards resolving the relationship between the sequence of the TCR and its
corresponding target(s).

Due to the complexity of T cell recognition | have approached these challenges through the
development of high-throughput strategies that allow the parallel interrogation of many cells and
molecules at once. The thesis therefore also comprises a protocol (Paper 1V) that is amenable
for high-throughput discovery using the methodologies applied in Paper I and Il1.

The combined output from such tools will give a more complete description and broader
overview of the molecular features of T cell recognition. Knowledge on how the TCR repertoire
of individuals work cooperatively will especially help understand how immune-mediated
diseases affect each other, and will assist ongoing efforts for developing disease interventions
that are tailored to the potential of an individual’s TCR repertoire.






3 Immunological recognition

Adaptive immunity relies on the ability to mount an antigen-specific response to virtually all
pathogens and cellular malformations. Diversity of the immune receptor repertoire is a
prerequisite for broad antigen-specific recognition, crucial for our ability to recognize and
specifically eliminate even targets as diverse as viruses that evolve at an incredibly fast pace
(Lauring et al., 2013).

The immune systems potential for recognizing such threats is influenced by (1) the
diversity of the TCR repertoire, and (2) the potential range and context of the displayed peptides.
In turn, diversity of the latter is affected by the variations of the disease-associated peptides and
by the HLA polymorphisms of the individual.

TCR diversity

The remarkably high diversity of the TCR repertoire is provided through somatic gene
rearrangements and subsequent pairing of a and 3 chains (or less conventionally y and & chains)
to produce a heterodimeric TCR with a unique potential for antigen recognition (Davis and
Bjorkman, 1988; Marrack and Kappler, 1987). In general terms, it is assumed that every
individual T cell express only one unique TCR. During thymocyte development each chain is
generated independently through somatic recombination of variable (V), diversity (D), joining
(J) and constant (C) regions (Figure 1). The variation provided from almost random
combinations of V(D)J segments is further diversified from the imprecise joining of their ends,
which result in unique insertions and deletions in each chain (Olaru et al., 2004; Quigley et al.,
2010; Schatz, 2004; Tonegawa, 1983). Heterodimeric pairing of these randomly generated off
chains theoretically exceed 10%° unique TCRs (Davis and Bjorkman, 1988). It is however
estimated that the actual number in an individual is in the range 105-10® unique TCRs (Arstila et
al., 1999; Robins et al., 2009).

As a result of the somatic recombination, each chain of the TCR produces three complimentary-
determining region (CDR) loops that account for main interaction with pMHC. Each CDR1 and
CDR2 of the a- and B-chains is generated from the germline encoded V-gene segments, and they
are thus conventionally thought to govern most interaction with MHC, hereby determining the
MHC restriction of the receptor. Conversely, the CDR30 and CDR3f loops are hypervariable,
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generated from the immensely diverse joining regions of the somatically rearranged gene
segments, and are supposed to predominantly guide the specific engagement of the TCR with the
peptide fragment (Feng et al., 2007; Garboczi et al., 1996; Garcia et al., 1999). However this
general view is challenged by several examples of TCRs with CDR3 loops primarily engaging
with MHC, as well as examples of CDR1 and CDR2 loops interacting with peptide, which in
turn may reflect a conformational plasticity of TCRs that enable interaction with different pMHC
epitopes (Burrows et al., 2010; Dendrou et al., 2018; Garcia et al., 1998; Hahn et al., 2005;
Holland et al., 2018; Miles et al., 2015; Reiser et al., 2002, 2003; Rossjohn et al., 2015; Song et
al., 2017; Yin et al., 2011).

A B C
VB x 52 Dp1 Jp1x6 cp1 Dp2 JpIx7 cp2
Germline DNA TCR B mRNA
Variable
Rearranged DNA COR1 COR2 CORS
TCR a mRNA Constant
domain
V-J joining
Rearranged DNA Transmembrane
domain
B Chain a Chain

Va x 70-80 Jax 61 Ca

Figure 1 | Somatic recombination of TCRs. (A) V(D)J and C regions of both the a and the B
encoding genes are progressively rearranged during thymic development of T cells (B) ultimately
producing a set of highly diverse a and B transcripts. (C) The surface expressed TCR is composed
of a paired a and B chain that is organized with a variable region that largely accounts for the
antigen-specificity of that receptor. From De Simone et al., 2018.

Complex T cell targets

The dual nature of the TCR recognition motif, which implies direct contact of the TCR with
peptide and MHC simultaneously, adds substantially to the complexity of T cell recognition. On
one side there is the potential diversity of the primary peptide sequence, on the other a large
repository of different MHC-alleles, of which the TCR must interact specifically with both
elements for recognition of antigen (Bevan, 1977; Zinkernagel and Doherty, 1974).

The MHC restriction is remnant of the sculpting of each individual’s TCR repertoire
(Rangarajan and Mariuzza, 2014); a thymic developmental process of positive and negative
selection that serves to rescue only TCRs that are able to bind an MHC belonging to that
individual, while disposing T cells with receptors that are (too) reactive to self (Hong et al.,
2018; Ignatowicz et al., 1996a, 1996b; Starr et al., 2003a, 2003b). Broadly stated a TCR will
interact with peptides bound by the same MHC haplotype that they were originally selected for
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(Dendrou et al., 2018), but each haplotype has the ability to bind a large range of diverse peptide
ligands ensuring presentation of a sufficient proportion of peptides for displaying the health
status of a cell (Mason, 1998; Rudensky AYu et al., 1991). Peptide binding to a given MHC
haplotype is primarily dictated by an invariant preference for a few amino acids at the anchor
positions, most often at positions 2, (3) and « (Bouvier and Wiley, 1994). Apart from the
anchors, a peptide may be composed of almost any sequence that can adapt to an overall linear
conformation in the MHC binding groove (Cohn, 2016). Correspondingly, T cell specificity is
expected to be particularly influenced by the length of the peptide, the varying amino acids at the
central positions and the MHC-haplotype (Ekeruche-Makinde et al.,, 2013). Moreover, a
potential response will be affected by different affinities between peptide and MHCs (Engels et
al., 2013). There are however multiple examples of more unconventional peptide presentations
that will change the linearity and conformation of the peptide, which in turn will affect the
overall recognition motif and the concomitant response (Beringer et al., 2015; Dendrou et al.,
2018; Gras et al., 2016; Motozono et al., 2015; Pymm et al., 2017; Remesh et al., 2017; Riley et
al., 2018).

HLA polymorphisms

From a population-wide perspective the variations in MHC expression amongst individuals are
of uttermost importance for broad immunological protection of any species. In human, every
individual express six HLA class | and HLA class Il molecules respectively (two of each HLA-
A, -B, -C and HLA-DR, -DQ, -DP), and because the HLA locus is the most polymorphic region
of the human genome, with more than 15,000 different molecules identified (Beck and
Trowsdale, 2000; Robinson et al., 2003, 2016), most individuals are heterozygous for each pair.
Each individual benefits from this heterozygosity by having multiple chances of presenting an
antigenic peptide, and most importantly the overall HLA variation help ensure presentation of
different peptides across individuals of a population (Parham and Ohta, 1996), which, in turn,
reduces the risk that a pathogen would evolve strategies to avoid overall HLA presentation,
which could extinguish an entire species. Pathogen-mediated selection is proposed as a
mechanisms that maintain HLA heterozygosity (Pierini and Lenz, 2018; Trowsdale and Knight,
2013) and its impact is exemplified from monitoring disease progression of Human
Immunodeficiency Virus (HIV) infected individuals. In HIV patients, a maximal class I
heterozygosity is associated with a delayed onset of acquired immunodeficiency syndrome
(AIDS) compared to homozygous counterparts (Carrington et al., 1999). Another study has
found that a maximal class | heterozygosity also corresponds with an improved overall survival
in cancer patients receiving immune checkpoint therapy (Chowell et al., 2018). More evidence to
the importance of HLA heterozygosity for enabling presentation of different peptides comes
from studies that show how most mutations in these molecules are at locations that alter the
peptide binding properties of the MHC (Kumanovics et al., 2003).
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Peptides

The peptides presented in HLA-molecules at the surface of cells are derived from both the
healthy host proteome and from alternative proteins introduced through evolving viral infections
or random mutations from cancerous cells. Inherent to the purpose of T cell recognition, which is
to detect any type of cellular danger (Matzinger, 1994, 2002), the TCR repertoire must therefore
be able to interact with targets that are as randomly formed as the range of pathogenic peptides,
while not responding inappropriately to self. Reflecting only on the peptide targets of CD8 T
cells, a sequence of 8-14 amino acids, (Gfeller et al., 2018; Guo et al., 1992) in terms of potential
diversity, the total number of different peptides that could theoretically be generated from the 20
naturally occurring amino acids would exceed 10'® (Sewell, 2012). Moreover, this does not
account for post-translational modifications, which are believed to alter peptides sufficiently to
generate an even greater number of T cell targets (Chen et al., 1999; Green et al., 2007; Hill et
al., 2008; Meadows et al., 1997; Mohammed et al., 2008; Omenn et al., 2016; Petersen et al.,
2009; Ramarathinam et al., 2018; Scally et al., 2013). Although the imaginable number of T cell
targets are decreased to only a few percentages (1-3%) when accounting for peptide processing
and the ability to bind to a given HLA (Mason, 1998; Nielsen et al., 2007; Yewdell and Bennink,
1999), it still amounts to an astounding number of potential targets, and corroborate the
complicated task assigned to the TCR repertoire of covering all imaginable pathogen-derived
peptides that bind to MHC, while not targeting self. A now abandoned theory proposed that the
solution comprised an extremely diverse but highly selective TCR repertoire, in which each
clonal T cell could only respond to one target (Jerne, 1955, 1971). However, to comply with this
theory, the number of required single naive T cells carrying a different TCR would exceed by far
the number of cells of the human body (Bianconi et al., 2013). It is instead now accepted that T
cells are in fact highly cross-reactive (Mason, 1998; Sewell, 2012; Wucherpfennig et al., 2007),
with extrapolations from experimental data estimating that a single TCR can bind at least 10°
different MHC-bound peptides (Wooldridge et al., 2012). Additional mechanisms have been
proposed, which indicate that this number may indeed be much higher (Riley et al., 2018).

T cell cross-reactivity

Experiments providing the initial evidence of cross-reactive T cells found that CD8 T cell
responses of mice that were prior vaccinated with one virus, could be boosted through
stimulation with another virus (Selin et al., 1994). Thus, several studies preceded the assertion
that T cells are inherently cross-reactive (Ashton-Rickardt et al., 1993; Evavold et al., 1995;
Hagerty and Allen, 1995; Ignatowicz et al., 1996a, 1996b; Kaliyaperumal et al., 1996; Kersh and
Allen, 1996), and that this is both necessary for TCRs to cover all imaginable pMHC epitopes
and for many reasons also advantageous (Mason, 1998; Sewell, 2012). The largest hesitancy of
this idea relates to the paradox of how T cell recognition appears to be so specific, if in fact a
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single TCR can recognize 10° different targets. Both Mason, who proposed the theory, and later
Sewell applied the same reasoning to explain why this is not a contradiction in relation to the
complexity of our immune system as a whole: imagining a conservative number of 10*3 possible
10-mer peptides (from Sewell, 2012), one TCR recognizing 10° of these would still only
correspond to the recognition of 1 in 107 peptides. This number may in reality be different when
accounting only for the fraction of peptides presented, but still the enormity of all potentially
presented peptides allows a TCR to be very cross-reactive, while in reality only being able to
interact specifically with a small proportion of the targets that it is exposed to (Mason, 1998;
Sewell, 2012).

The immediate advantages of having a confined repertoire of highly cross-reactive TCRs
is that various clonal T cells then can respond to a given pathogenic pMHC. This means that
there is a greater chance that a T cell bearing a suitable TCR is able to respond appropriately in
terms of spatial and temporal requirements. It moreover reduces the risk that pathogens will
produce escape-variants, since a single mutation in a peptide sequence is unlikely to bypass
recognition by several different TCRs that could recognize the original pMHC (Figure 2) (Chan
et al., 2018; Song et al., 2017).

LLLLLLLLL
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Figure 2 | Broad antigenic coverage by a confined cross-reactive TCR repertoire.
Here five TCRs are shown to each recognize nine pMHCs providing a broader coverage
than if each TCR would only recognize one epitope. Moreover, each pMHC is recognized
by several TCRs which reduces the risk that a virus or malignancy will produce escape
variants. Figure adapted from Mason, 1998.
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In terms of the disadvantages related to having an extensively cross-reactive TCR repertoire,
Mason summarized the evidence that clonal deletion of developing thymocytes seemed to have
evolved to rather risk autoimmunity than leaving space for pathogens to escape discovery by the
immune system (Mason, 1998; Vafiadis et al., 1996; Yu et al., 2015). Thus, both pathogenic and
protective effects of cross-reactivity has been reported in a number of diseases (Benoist and
Mathis, 2001; Clute et al., 2010; Partinen et al., 2014; Shann et al., 2010; Welsh et al., 2010;
Wucherpfennig and Strominger, 1995). It still remains unresolved exactly how most individuals
are exempt from broad immune reactions that target self. Several peripheral mechanisms have
been shown to at least play a role in maintaining self-tolerance in spite of extensive cross-
recognition; this includes immune suppression by regulatory T cells, or surface expressed and
secreted molecules (Mueller, 2010; Nishimura et al., 1999; Ohkura et al., 2013; Tivol et al.,
1995; Waterhouse et al., 1995). Moreover, low affinity of peptide-MHC complexes, and a
requirement for reaching a certain threshold of pMHC-TCR interactions to activate a T cell,
means that T cell recognition can only be translated into a functional response if the peptide is
derived from a protein expressed above a certain level (Zhong et al., 2013). Thus, because TCR
interaction with a given pMHC does not necessarily correspond to T cell reactivity, it is
important to distinguish between biochemical and immunological recognition. The occurrences
of autoimmune diseases are proof that the self-tolerating mechanisms frequently break, which is
moreover exploited in immune therapy of cancer (Couzin-Frankel, 2013), where it can be
desirable to have a TCR repertoire that is able to respond to self-derived targets or targets that
resemble self. Thus, several strategies of immune therapy of cancer work to deliberately break
some level of tolerance (Ribas and Wolchok, 2018; Rosenberg and Restifo, 2015). This is
conceptually important for the scope of this thesis, since it supports the rationale that T cell
responsiveness can be modeled within an individual, which is the great potential of immune
therapeutic strategies and worth much further discussion. It however also highlights the major
caveats associated with such interference; since T cell recognition is so immensely complex, and
hence difficult to describe accurately, it makes it extremely challenging to predict the extent and
final outcome of any immune intervention that affect T cells.



4 Detection of antigen-
responsive T cells

Knowledge on the exact antigenic pMHCs that are recognized by T cells can instruct disease
management and therapeutic development across immune related disorders such as infectious
disease, cancer and autoimmunity. Within these disorders the advantages of knowing the
landscape of immunogenic pMHCs, i.e. the epitopes that are capable of mounting a functional T
cell response, are particular evident when monitoring disease progression or response to therapy,
and for use in adoptive T cell therapy or vaccine developmental studies. However, direct ex vivo
detection of the specific pMHCs that are recognized by T cells is not trivial. This is in part due to
the inherent complexity of T cell recognition accounted for in the previous chapter, and
moreover, because the interaction between pMHC and TCR is of very low avidity.

MHC multimers. Stable interaction that enables direct probing of T cell recognition is achieved
by multimerization of single pMHC complexes on a fluorescent-labeled streptavidin molecule
(Altman et al., 1996). Peptide-MHC interacting T cells are thus traced through the associated
fluorescent label, which is typically visualized by flow cytometry, or less frequently by
microscopy. The associated label can moreover be used to isolate the antigen-specific T cells
through for example fluorescence activated cell sorting (FACS) (Andersen et al., 2013) or
magnetic bead-based separation (Hombrink et al., 2011). In the first use of multimerized pMHCs
Altman and colleagues applied MHC tetramers to detect CD8 T cells recognizing HLA-A0201
complexed with HIV and influenza- (FLU-) derived peptides, respectively (Altman et al., 1996).
Besides such tetramers, MHC multimers variants ranging from dimers to octamers, or
dextramers and dodecamers, have been applied for detection of pMHC engaging T cells (Bakker
and Schumacher, 2005; Dolton et al., 2014; Huang et al.,, 2016). The higher order of
multimerization should theoretically increase the stability of the TCR-pMHC interaction, and
thus result in improved detection of antigen-specific T cells. This is valuable for discovery of
rare T cell populations or when the pMHC-TCR interaction is of particularly low avidity, as is
the case of many autoantigens and some cancer-associated epitopes (Dolton et al., 2018). In vitro
production of different pMHCs is difficult because MHC molecules are unstable if not
complexed with a peptide. Therefore the first applied MHC multimers were generated from
separate recombinant expressions, refoldings and purifications of each new peptide complexed
with MHC, and were thus not amenable for high-throughput production of individual pMHCs
(Bakker and Schumacher, 2005; Garboczi et al., 1992). Several strategies have now been
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developed for parallel generation of individual peptides complexed with MHC class I; these
include UV-mediated exchange of conditional ligands, temperature-induced peptide exchange
and stabilization of empty class | MHC molecules through gene-modifications (Bakker et al.,
2008; Hadrup et al., 2009a; Luimstra et al., 2018; Rodenko et al., 2006; Saini et al., 2018). This
has in turn enabled the development of technologies for high-throughput investigations of CD8 T
cell recognition across various diseases.

Probing of disease-associated antigens

Despite these extensive efforts to increase the complexity of T cell detection techniques there is
still a large gap between the actual number of pMHCs that can be screened simultaneously and
the numbers that are required for genome-wide analyses of T cell recognition. The recent
improvements in technologies for probing pMHC specificities have made it possible to study T
cell recognition in a less biased and highly parallel manner. In turn, this has broadened the scope
of studying T cell recognition; from only analyzing the T cell responses towards a few model
antigens to now, studying broad T cell recognition of personal disease-associated antigens within
patient material. The following will describe motives for probing disease-related pMHCs in
infections, cancer and autoimmunity, and will moreover recount characteristics that may affect
the ability to detect such antigen-specific T cells.

T cell responses in infectious disease
Broadly, virus-responsive T cells are more easily detected compared to T cells responding to
cancer or autoantigens; in part because they are often present in blood of infected individuals at
high frequencies, and because antigenic peptides are encoded in the viral genome they may be
recognized across infected individuals expressing the same HLA-haplotype. Moreover, the
TCRs targeting infected cells are often able to bind their virus-derived epitopes at relative high
affinities (Hebeisen et al., 2013a, 2013Db), reflecting that these epitopes, which are dissimilar to
self, does not take part in the negative selection of developing thymocytes. Therefore, virus-
derived responses have been particularly amenable to early T cell detection technologies, and
collectively these features have made it possible to study T cell recognition in virus-infected
individuals by utilizing are range of commonly observed virus-associated peptide-antigens.

In terms of T cell recognition, cytomegalovirus (CMV), Epstein-Barr virus (EBV) and
FLU are amongst the most widely probed viral infections and have provided essential insight to
general features of T cell immunology. CMV has particularly been investigated to shed light on
the consequences of chronic viral infections (Colugnati et al., 2007; Griffiths et al., 2015;
Sylwester et al., 2005), and provided an example for investigating the evolutionary paths of the
TCR repertoire upon latent infection (Schober et al., 2018). Unfortunately, early high-throughput
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MHC multimer technologies have been restricted in terms of studying T cell recognition of
structurally related peptides (Andersen et al., 2012a; Hadrup et al., 2009b; Newell et al., 2013),
and comprehensive studies of the sequence variants that arise during infections with pathogens
such as HIV or hepatitis C virus have therefore been limited.

T cell responses in cancer

Detection of cancer-responsive T cells is particularly difficult. This is in part due to the fact that
some cancer-associated antigens are of self-origin, which implies that the T cells that are able to
recognize such antigens have escaped clonal deletion during thymocyte development, either
because of low affinity of the expressed TCR with cognate pMHC or of the corresponding
peptide-MHC complex. Such low affinity interactions makes it difficult to obtain sufficient
avidity using pMHC reagents for binding to T cells, or complicates the process of ex vivo
generation of stable pMHC complexes. Due to cancer immunoediting (Dunn et al., 2004a,
2004b), the T cells with potential for recognizing cancer-derived epitopes are often suppressed in
the tumor environment and therefore also difficult to culture and stimulate ex vivo. Cancer
immunoediting also result in high heterogeneity of cancer cells within a single tumor lesion and
across individuals with the same cancer type (Gerlinger et al., 2012). Thus the range of potential
cancer-derived epitopes is enormous, and to a large extent unique for each patient. This in turn
set high requirements for technologies that allow parallel assessment of T cell recognition of
many potential pMHC antigens. Besides, cancer-responsive T cells are often only present at low
frequencies, which make detection of these cell populations even more challenging.

Recently, the clinical potential of immunotherapy of cancer (Couzin-Frankel, 2013) has
provided strong motivation for advancing T cell detection technologies to accommodate some of
these hindrances. Particularly, correlations of clinical outcome from cancer-immune-therapeutic
treatments with tumor mutation burden have indicated that formation of the corresponding
mutation-derived neoepitopes play an important role in the immune systems’ ability to eradicate
cancer (Van Allen et al., 2015; Hugo et al., 2016; Rizvi et al., 2015; Rooney et al., 2015; Snyder
et al., 2014). Theoretically such neoepitopes represent optimal targets for cancer immunotherapy
since they are both tumor-specific and immunologically dissimilar to self. It is therefore
anticipated that some TCRs will have high affinity for neoantigen-derived pMHCs, and thereby
be tailored for immune therapeutic strategies. Neoepitope-responsive T cells can be identified
following a pipeline of first mapping the cancer-specific mutations within an individual using
high-throughput sequencing technologies, then applying a number of in silico filtering steps for
prediction of which of such genetic alterations are most likely to be presented at the level of the
MHC (Bais et al., 2017; Bjerregaard et al., 2017a; Bulik-Sullivan et al., 2018; Hundal et al.,
2016; Rubinsteyn et al., 2017; Wood et al., 2018), and lastly screening patient material in vitro
for T cell recognition of any of the predicted neoepitopes (Figure 3). In this way examples of T
cells recognizing cancer-derived neoepitopes have been detected in a number of cancer types
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(Bassani-Sternberg et al., 2016; Bentzen et al., 2016; Gros et al., 2016; Gubin et al., 2014;
McGranahan et al., 2016; Rajasagi et al., 2014; Snyder et al., 2014; van Rooij et al., 2013;
Verdegaal et al., 2016; Wick et al., 2014). Substantial ongoing efforts in clinical translation aim
at developing strategies for specific activation of neoepitope reactive T cells (Keskin et al., 2018;
Ott et al., 2017; Sahin et al., 2017). However, it has still not been possible to realize the
therapeutic potential of neoepitope-specific T cell recognition due to lack of methodological
frameworks, that 1) fully consider the heterogeneity within tumor lesions (Jia et al., 2018), 2)
support the computational predictions of the immunogenic neoepitopes (Chowell et al., 2015;
Luksza et al., 2017), and 3) sufficiently enable the in vitro screening platforms to accommodate
the unique and variable character of neoepitope-responsive T cells within individuals.
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Figure 3 | Pipeline for identification of neoepitope-responsive T cells. Whole exome- and RNA
sequencing of tumor sample and normal tissue are applied to identify mutations that will potentially
give rise to neoepitopes. The potential neoepitopes can be synthesized, and true T cell epitopes can
be identified through in vitro investigations.

An early approach has been to study T cell recognition of the antigens derived from de novo or
overexpressed proteins that occur in cancer. While detection of this type of cancer-antigens is
particular challenging due to their self-origin, they are advantageous from a therapeutic
perspective, because they may be shared between individuals with the same cancer type or even
across cancers. Thus, adoptive transfer of T cells specific to the cancer-testis antigen NY-ESO-1
has been reported (Rapoport et al., 2015; Robbins et al., 2011, 2015), and the melanoma-
associated tumor antigens (tyrosinase, gpl00 and MART-1) have been used to examine the
infusion product applied in adoptive cell therapy (Andersen et al., 2012b; Kvistborg et al., 2012).
These studies have revealed that those shared cancer-associated antigens that have been
identified only accounts for a fraction of the total T cell reactivity encountered in the infusion
products. This in turn has provided a motive for further interrogation of the cancer-responsive T
cell repertoire.

Virus-associated cancer-antigens are an attractive group of targets of immune therapy;
since these are virally encoded they are at once foreign to the immune system and can be
recognized across individual patients, thus providing an optimal setting for development of
efficient targeted treatments that can be used broadly in these virus-associated malignancies. As
such, broad application of the human papilloma virus (HPV) vaccine illustrates the huge
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potential of inducing prophylactic immunological protection of the viral infection that may lead
to most cervical cancers (Schiller and Miiller, 2015), and moreover provides motivation for also
developing therapeutic vaccines that target oncoviral peptides (Cuburu and Schiller, 2016).
Another oncovirus, Merkel cell polyomavirus (MCPyV), is associated with at least 80% of cases
with Merkel cell carcinoma (MCC) (Feng et al., 2008; Rodig et al., 2012; Shuda et al., 2008).
MCC patients respond well to checkpoint inhibition, but more than 40% will not experience
long-term benefit (Nghiem et al., 2016); therefore therapeutic targeting of MCPyV-derived
epitopes would seem an ideal strategy for treating these patients, for example by leveraging on
adoptive transfer of T cells transduced with a TCR responsive to a MCPyV-derived epitopes.
Moreover, MCPyV-derived epitopes provides a model system for monitoring the dynamics of
tumor-specific T cell responses upon treatment with immune checkpoint inhibition (Miller et al.,
2018).

T cell responses in autoimmune diseases

The risk of individual cases of autoimmunity represents a compromise of having a relatively
confined TCR repertoire that must be able to recognize the vast majority of disease-associated
peptide-antigens (Mason, 1998). Peripheral tolerance mechanisms will in most cases ensure that
T cells expressing a TCR that recognize endogenously derived pMHCs are not activated
inappropriately (Mueller, 2010). However, immune tolerance regularly fails, thereby causing
autoimmune diseases. Breakage of tolerance may be caused by a failure of the peripheral
mechanism, induced by e.g. TCR cross-recognition of a viral-epitope (Wucherpfennig and
Strominger, 1995), overexpression of endogenous proteins (Negro et al., 2012), or defects of
regulatory T cell mechanisms (Ehrenstein et al., 2004; Ferraro et al., 2011; Lindley et al., 2005;
Singh et al., 2018; Viglietta et al., 2004). Moreover, post-translational modifications, such as
glycosylation, phosphorylation, deamidation and citrullination, does not occur during thymic
selection (Raposo et al., 2018), and can thus produce neo-epitopes (Mohammed et al., 2008;
Molberg et al., 1998) that has the potential for inducing a potent T cell response (Babon et al.,
2016; Koning et al., 2015; Kracht et al., 2017; Liepe et al., 2016; Mannering et al., 2005; Salou
et al., 2015; Scally et al., 2013; Suarez-Fueyo et al., 2016). Because the mechanisms that lead to
failure of tolerance are so unpredictable, autoimmune reactions can target virtually any peptide
and occur in any tissue. This lack of defined antigens has greatly complicated the means of
detecting autoreactive T cells, and direct detection using pMHC multimers is moreover often
impeded since a substantial fraction of the expected autoantigens comprise low pMHC-TCR
avidity due to central tolerance mechanisms (Dolton et al., 2018). Many autoimmune disorders,
such as type-1-diabetes, multiple sclerosis and rheumatoid arthritis have particular genetic
association with certain HLA class 1l alleles (Dendrou et al., 2018), however both CD4 and CD8
autoreactive T cells have been reported. For example in several recent studies that investigate the
role of T cells in narcolepsy (Latorre et al., 2018; Luo et al., 2018; Pedersen et al., 2019). In
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general, the exact CD4 T cell epitopes of importance in most autoimmune disease are poorly
described because class I MHC multimers are notably difficult to produce, and especially in a
high-throughput format (Vollers and Stern, 2008). Collectively, these obstacles have delayed
studies that investigate the role of autoreactive T cells, but with the advances driven largely by
the field of cancer immunotherapy, technologies are slowly also being applied in the field of
autoimmune diseases.

Probing of CD4 T cell specificity. Analysis of CD4 T cell recognition as a whole has been
delayed largely due to features of the MHC class Il molecules that make it particularly difficult
to predict and produce the individual class 1l molecules in complex with peptide. The practical
features that complicate detection include: 1) Inefficient refolding of MHC class Il proteins with
peptide ligands. Opposed to MHC class | that can be expressed in bacteria and subsequently
refolded with protein (Toebes et al., 2006), the class Il molecules require expression and
refolding in insect (Kozono et al., 1994) or mammalian (Day et al., 2003) expression systems,
which are difficult to optimize. 2) Due to the more open structure of the binding groove of MHC
class 1, and hence less restricted peptide binding properties, one peptide ligand may bind to the
same haplotype differently, i.e. with an altered register (Bankovich et al., 2004; Landais et al.,
2009). This makes it more difficult to both predict the complex binding of peptide ligands
(Andreatta et al., 2015), and in practice impedes the generation of specific pMHC complexes,
since refolding must be carefully controlled, and is therefore not suitable for high throughput
generation of individual pMHCs. However, in some cases peptide exchange is feasible for MHC
class Il molecules (shown for HLA-DR alleles and mouse I-E) (Day et al., 2003; Landais et al.,
2009), which provides a first step towards more parallel production of individual pMHC
complexes. 3) A higher diversity of the MHC class |1 alleles in human makes it is unlikely that a
few HLA-haplotypes will cover a substantial fraction of a population. It is therefore less
convenient to study CD4 T cell responses than CD8 responses, where e.g. HLA-A0201 provides
a model MHC class | expressed by ~50% of the Caucasian population (Ellis et al., 2000). 4) It is
commonly reported that TCRs have low affinity for MHC class Il, which will impede direct
detection using MHC multimers, and in some cases make such probing impossible (Lissina et
al., 2009; Tan et al., 2017; Xie et al., 2012). 5) From studies investigating antigen-specific CD4
T cells with MHC tetramers in allergy and infectious disease, it is suggested that low magnitudes
of CD4 T cell frequencies after initial exposure and formation of memory cells, reflects that the
CD4 T cell subsets in general target a broader range of peptide antigens (Su et al., 2013;
Uchtenhagen et al., 2016). The low frequency of CD4 T cells however also complicates the task
of detection antigen-specific CD4 T cells. In spite of these limitations, strategies for parallel
generation of individual pMHC class Il molecules are intensively sought, and upon
establishment of such, most high-throughput technologies for detection of antigen-responsive T
cells will be amenable for the class 1l molecules also (Blahnik et al., 2018).
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A need for high-throughput T-cell detection technologies

Patient material is often of limited supply and since in vitro expansion of T cells has been shown
to skew the composition of antigen-specific T cells, by providing some cells with a growth
advantage compared to others (Andersen et al., 2012b), cell culturing prior to MHC multimer
staining should be kept at a minimum. Moreover, antigen-specific T cell populations are in
general low in frequency, which jointly makes it undesirable to split samples for interrogation of
T cell recognition since this comes at a loss of sensitivity (Bentzen et al., 2016; Cossarizza et al.,
2017). Therefore a crucial obstacle for probing any heterogeneous T cell sample for recognition
of numerous pMHC:s, relates to limitations in terms of the number of different labels that can be
used in parallel. The heterogeneity of T cell recognition greatly outnumbers the available single-
color labels for flow cytometry, and even though the complexity has increased substantially by
using combinatorial-labeling schemes (Figure 4) (Andersen et al., 2012a; Hadrup et al., 2009b;
Klinger et al., 2015; Newell et al., 2009, 2013) there is still a great gap between the number of
pPMHCs that can be probed simultaneously and the millions of potential immunogenic pMHCs of
an individual.

Fluorophore

Peptide -

Metal tag

PE

Flow cytometry Mass cytometry
15-45 pMHCs in parallel 109 pMHCs in parallel

Figure 4 | Cytometry-based combinatorial approaches. MHC multimer-based detection of
antigen-specific T cells has been expanded by use of combinatorial-labeling strategies. Hence,

applying two or three-dimensional encoding schemes, fluorophores or metal tags respectively, the

complexity has been increased from n to n(r;_l) or n(n_l;(n_z) . Reported complexities of each

strategy are indicated in bold.
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This study provides proof-of-concept for a novel technology that enables parallel
assessment of T cell recognition of more than 1000 pMHCs simultaneously. The high
complexity of the assay is reached by labeling individual MHC multimers with each their
unique DNA barcode that can be recovered through amplification and high-throughput
sequencing. The DNA barcodes are synthetic nucleotide sequences that are generated
through a combinatorial scheme; comprised of two partially complementary
oligonucleotides with each their unique 25mer sequence (Xu et al., 2009). This design can
produce 10%° unique DNA barcodes, and thus redefines the limitations of high-throughput
T cell detection techniques. We anticipate that the technology can by applied for parallel
assessment of T cell recognition of at least 10,000-100,000 pMHC specificities, and
expect that new limitations will relate to unspecific interactions imposed by the high
concentrations of pMHC applied in a combined assay, rather than the number of available
labels. We show that the technology can be applied to detect T cells responsive to virus-
and cancer-derived pMHCs in a highly parallel manner, and that the complexity of the
assay enables interrogation of uncultured tumor material. We moreover detect several
neoantigen-responsive T cells in blood and tumor infiltrating lymphocytes from non-small
cell lung carcinoma patients. Since the technology requires only a few fluorescent labels it
integrates the advantage of assessing other cellular functions in parallel. We specifically
show the feasibility of combining the knowledge of pMHC specificity with the functional
profile of both virus- and cancer-specific T cells. The technology thus provides an
attractive tool for ongoing efforts to map immunogenic pMHCs across human disorders
such as infections, cancers and autoimmune diseases.

The use of DNA barcodes as labels for antigen-specificity has provided a quantitative leap in
terms of the number of T cell specificities that can be probed in parallel; in a first embodiment
we manage to advance the previous limit of a two digit complexity to more than 1000 MHC
multimers. However, a limitation of the technique, as applied in paper I, relates to the sorting of
bulk populations of MHC multimer interacting T cells. This comes at a loss of single-cell
resolution since the number of individual DNA barcode reads will reflect an average number of
interactions within the sorted population rather than an exact number of MHC multimer-
interacting cells per specificity. Thus, there are no means of differentiating between small
populations of high-avidity interactions, and large populations of low-avidity interactions, which
could incidentally result in the same number of DNA barcode reads for a given specificity,
despite a completely different number of antigen-specific cells. To investigate the practical
implications of this limitation, we estimate the frequencies of individual antigen-specific T cell
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populations within a sample based on the number of DNA barcode reads associated with a given
pPMHC relative to the total number of reads, and relate this to the total frequency of MHC
multimer binding T cells. When comparing these estimates with the frequencies obtained from
fluorescent-based assessments of the same samples, we obtain correlations r2>0.90. This in turn
tells us that the relative frequencies determined within a sample are reasonably accurate and that
our concern may mostly be of theoretical importance. However, the impact is less obvious when
acknowledging that biochemical and immunological recognition is not the same, since
differences in the avidity may reflect on the functional outcome of an interaction. Although,
assuming that other MHC multimer technologies are limited in their ability to trace low-avidity
interactions that would induce a T cell response (Rius et al., 2018; Tungatt et al., 2015), we
could speculate that the resolution obtained from estimating the frequencies of antigen-specific T
cells is within an acceptable range.

Due to the central role of T cell recognition for eliciting an immune response, several
alternative approaches aiming at increasing the complexity of MHC-based assays have been
proposed (Hadrup and Schumacher, 2010). However, apart from soluble MHC multimer
strategies (Andersen et al., 2012a; Hadrup et al., 2009b; Klinger et al., 2015; Newell et al., 2009,
2013), several attempts at developing a reliable MHC microarray have in general produced
unsatisfactory results in terms of sensitivity and reproducibility (Brooks et al., 2015; Chen et al.,
2005; Deviren et al., 2007; Kwong et al., 2009; Soen et al., 2003; Stone et al., 2005). The
referenced soluble and solid phase MHC-based technologies are described in more detail in
paper 1. Methodologies that apply such spatial separation of individual pMHCs have therefore
not been implemented in high-throughput schemes.

Paper I

This review article recounts the opportunities and challenges associated with different
MHC-based approaches that have arisen in the wake of the first direct detection of
antigen-specific T cells (Altman et al., 1996). Emphasis lies on the ability of evolving T
cell detection technologies to accommodate numerous potential pMHC-targets in a
convenient and high-throughput screening format. With examples from immune therapy of
cancer, it is moreover discussed how emerging highly parallel techniques have the
potential for moving immune therapeutic approaches into the era of personalized
medicine.

Most of the technologies recounted for direct detection of antigen-specific T cells assumes only
one pMHC target per T cell specificity, which imposes a challenge since assessment of antigen-
recognition may be completely impeded if a T cell in fact recognize two or more of the pMHC
epitopes probed in parallel (Andersen et al., 2012a). With lower-throughput technologies this
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will in most cases only represent a theoretical problem since it is unlikely that a TCR will
recognize several unrelated epitopes in a pool of only ~30-100 pMHCs. When related peptide
sequences are included in a T cell epitope screen, it however set high requirements for careful
design of individual MHC multimer libraries. In such cases the related pMHC should be divided
into separate T cell incubations to avoid cross-recognition of different MHC multimers, which
would otherwise be interpreted as background. However, with the growing complexity of T cell
detection technologies that enables assessment of a greater number of pMHCs in a single
reaction, there is an increased requirement that such technologies can also accommodate cross-
recognized pMHCs. In that context, the DNA barcode-labeled MHC multimer technology
provides an advantage since T cell recognition is determined from absolute numbers of pMHC
interactions, rather than the number of cells. Thus, irrespective of the number of different
pPMHCs that a given TCR recognize, all pPMHC-TCR interactions that occur will be included in
the analysis. However, as far as the experiments are conducted on bulk isolated MHC multimer-
interacting T cells, the analysis provides only an average of the number of pMHC-TCR
interaction within the total pool of isolated cells, and no way of discriminating whether the
MHC-associated signals are derived from one or more cells (Bentzen et al., 2016).

A more recent publication describes another DNA barcode-labeled MHC tetramer
approach related to the one developed in paper I. This approach employs an in vitro transcription
and translation (IVTT) step that facilitate direct peptide synthesis from a nucleotide template that
itself constitute the DNA barcode for that given peptide-specificity (Zhang et al., 2018b). This is
advantageous since chemical peptide synthesis takes several weeks (opposed to a few days for
IVTT) and represents a substantial part of the full financial costs related to the MHC multimer
assay. The IVTT strategy however loses the advantage of the combinatorial DNA barcode
design, and will have to purchase new barcodes for every new peptide. This in turn makes it less
straightforward to account for the actual differences in costs between the IVTT strategy and the
one reported in paper I. In the study by Zhang and colleagues they moreover sort the MHC
multimer-binding T cells in a single-cell manner, which; 1) provides direct information of T cells
interacting with several pMHCs, 2) ameliorates the limitations related to the necessity of
estimating the frequencies of antigen-specific T cells, and 3) enables correlations of pMHC
recognition with transcriptomic analyses.

Functional and phenotypic analysis

The functional capacity or proliferative potential of T cells upon stimulation with peptide targets
can also be used to map T cell specificities (Lyons and Parish, 1994). The readout from the
enzyme-linked immunospot (ELISPOT) assay is for example based on cytokine release from
heterogeneous populations of cells after antigen stimulation (Sedgwick and Holt, 1983). Such
assay thus gives a measure of the average responses within a sample, but does not account for
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the heterogeneous effector functions of T cells, nor does it provide information about the exact
immunogenic pMHCs that T cells responded to. Fluorescence-labeled antibodies used in
multicolor flow cytometry are better equipped to accommodate the heterogeneity of T cell
populations, since it allows simultaneous detection of multiple cellular markers at single cell
resolution (Chattopadhyay et al., 2014). This in turn enables functional interrogation of T cell
recognition through tracking of cytokine secreting cells (Maecker and Maino, 2004) or cells
expressing surface markers that are differently regulated in response to antigen-recognition.
CD39 expression has for instance been associated with chronic antigen-stimulation of CD8 T
cells, and its expression can thus be applied for discriminating tumor-specific CD8 T cells from
bystander CD8 T cells in tissue from cancer patients (Canale et al., 2018; Duhen et al., 2018;
Simoni et al., 2018). However efficient, this still lacks direct coupling of antigen-specificity with
exact effector functions. In theory staining of antigen-specific T cells with MHC multimers
could be combined with functional analysis; however, in practice such dual interrogation is
impeded by TCR internalization after T cell activation (Lissina et al., 2009; Valitutti et al., 1997;
von Essen et al., 2004). When using DNA barcode-labeled MHC multimers, the threshold of
interactions required for defining T cell recognition seems to be less strict than other MHC
multimer assays, which is likely because the specificity of the T cells are assessed in a
fluorescent-independent manner (Bentzen et al., 2016). Thus, when used in combination with T-
cell stimulation assays it has shown to be less sensitive to the problematic feature of TCR
internalization. For other MHC-based approaches, the internalization of TCRs represents an
obstacle for sufficient interrogation of T cell recognition in a disease setting, since it has been
reported, for example in cancer, that T cells may in fact both recognize a mutation-derived
neoepitope and the corresponding wildtype pMHC (McGranahan et al., 2016, Zhang et al.,
2018b). Thus, technologies that aim at facilitating high-throughput screening of the antigen-
specificities of T cells should also focus on the ability of combining these with functional,
phenotypic and transcriptomic analysis of the interrogated T cells.
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Functional and phenotypic analysis




5 Understanding T cell
recognition

The ability of a single TCR to recognize an average of 1 million different pMHCs is
corroborated through studies providing evidence of structural flexibility of TCR-pMHC
interactions and the continuous emergence of new examples of clonal T cells recognizing
peptides of varying sequence homology (Adams et al., 2016; Bentzen et al., 2018; Borbulevych
et al., 2009; Cameron et al., 2013; Chen et al., 2012; Cole et al., 2017; Cornberg et al., 2010;
Degauque et al., 2016; Holler et al., 2003; Wooldridge et al., 2012). These studies emphasize
that although TCR cross-reactivity is essential for providing effective immunological
surveillance (Mason, 1998), it is also implicated in the development of autoimmune diseases
(Cole et al., 2016; Oldstone, 1998; Rist et al., 2015; Yeo et al., 2018; Zehn and Bevan, 2006),
and complicates the development of new immune therapeutic treatments. Particularly the clinical
potential of cancer immunotherapy acts as a strong driver for understanding the structural
features that determine a given TCRs ability to recognize different pMHCs, as such knowledge
would be valuable for evaluating the safety of TCRs prior to clinical development. Technologies
that enable an extensive characterization of the patterns decisive for TCR engagement are
emerging (Bentzen et al., 2018; Birnbaum et al., 2014; Schaubert et al., 2010; Wooldridge et al.,
2010), along with the prospects of describing and understanding some of the elementary
relationships between antigen-specificity and the cross-recognition potential of a TCR (Mendes
et al., 2015). This will in turn provide a foundation for understanding T cell responsiveness in
terms of the delicate balance between quiescence to self-antigens, and active protective
immunity towards pathogens or malignancies.

TCR binding degeneracy

The dual nature of the TCR recognition motif, comprised of both peptide and MHC, represents
an inherent challenge for specific recognition since only a small area of peptide is exposed for
direct contact with a given TCR. Thus, much of the T cell specificity is conferred by the more
invariant interaction with MHC, which also explains how TCRs can be highly promiscuous to
different targets presented by the same MHC haplotype (Adams et al., 2016; Riley and Baker,
2018). It has been reported that TCRs that require a lower number of direct peptide interactions,
so-called ‘hotspots’, will have a greater binding degeneracy in terms of the number of different
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PMHCs that they may recognize (Adams et al., 2016; Cole et al., 2016). Such promiscuity
enables T cells to respond to a large variety of target peptides, and thus favors heterologous
immunity, which describes how the exposure and immunological recognition of one pathogen
can result in full- or partial immunity against a second pathogen (Welsh and Selin, 2002). There
are many documented examples of heterologous immunity between related pathogens with high
sequence similarity, such as the immunological protection against smallpox provided through
exposure to cowpox (Stewart and Devlin, 2006)), or the Bacillus Calmette—Guérin (BCG)
vaccine that protects against both tuberculosis and to some degree also leprosy (Setia et al.,
2006). However, TCR promiscuity also allows recognition of peptides with a minimal sequence-
overlap derived from very different antigens, such as HLA-A0201 restricted TCRs
simultaneously recognizing an immunodominant FLU- and an EBV-derived peptide
(GILGFVFTL and GLCTLVAML respectively) (Clute et al., 2010) or an HIV-derived
(SLYNTVATL) peptide (Acierno et al., 2003). The full extent and consequences of TCR
binding degeneracy is not known, however both positive and negative effects of heterologous
immunity have been described (Chen et al., 2012; Su et al., 2013; Welsh et al., 2010), and the
accumulating evidence points to the individuals’ personal TCR repertoire and immunological
history being important for the final outcome of antigen exposure, which may either confer
protective immunity or damaging immunopathology (Cornberg et al., 2006, 2013; Kim et al.,
2005; Nie et al., 2010). Detrimental effects of TCR promiscuity may include narrowing of the
TCR repertoire and subsequent generation of viral escape variants (Cornberg et al., 2006), or the
induction of an unfavorably polarized response to a pathogen or vaccination, caused by prior
exposure to a cross-recognized pMHC (Chen et al., 2012; Wlodarczyk et al., 2013). Moreover,
each new antigen exposure seems to impact the activities as well as the frequencies and
distributions of memory T cells related to previous infections (Cornberg and Wedemeyer, 2016;
Selin et al., 1996, 1999; Welsh and Selin, 2002).

TCR binding degeneracy and concomitant occurrences of T cell cross-reactivity poses an
inherent risk of autoimmune disease. T cells expressing a TCR with potential for responding to
self-antigens will typically have survived negative selection in the thymus if; 1) the interaction
between the TCR and self-derived pMHCs are of a tolerable (low) avidity (Starr et al., 2003a,
2003b), or 2) if the peptide is derived from a low-expressed self-protein (Vafiadis et al., 1997).
Tolerance to the latter reflects that there seems to be a requirement for a minimum of 60-200
high avidity pMHC-TCR interactions to activate a T cell (Demotz et al., 1990; Harding and
Unanue, 1990), why peptides derived from low-expression proteins will most often be ignored in
the periphery. However, tolerance to such types of self-derived antigens may be broken if T cells
are activated through cross-recognition of a pathogenic peptide (Figure 5). The resulting memory
T cells will have the potential of being stimulated by 50-fold lower peptide concentrations,
which means that they may then become responsive to some cross-recognized self-peptides that
they were previously ignorant to (Curtsinger et al., 1998; Veiga-Fernandes et al., 2000), a
mechanism known as molecular mimicry (Rose, 2017). Such mechanism is supported by
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observations of infections triggering autoimmune reactions (Albert and Inman, 1999; Ang et al.,
2004; Chakravarty et al., 2014; Oldstone, 1998; Partinen et al., 2014; Pender et al., 2017; Rose,
2001; Wucherpfennig and Strominger; Zhao et al., 1998). It is moreover conceivable that a high
collective level of TCR interactions imposed by several low-level cross-recognized pMHCs may
exceed an activation threshold of a given T cell, and thus result in break of tolerance.

Pathogen-derived Self peptide ". Autoimmune
TCR peptide attack ‘

_—

T cell priming Cross-recognition

Figure 5 | T cell cross-recognition leads to breakage of self-tolerance. If naive T cells are
activated through recognition of a pathogenic peptide, they may become more sensitive to
cross-recognized peptides derived from low-expression proteins or low avidity interactions.
Self-derived peptides that were previously tolerated may thus be cross-recognized and
attacked by effector T cells leading to autoimmune disease. APC, antigen presenting cell.
Figure from Sewell, 2012.

Collectively this points to a need for evaluating immune responses and potential therapeutic
utilizations of the immune system from a complex view that incorporates the dynamics of all the
potential interactions of T cells with various pMHC epitopes derived from pathogens,
malignancies and self. A first step would thus be to account for the cross-recognition potential of
individual TCRs and potentially extrapolate such knowledge to help understand the extent of
cross-reactivity of immune responses.
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Implications for immune therapy

The advantages of utilizing heterologous immunity for therapeutic applications are clear from
the success of both the smallpox- and the BCG vaccines (Setia et al., 2006; Stewart and Devlin,
2006). However, due to lack of knowledge of the exact molecular principles that determine TCR
binding degeneracy, along with the far-reaching and often personal effects of T cell cross-
reactivity, it is difficult to predict the final outcome of any therapy that aims at redirecting
immunological recognition and responsiveness. With multiple studies pointing at pathogen-
induced molecular mimicry leading to autoimmunity (Albert and Inman, 1999), it is reasonable
to expect that the same detrimental mechanism may apply to vaccine-induced immunogenicity.
It is for example speculated that molecular mimicry is accountable for an increase in the
incidences of narcolepsy following the 2009/2010 HIN1 FLU Pandemrix (Dauvilliers et al.,
2013; Heier et al., 2013; Partinen et al., 2012; Sarkanen et al., 2018). This is supported by the
finding of antibodies that are cross-reactive to a peptide from the HLN1 influenza nucleoprotein
A and a peptide from the hypocretin receptor 2 (Ahmed et al., 2015), a protein whose
degradation is implicated in the clinical manifestation of narcolepsy (Liblau et al., 2015).
Additional support relates to a seasonal onset of narcolepsy, which has been correlated with FLU
season (Han et al., 2011). These occurrences may reflect that auto-reactivity can arise from
molecular mimicry induced by both therapeutic interventions and pathogenic infections. Even
though the exact relationship between narcolepsy and the HIN1 FLU vaccine is not explicitly
known (Vassalli et al., 2015), current evidence; that autoimmune disease can be induced by
molecular mimicry, is adequate to suggest that potential cross-recognition should be evaluated
carefully in vaccine-developmental studies (Albert and Inman, 1999).

Adoptive T cell transfer. The renewed scientific interest in TCR binding degeneracy comes
especially from cancer immunology research. In 1988 the field of adoptive T cell transfer was
established with the therapeutic application of ex vivo expanded tumor infiltrating lymphocytes
that effectively mediate tumor regression when re-infused into cancer patients (Rosenberg et al.,
1988). This effect has since been widely demonstrated with impressive response rates of 20-50%
(Besser et al., 2010; Ellebaek et al., 2012; Rosenberg, 2011). Despite its promise, broad
application has been impeded due to tedious and unreliable production of individual T cell
transfer products, intensive patient care during treatment, limited commercial potential, and a
lack of tools for predicting the outcome of treatment in individual patients. This has instead
driven the interest for developing T cell therapies that are amenable for a broader group of
patients; the transfer of T cells transduced with a chimeric antigen receptor (CAR) (Gross et al.,
1989; June et al., 2018) or a TCR that recognize known cancer-associated targets (Kessels et al.,
2001; Rosenberg et al., 1990). The proposal that TCR-based gene therapy of cancer would be
feasible came from early studies showing the effective redirection of T cell specificity through
transduction with aBTCR genes that could provide anti-viral and anti-tumor immunity (Chamoto
et al., 2004; Clay et al., 1999; Cooper et al., 2000; Dembic¢ et al., 1986; Hughes et al., 2005;
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Kessels et al., 2001; Rosenberg et al., 1990; Tahara et al., 2003). Adoptive transfer of T cells
transduced with the DMF4 TCR that target an HLA-A0201 MART-1 melanoma peptide became
the first applied in a clinical trial for treatment of melanoma patients (Morgan et al., 2006). In a
second trial the same epitope was targeted with the DMF5 TCR that seemed to have a greater
promise for treatment of melanoma but, which also caused autotoxicities (Johnson et al., 2009).
In vitro investigations of the two TCRs showed that the DMF5 possessed a greater functional
avidity and a higher affinity towards the HLA-A0201-MART-1 target than the DMF4
(Borbulevych et al., 2011; Johnson et al., 2006), and corresponding findings were obtained from
a trial that applied a TCR targeting another melanoma-associated peptide (gp100) (Johnson et
al., 2009). These studies supports that successful TCR-based gene therapy of cancer require
transfer of T cells expressing high-affinity TCRs, which is also corroborated by early studies
correlating TCR binding affinity with functional responses (Bowerman et al., 2009; Chervin et
al., 2009; Irving et al., 2012; Manning and Kranz, 1999; Robbins et al., 2008; Stone and Kranz,
2013; Zhong et al., 2013). This in turn has encouraged strategies for design of high-affinity
TCRs intended for adoptive cell transfer schemes (Harris et al., 2016; Ohta et al., 2018; Pierce et
al., 2014; Robbins et al., 2008).

Several trials of using adoptive transfer of TCR transduced T cells have followed (Johnson
and June, 2017; Johnson et al., 2009; Kageyama et al., 2015; Morgan et al., 2006; Parkhurst et
al., 2011; Rapoport et al., 2015; Robbins et al., 2011, 2015) and from a general perspective, the
treatment represents an extremely attractive strategy for effectively treating various cancers with
an ‘off-the-shelf” T cell product that can be used across patients with the same HLA-haplotype.
However, particularly two clinical trials highlight the need to approach the use of high-affinity
TCRs with extreme care. The first trial applied a high avidity TCR generated from vaccinated
HLA-A0201 transgenic mice that targeted a melanoma antigen-encoding-A3 (MAGE-A3)-
derived peptide bound to HLA-A0201. Of nine enrolled patients, five had objective clinical
responses, however, three experienced neurological toxicity, and two eventually died (Morgan et
al., 2013). The observed toxicities were subsequently assigned to the TCR also recognizing and
responding to a related MAGE-A12-derived peptide, which is expressed in the human brain.
This peptide in question only varied at the position 2 anchor residue, and may therefore reflect
that although natural TCRs should theoretically not target healthy tissue, the strategies applied in
adoptive cell therapy may override peripheral tolerance mechanisms, and thus induce
autotoxicities (van den Berg et al., 2015). The second trial represents an example of molecular
mimicry between a cancer antigen and an endogenous-derived peptide. This trial applied a TCR
targeting a MAGE-A3-derived peptide that binds HLA-A0101 (Cameron et al., 2013). The TCR
had been obtained from a vaccinated patient (Connerotte et al., 2008; Karanikas et al., 2003) and
engineered to obtain a higher affinity (applying a strategy similar to Robbins et al., 2008). Only
two patients were treated in this trial, however both developed carcinogenic shock and died short
after T-cell infusion. Extensive investigations revealed that, despite a restricted sequence
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similarity with the MAGE-A3 peptide (55% sequence overlap), the TCR had cross-reacted
towards a muscle-specific protein, titin, expressed in beating cardiomyocytes.

As a natural consequence of these trials a new field concerned with rational design of
TCRs intended for immune therapy has emerged (Hebeisen et al., 2015; Riley and Baker, 2018;
Zoete et al., 2013). The field asks questions revolving on how changing of TCR affinity also
changes T cell (poly)specificity, and how TCR responsiveness is affected by the whole pool of
cross-recognized pMHCs? As a prerequisite for answering these questions there is a need for
tools that enable detailed analyses of the cross-recognition potential of TCRs (Singh et al.,
2017).

Dissecting the specificity of TCR interactions

The affinity-optimized MAGE-A3/titin cross-reactive TCR (a3a) represents an illustrative case
of the complex task of assessing the cross-recognition potential of TCRs. Prior to the clinical
trial that ended in cardiac toxicities, two affinity optimized TCRs were ‘specificity-tested’
against primary cells from a broad range of normal tissue using ELISPOT. Incidentally, this lead
to exclusion of one affinity optimized TCR that targeted colorectal tissue; however the reactivity
of the a3a TCR did not cause any concern and was therefore included in the clinical trial. It was
only after the observed fatalities, which resulted in a T cell infiltrate of the myocardium that
actively beating cardiomyocyte cell cultures were investigated more extensively and reactivity
was detected, though without the immediate discovery of the cross-recognized target due to a
limited sequence overlap. When the analyses finally focused in on the TCRs ability to recognize
more diverse targets, with emphasis on the specific amino acid requirements at certain peptide
positions, the authors identified the cross-recognized titin-derived peptide-HLA-A0101-target.
The probing had required extensive analyses, applying synthetic peptides generated from
sequentially substituting each position of the MAGE-AS3 target peptide with alanine or glycine,
and measuring the functional responsiveness of the a3a TCR separately to each peptide
(Cameron et al., 2013). Ideally, their initial approach of assessing T cell reactivity towards
numerous cells and tissue types would be the most optimal way of determining biologically
relevant cross-reactivity, since this also accounts for antigen presentation and post-translational
modifications. However, it only represents a valid approach if all tissue types within all stages of
development could be tested, which is currently not feasible. The alternative of dissecting the
TCR specificity more directly is currently the most attractive choice, since this help identify
TCR interaction ‘hot-spots’ (Adams et al., 2016) and potential pMHC cross-reactivity despite
limited sequence overlap. Such approaches aim at determining the exact amino acids and peptide
positions that are required for TCR recognition, which, when correlated with knowledge of the
entire human proteome and potential HLA presentation, provides a platform for predicting cross-
reactivity.
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One of such approaches, which have been adapted to several laboratories, utilizes large
combinatorial peptide libraries (CPLs) (Bijen et al., 2018; Ekeruche-Makinde et al., 2012;
Wooldridge et al., 2010, 2012). The peptides are synthesized such that one position of a 9mer
peptide is fixed, while the rest is composed of a stochastic equimolar distribution of all naturally
occurring amino acids, except cysteine (corresponding to 198 different 9mer peptides) (see
Figure 6). The fixed positions are sequentially exchanged so that the complete pool of peptides
contains all 20 naturally occurring amino acids at all fixed positions (i.e. (9+19)x19¢ =
5x10 individual peptides divided into 180 different peptide pools), and T cell recognition is
assessed based on functional interrogation of T cells expressing a clonal TCR after individual
peptide pool incubations. The absence of T cell reactivity will thus reflect the requirement for a
different amino acid at the fixed position, and collectively the data can inform on those amino
acids and positions that are essential for TCR interaction. The assay moreover enables
interrogation of how changing variables such as presence or absence of the CD8 co-receptor will
affect functionality (Wooldridge et al., 2010).
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Figure 6 | Schematic representation of a 9mer combinatorial peptide library (CPL). The
5x10 peptides of the CPL are distributed in 180 different pools. Each pool contain one specific
amino acid at a fixed position (red circles) while the remaining eight positions comprise a
random equimolar composition of all other naturally occurring amino acids except cysteine (grey
circles). The CPL comprise a new peptide pool for each of the 20 naturally occurring amino
acids at each position. Figure adapted from Wooldridge et al., 2010.
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In a recent study a variant of this screening platform was applied to identify a peptide mimic that
could induce an in vivo FLU specific T cell response in mice that were vaccinated with this
mimetic, also after oral administration (Miles et al., 2018). The CPL platform was modified to
comprise synthetic peptides that were composed of the corresponding D-enantiomer amino
acids. CPL-based screening of a known HLA-A0201-GILGFVFTL responsive TCR revealed
very different recognition profiles derived from the L- and D-amino acid-scan respectively,
which indicates that the sequence of a known biological immunogenic peptide cannot be used to
predict D-amino acid-based counterparts. Moreover, they found that the clonal T cells responded
to an equal large number of D- and L-enantiomer peptides, corroborating the extensive cross-
recognition potential of T cells. This study illustrates how knowledge on TCR binding
degeneracy might foster clinical advantages within vaccine design and delivery by enabling
antigen-specific recognition of synthetic molecules that are more stable in vivo. However, the
CPL strategy in general requires large amounts of TCR-expressing cells to include in each
individual pool. Moreover, because the interrogation is based on individual incubations and due
to the inability to directly quantify functionality, the readout does not provide a relative
hierarchy of the interactions, but rather a yes or no answer to the importance of different amino
acid positions.

Another approach that provides a more accurate description of TCR binding degeneracy
because it relates to direct pMHC-TCR interactions, applies a yeast display system where the
PMHCs is encoded in gene constructs with a linker between the peptide and the MHC molecule
(Birnbaum et al., 2014). This enables the generation of a random peptide sequence through use
of mutagenic primers that produce degenerate codons allowing all 20 naturally occurring amino
acids. Peptide-MHC displaying yeast cells are probed with tetramerized TCRs of interest, and
interacting cells are isolated through rounds of magnetic bead enrichment and FACS.
Subsequent sequencing informs about the peptide sequence expressed by the enriched yeast-
displaying cells, and thus reveals the TCRs amino acid requirements for interaction with pMHC.
The great potential of this strategy relates to the ability of performing largely unbiased screens,
and is illustrated from the identification of pMHC targets of TCRs with otherwise unknown
specificities (Gee et al., 2018a). Moreover, a recent study interrogates the a3a TCR using the
methodology on an HLA-0101 yeast display library. From the TCR recognition pattern it is
evident that the amino acids on positions 3, 4 and 9 comprise the main interaction points with the
receptor. This can thus help explain the observed cross-recognition between the MAGE-A3- and
titin-derived peptide, since these positions (and more) are all shared between the peptides (Gee et
al., 2018b). Disadvantages of the technique relates to the inability to characterize all TCRs, and
the display of peptides, which does not represent all possible positions equally well. Moreover,
the system has so far only been developed for a few MHC molecules, and is restricted to
specialized laboratories.
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Paper llI

This study provides proof-of-concept of a novel “one-pot” tool for determining the amino
acids requirements at specific peptide positions for TCR recognition of pMHC. It leverage on
DNA barcode-labeled MHC multimers, which allows determination of the relative affinity of
a clonal TCR to libraries of MHCs that carries peptides with substantial sequence overlap.
Peptide libraries are constructed from the originally identified targets, and include all variants
generated from sequentially substituting each position with the 20 naturally occurring amino
acids. This generates libraries of (nx19)+1 peptides where n denominates the number of
amino acid residues of the peptide sequence (and includes the originally identified target).
Individual DNA barcode-labeled MHC multimers are generated from each peptide, and the
multimers are pooled and incubated with clonal TCRs. Sorting of all MHC multimer-binding
T cells and subsequent sequencing reveals a distribution of DNA barcode reads that reflects
the pMHC-TCR binding-hierarchy. The experimental design, which include all amino acids
at all peptide positions, enables translation of the binding hierarchy into a positional scoring
matrix for each TCR. This in turn is used to determine the relative amino acid preferences of
the TCR at individual positions of the peptide sequence, which we call the TCR recognition
pattern or fingerprint. In this study we show the feasibility of this strategy by investigating 16
different TCRs. Importantly, we assess the recognition pattern of 12 TCRs all recognizing the
same MCC-derived epitope, and apply this knowledge to predict the peptides from the human
proteome that are most likely to be cross-recognized by any of these TCRs. By assessing the
TCRs’ ability to recognize and respond to these peptides we moreover identify cross-
recognized peptides derived from proteins expressed in healthy human tissue, and suggest
that this could be used as a tool prior to selecting TCRs intended for adoptive cell therapy.
Additionally, we contemplate that the binding degeneracy is linked to the functional avidity
of TCRs, and that the recognition patterns thus can indicate the potency of a TCR.

An immediate disadvantage of the strategy presented in paper Il relates to the number of
peptides included in a parallel screen. The strategy of substituting only one amino acid position
at a time underscores the possibility that several simultaneous amino acid substitutions might
promote TCR interaction, or that a TCR may even be able to recognize a largely different
peptide (Miles et al., 2018; Riley et al., 2018). Thus an optimal assay would include many more
peptide variants to reflect the great variety of pMHC targets that a TCR may potentially meet in
vivo. However, the strategy requires a new peptide library for every new TCR that is
interrogated, and because peptide synthesis comprise a considerable financial cost of the total
MHC multimer analysis this is not feasible. To accommodate this drawback we interrogated one
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of the TCRs using a larger peptide library that included peptides with two simultaneous amino
acid substitutions, and saw that the results were comparable with the results obtained from only
substituting one position at a time. This result does not imply that simultaneous substitutions will
never generate new possibilities for a TCR to interact, but indicates that, for peptides with some
sequence overlap, single-substitutions can describe most of the amino acids required for TCR
interaction. A related drawback relates to the necessity of having a pre-established peptide target
of the interrogated TCR to construct the substitution library from. Thus, in the current
embodiment of the strategy it would not be possible to identify new pMHC targets of TCRs with
unknown specificities. Advantages includes flexibility in terms of the possibility of interrogating
TCR recognition restricted to all foldable MHC molecules, and a relatively straightforward
methodology which should make it possible to implement the technology in most laboratories
familiar with molecular biology and MHC multimers.

Even though all three strategies; combinatorial peptide libraries, yeast display, and DNA
barcode-labeled MHC multimers, represents a leap compared to previous methods that applied
single position alanine substitutions, they are still experimentally limited compared to the
number of possible ligands that may be encountered. Therefore, interpretations of the results
should reflect that it is a merely a window of estimated cross-reactivities, not an inexhaustible
assessment. Structural information and in silico modeling (Fodor et al., 2018; Reinherz et al.,
1999) may in turn enhance the utility of the experimental approaches for assessing TCR binding
degeneracy.
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This thesis builds upon the well-established field of tracing protein interactions through
fluorescent-based staining and flow cytometry (Fulwyler, 1965; Perfetto et al., 2004) that, when
combined with the advantages of the more recently established field of molecular encoding,
opens new possibilities for developing high-throughput technologies for investigation of the
heterogeneity of T cell recognition.

Molecular encoding applies unique nucleotide sequences, termed barcodes, to label
individual molecules, which allow the identification of interaction partners, or temporal and
spatial tracking, depending on the application. Accordingly, the use of unique nucleotide
sequences to label molecules or structures was borne out of the effort to screen large displays of
chemical drug candidates in parallel (Brenner and Lerner, 1992), and it has since also been
applied widely as cellular barcodes in linage tracing studies (Naik et al., 2013; Zhang et al.,
2018a). Nucleotide sequences provide an advantage over other chemical structures since they are
readily amplified, which enable facile recovery from heterogeneous mixtures. This in turn
provides a seemingly endless range of unique labels, theoretically only restricted by the length of
the nucleotide sequence and the technology applied to extract the barcode information.

Sequencing. Improvements of the variety of sequencing platforms and lowering of sequencing-
costs has driven advances of the application of molecular barcodes, which are continuously
seeing broader and more comprehensive uses (Favalli et al., 2018; Kebschull and Zador, 2018;
Mimitou et al., 2018; Stoeckius et al., 2017). Thus, from initial extraction of barcode information
through amplification and separation according to size (Cochet et al., 1992), or applying
microarray detection (Melkko et al., 2007; Scheuermann et al., 2008) or Sanger sequencing
(Needels et al., 1993; Nielsen et al., 1993); high-throughput sequencing is now a preferred read-
out from molecular encoded screenings (Mannocci et al., 2008). High-throughput sequencing
approaches rely on the construction of libraries of genomic material (typically genomic- or
complementary DNA), flanked by synthetic DNA adaptor sequences. The adaptors are
introduced through ligation, tagmentation (Picelli et al., 2014), or may be embedded in
amplification primers. They have a dual role of immobilizing the DNA onto a solid surface, and
provide the primer template for initiating a monitored amplification that will convey the
sequence of the DNA. The amplification of immobilized DNA produces clusters of clonal
sequences that collectively augment the signal from a single originating template to reach above
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the detection limit. For each sequencing platform, universal adaptors enable the process to be
carried out in a massively parallel manner, where the sequence of each individual DNA stretch is
read simultaneously through fluorescence emission (lllumina) or changes in pH (lon Torrent)
(Mardis, 2013).

High-throughput sequencing is a dynamic tool where platforms are continuously being
optimized and new techniques are emerging. This provides still more options for increased
quality, longer reads, and a greater overall throughput-per-run. Moreover, massively parallel
sequencing can now be performed within hours, and the associated costs are continuously
dropping. To get full advantage of this progress, and to reduce costs, it becomes attractive to
combine multiple samples in one parallel sequencing reaction. Sample multiplexing is managed
by encoding all DNA derived from the same sample with a sample-specific DNA barcode
(sample ID). The sample ID is introduced prior to mixing samples, commonly along with the
sequencing adaptor, and will be read in the sequencing reaction. It can thus be used for
subsequent demultiplexing of reads derived from individual samples.

DNA-encoded library screenings

Synthetic DNA barcodes have been extensively applied in the search for new small molecule
pharmaceuticals, where they have facilitated in vitro affinity screenings of large arrays of
chemical compounds. The technique has reached an impressive complexity (Mannocci et al.,
2008) making parallel screenings of up to 1 billion molecules a reality (Nuevolution, 2015).
Moreover, display of different peptides on the surface of phages or bacterial cells have also been
applied in parallel screenings of peptide ligands, and hence also represent a DNA-encoded
screening, since interactions will be revealed from the sequence of the DNA-encoded peptide
after target incubation, isolation and sequencing (Birnbaum et al., 2014; Liu et al., 2017a; Scott
and Smith, 1990).

The most elementary components of a synthetic DNA barcode comprise a defined
nucleotide sequence flanked by a forward and a reverse primer region. Optimally, a collection of
DNA barcodes used in a parallel screen should have shared amplification properties, i.e.
common length, melting temperature and identical primer regions, while carrying a unique
sequence identity (Xu et al., 2009). They should moreover comprise a means of attachment to
the probed molecule or compound.

DNA barcode design. The DNA barcodes applied in our studies are generated from a
combinatorial construction scheme comprising two partially complementary nucleotide
sequences; A and B (Figure 7A). This design is adapted from molecular encoding in drug
discovery, which are amongst the fields that required the greatest possible complexity of labels
from an early time point (Liu et al., 2017b; Mannocci et al., 2008). As such the combinatorial
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approach provides a measure for reducing the purchasing costs by reducing the total number of
individually synthesized oligonucleotides, while maintaining a high complexity of the final
library of DNA barcodes. Thus, we are currently able to produce close to 5000 unique AxBy
DNA barcodes from combining a confined number of 30 and 195 individually synthesized A and
B oligonucleotides, respectively. Moreover, by combining the “old” set of A oligos with a new
set of B oligos containing a different primer region, the combinatorial approach provides a
flexible platform for producing new DNA barcodes that will not be amplified in parallel with
previous libraries. This adaptability contributes a tool for elimination of carryover cross-
contamination from previous amplifications.
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Figure 7 | Combinatorial DNA barcodes with UMIs for accurate quantification of original
molecules. (A) The combinatorial DNA barcode design that provides a high complexity for labeling
MHC multimers. Oligos are annealed and elongated prior to labeling MHC multimers. In a final
experimental step a sample ID sequence is incorporated via amplification primers to allow multiplexing
of several samples. Grey scaling denotes the parts that are shared between oligos, while the colored
denotes unique sequences. Oligo A carries a biotin (B) for attachment of the AxBy DNA barcode to
MHC multimers (B) Schematic of three different DNA barcodes (colored lines), all synthesized with
individual UMIs (colored dots). Amplification may lead to a bias in the number of individual barcodes.
However, after sequencing, the original number of individual molecules can be accounted for by only
counting the same DNA barcode-UMI combination once. Figure B adapted from Kivioja et al., 2011.

To enable accurate quantification of DNA most modern molecular encoding schemes utilize
short stretches of random nucleotides, denoted unique molecular identifiers (UMIs) (Kivioja et
al., 2011), which are incorporated either directly into the synthetic nucleotide sequence or
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integrated prior to the first amplification, e.g. within the first set of primers or on a template
switch adaptor. The random nucleotides are incorporated individually in the synthesis of each
new molecule, resulting in different UMIs across oligonucleotides with the same sequence
identity. This in turn provides a tool to correct for potential amplification biases, and is applied
after sequencing. Identical DNA barcodes with a common UMI will denote the clonal reads that
originated from the same molecule. By only counting these once, it will provide an absolute
count for the number of molecules present before amplification (see Figure 7B). We use the term
clonality reduction to describe this process. The UMIs moreover provide a tool for tracking
potential DNA barcode contaminations over time, which may be introduced from amplifications
in previous experiments.

Paper IV

This manuscript comprise a detailed protocol for generating and applying DNA barcode-
labeled MHC multimers to detect antigen-responsive T cells or to determine the recognition
pattern of individual TCRs, as described in paper | and 111 respectively. It moreover walks the
reader through applications of the method, data processessing, expected outcomes, and the
advantages and disadvantages compared to other technologies.

Analyses. A few conceptual features related to the analysis of sequencing data derived from our
DNA barcode design are worth more attention. Firstly, since we apply synthetic DNA barcodes,
the sequences are pre-established. They would therefore map perfectly to a barcode if not for
sequencing or amplification errors. Secondly, the DNA barcodes comprise different parts that
are not equally important when aligning the sequences, i.e. the common primer and annealing
regions are less important than the uniqgue A and B sequences that encode a given pMHC.
Considering this, sequencing errors that lie within the common parts may still enable alignment
to a correct unique DNA sequence, whereas to many errors within the DNA-encoding part would
result in a sequence that cannot be confidently assigned to a given pMHC. Therefore our
analyses program, Barracoda (http://www.cbs.dtu.dk/services/barracoda/) (Bentzen et al., 2016),
has been developed to align the different parts of DNA barcode sequence independently. First
the common parts (forward primer, annealing region and reverse primer) are aligned, and only
those reads that map to at least two out of three of these regions are aligned to the database of
unique A and B sequences. Once the individual AXxBy DNA barcodes have been identified
within a read, the individual sample identification sequences and UMIs are also determined. This
strategy provides the advantage that, because the sequences are synthetic and of a known
structural design, the location of the common parts are used as a guide for the location of the
variable parts, and can therefore yield a greater amount of useful reads from each sequencing
reaction.



http://www.cbs.dtu.dk/services/barracoda/

Molecular encoding 37

TCR repertoire tracking

The diverse TCR repertoire, defined from the somatically rearranged genes encoding individual
a and B chains, provide an option of tracking T cells of the same clonal origin through molecular
encoding. The individual TCR transcripts form an endogenous cellular barcode that is inherited
by the T cell progeny and can be recovered by the same means as synthetically derived DNA
barcodes. This has been utilized for providing quantitative insight into TCR diversity (Robins et
al., 2009), to trace lineage decisions of T cells (Gerlach et al., 2013) and to monitor the dynamics
of T cells across immune-related disorders, such as infectious disease (Dziubianau et al., 2013;
Hou et al., 2016), cancer (Kirsch et al., 2015; Sherwood et al., 2013; Zhang et al., 2018a) and
autoimmunity (Acha-Orbea et al., 1988; Madi et al., 2014). Most of such TCR repertoire studies
have been confined to bulk experiments, where tracing the TCR B chain has been the most
attractive option because it is the more diverse of the two chains and also less ambiguous due to
allelic exclusion (Bergman, 1999). However, accurate pairing of the variable TCR a and
regions is valuable for uncovering the biological function of a T cell, and is generally lost in bulk
experiments since the transcripts are separately encoded. Assuming that naturally pairing chains
derived from the same cell will be found in the same relative frequency, bioinformatics
approaches has been developed that pair o and B sequences from the relative number of
transcriptomic reads (Greiff et al., 2015; Linnemann et al., 2013). This straightforward approach
mainly enables pairing of chains from clones present at high-frequencies, but has been advanced
by subdividing T cells into multiple aliquots prior to sequencing (Howie et al., 2015). Treating
the subsequent analyses from a combinatorial view, this methodology enables identification of o
and P sequences that only occur in combination in the same aliquots, and thus allow pairing of
TCR chains derived from less frequent clones.

Moreover, single T cell sorting has been applied widely for capture of paired TCR a and
B sequences (Dash et al., 2015; Kim et al., 2012). These techniques have utilized a range of
approaches to ensure targeted amplification of each chain and efficient capture of the 5’-encoded
CDR3 region. An advanced multiplex PCR approach reported by Han and colleagues (Han et al.,
2014) combines single-cell capture of individual aff TCR transcripts with a selection of mMRNA
transcripts, encoding functional and phenotypic markers. The individual transcripts are encoded
with a synthetic cell-specific DNA barcode in a final amplification, and can therefore be mixed
in a single high-throughput sequencing reaction, and subsequently be assigned to its cell-of-
origin. Moreover, in the study by Zhang and colleagues discussed previously, single-cell TCR
transcripts are captured in parallel with DNA barcodes encoding the T cell specificity, and thus
provide a direct link between pMHC recognition and TCR sequence (Zhang et al., 2018b). These
single-cell technologies have provided high-quality paired TCR sequences, but are limited in
throughput due to manual handling and high costs associated with individual reactions for every
single cell.
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Emerging single-cell technologies

With contributions from molecular encoding, the development of highly parallel single-cell
technologies has accelerated in recent years. In 2015 two independent studies were published
(Klein et al., 2015; Macosko et al., 2015) that described related transcriptomic approaches for
capturing single-cells in individual droplets. In these approaches each droplet carries uniquely
encoded poly-dT primers that ensure that all captured mRNA from one cell is labeled with the
same synthetic DNA barcode. Hence, after the initial annealing of primers (and for the Klein
approach also reverse transcription), the droplets can be broken, and all subsequent processing is
performed in one bulk reaction. This enables capture of mMRNA from many more cells in parallel
than what is possible with manual single-cell handling. The droplet-specific DNA barcodes are
revealed after high-throughput sequencing, and enable mapping of each mRNA to its cell-of-
origin. To generate a large library of diverse DNA barcodes, Macosko and colleagues applied a
split-and-pool synthesis, which is a concept used in combinatorial chemistry (Mannocci et al.,
2008).

The two strategies provided a turning point for single-cell transcriptomic analyses, and
multiple techniques are now emerging that utilize highly parallel DNA encoding of mRNA,
either in droplets (Klein et al., 2015; Macosko et al., 2015; Zheng et al., 2017), micro-wells
(Gierahn et al., 2017; Han et al., 2018) or within cell nuclei using in situ split-and-pool
approaches (Cao et al.,, 2017, 2018; Rosenberg et al., 2017), to allow subsequent bulk
processing. The technologies have been applied mostly within neuroscience and immunology,
where there is an established need for describing heterogeneous populations of cells at a single-
cell resolution. Although these are powerful technique for capturing numerous single cells in
parallel, a general limitation for many of these strategies relates to a poor capture rate, i.e. a low
percentage of the cells that are introduced to the system will be captured, reverse transcribed and
sequenced. This is problematic when working with low frequent cell populations especially in
patient material. Additionally, these protocols do not provide full-length coverage of transcripts
and has a lower sensitivity than the manual techniques. Currently most of the platforms are not
flexible in terms of variations of the obtained sequences, and provides only the option of polyA-
capture, which means that all information derived from the 5’ end of transcripts is lost in
fragmentation steps prior to sequencing, including the CDR3 region of TCR transcripts. 10x
Genomics has been amongst the first to provide a commercial platform with the option of
encoding nucleotide sequences with cell-specific DNA barcodes at the 5’end, thus amending this
particular limitation. They moreover have a reasonable capture rate of 40-60%.

Several techniques have been developed that utilizes the power of capturing single-cell
MRNA in a bulk processing scheme. Thus DNA barcode-labeled antibodies that bind cell-
expressed proteins are being used more commonly in combination with the DNA-encoded
single-cell techniques (Mimitou et al., 2018; Peterson et al., 2017; Shahi et al., 2017; Stoeckius
et al., 2017). In these approaches the antibody-derived DNA barcode-labels are captured in
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parallel with all mRNA from single-cells, and are thus encoded with the same synthetic cell-
barcode. Hence, DNA labels and mRNA can be mapped simultaneously to their cell-of-origin,
providing correlates between protein expression and transcriptomic information. Moreover, in
comparison with fluorescent-labeled antibodies, the molecular labeling of antibodies allows a
greater number of cell markers to be probed in parallel.

This manuscript comprises data from a proof-of-concept study for integrating knowledge of
pMHC specificity with high-throughput retrieval of TCR sequences from single-cells. We
apply a large library of >100 DNA barcode-labeled MHC multimers to stain antigen-specific
T cells, and isolate all MHC multimer binding T cells by FACS. A droplet-based single-cell
methodology is applied on the isolated cells, which enables parallel capture of aTCR
transcripts and the MHC-associated DNA barcodes. This strategy required adjustment of the
DNA barcode design used previously and minor modifications of existing droplet-based
protocols; both to enable capture of the MHC-associated DNA barcodes along with the TCR
transcripts. The data shown is from a pilot study, whose purpose was to ensure that the new
DNA barcode design was amenable for capture in the single-cell platform, and that our
modification did not impede recovery of TCR sequences. Accordingly, we could extract TCR
sequences from 5,686 T cells (~40 % of injected cells), and for a small fraction of these (128
cells) we could extract paired information of pMHC specificity and TCR sequence, which
matched the expected characteristics from healthy donor blood or a MCPyV-responsive T cell
clone. This served to verify that our chosen strategy is feasible; however additional
improvements of the protocol are needed to reach a more efficient capture of DNA barcodes.
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/ Epilogue

The research projects presented in this thesis are all concerned with developing technologies that
enable us in describing T cell recognition more accurately. Through interrogation of T cell
recognition within individuals and across different immune-related diseases, this has the
potential for providing more comprehensive knowledge of how antigen-responsive T cells
influence disease etiology, affects the response to treatment, or how it may be harnessed
specifically (and individually) for disease interventions.

Identification of immunogenic targets. Existing technologies for probing antigen-specificity
are insufficient in terms of matching the diversity of T cell recognition, and hence limits our
ability to map individual T cell epitopes across diseases. Knowledge of the disease-associated
targets that induce an immune response are valuable for enhancing our ability to control viral
pathogenesis, tumor malignancies and auto-reactive cells, but is largely confined to model
antigens within these diseases. Efficient in silico tools for predicting the peptides that will be
presented by MHC are valuable for narrowing down the number of potential immunogenic
epitopes associated with a given disease (Jurtz et al., 2017; van Rooij et al., 2013), but only
describes a first prerequisite of an immunogenic pMHC, namely peptide presentation. Thus,
there is currently a great gap between the hundreds or thousands of potential immunogenic
peptides that may be predicted to bind MHC, and those relatively few that are most likely to
induce a potent immune response (Bjerregaard et al., 2017b). Hence, to broaden our current
understanding of immunogenicity, technologies are needed that enable unbiased analysis of the
range of immunogenic pMHCs in any given individual. The technology developed in paper |
has provided a leap in the number of T cell specificities that can be probed in parallel. In current
implementations of probing ~1,000 pMHC epitopes it is however still restricted in terms of
matching the diversity of T cell recognition, but does provide a first step towards broadly
identifying immunogenic pMHCs. This may contribute to novel understanding of features that
are important for inducing an effective T cell response. Such knowledge may in turn feed back
into prediction algorithms (Bjerregaard et al., 2017a; L.uksza et al., 2017), and for example assist
ongoing efforts to accurately identify the patient-specific neoepitopes that are most likely to
induce a potent anti-tumor immune response (Chowell et al., 2015; Strgnen et al., 2016; Yadav
et al., 2014). This is particularly valuable for the development of personalized neoepitope
vaccines (Carreno et al., 2015; Keskin et al., 2018; Ott et al., 2017; Sahin et al., 2017), which are
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restricted to include only a few different epitopes and therefore require precise identification of
the pMHCs that are most likely to be immunogenic.

The readout of the DNA barcode-based MHC multimer technology is conceptually
different from fluorescent-based analyses of antigen-specific T cells. This relates mostly to the
difference between assessing the total number of pMHC-TCR interactions, and assessing the
total number of pMHC interacting cells, as done in the barcode- and fluorescent-based
approaches respectively. Each type of readout provides a number of advantages and limitations
as touched upon in chapter 4. The greatest limitation of the bulk-derived barcode-based readout
is the lack of direct assessment of the frequencies of each antigen-specificity, and the lack of
visual conformation of a response. The latter set high requirements for data analyses and
demands effort and experience from users to confidently interpret the results. Yet, it seems that
the independence of a fluorescent signal offers the advantage of detection of more low-avidity
interacting T cells, since we can also recover DNA barcodes associated with MHC multimers
bound in such low numbers, on a per cell basis, that individual T cells would not be
distinguishable by flow cytometry alone. This is valuable for detection of self-reactive T cells of
interest in cancer or autoimmune diseases, and particularly important with the notion that many
responses are not detected with fluorescent-based MHC multimers (Rius et al., 2018).

An important characteristic of T cell detection technologies is the ability to detect low
frequent antigen-specific responses, which are common especially among cancer- and
autoreactive T cells, and in particular for CD4 T cells. Thus, several approaches that could
otherwise enable probing of an immense number of T cell specificities in parallel, has not seen
their potential due to low sensitivity for detecting disease-associated T cell responses (paper I1).
The DNA barcode-based MHC multimer technology enables detection of antigen-specific T cell
responses down to 0.005% of CD8 T cells when staining a total of two million cells. However,
we argue that one of the advantages of the technology relates to the sensitivity depending on
absolute rather than relative numbers of cells, and have therefore defined a minimum threshold
of approximately 20 cells to allow detection of a given antigen-specificity. This however, may
depend on the affinity of the interaction and the expression-level of the TCR. By increasing the
total number of cells included in the initial staining reaction, the number of T cells recognizing
any pMHC will increase correspondingly and thus lead to a greater overall sensitivity. The usage
of a greater number of cells is reasonable to propose, since the technology provides the
opportunity of screening many more pMHCs in parallel than what was previously possible, and
it therefore largely eliminate the need of splitting samples into several incubations. This is also
valuable for probing material of limited access, and enables screening of unmanipulated material
that will more accurately reflect the in vivo composition of T cell specificities (Andersen et al.,
2012b). By combining with functional and phenotypic analyses of the antigen-specific T cells,
this tool can thus provide insight to the breadth and the dynamics of T cell responses, across
individuals and diseases.
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To truly account for the dynamics of T cell responses, there is a need to also look into the naive
repertoire of antigen-specific T cells, since this could provide more extensive knowledge of
immunogenic pMHCs, and the levels or states of T cells needed to mount an antigen-specific
immune response. Therapeutic neoepitope vaccine strategies are particularly occupied with
precursor levels of cancer-specific T cells, since knowledge of these could help point to the
patient-specific peptides most likely of inducing immunogenicity. However, probing of the naive
repertoire set even greater requirements for the sensitivity and the extent of T cell interrogations,
and such comprehensive analyses are currently not feasible at the level of the individual patient.
We suggest that DNA barcode-labeled MHC multimers could provide an improved strategy for
analyzing the naive repertoire, with the specific advantages of a greater sensitivity (if enough
cells are probed), and the option of screening for many specificities in parallel. This would
require a pre-enrichment step of the T cells expressing naive markers and will moreover require
practical validation. If the expectations are met, it may assist ongoing efforts to interrogate the
naive repertoire of individuals (Egorov et al.,, 2018). There is evidence that tumor
immunogenicity may be underscored from looking only into tumor infiltrating lymphocytes of
patients, since a greater proportion of T cells from blood of multiple healthy donors have been
shown to directly recognize and respond to patient-specific neoepitopes (Strgnen et al., 2016).
Such investigations of healthy donor blood may thus provide a basis for identifying
immunogenic targets for neoepitope vaccines, or for isolating donor-derived cancer-specific
TCRs that could be used in transgenic adoptive T cell therapy. However, like any other cancer
vaccine or transgenic TCR therapy, this comes at risk of inducing auto-reactivity in patients by
breaking endogenous tolerance mechanisms through introduction of potent T cells that respond
to a target very similar to self. To accommodate this, Zhang and colleagues (Zhang et al., 2018b)
reported a straightforward approach to distinguish between the donor-derived TCRs that
recognize only neopeptides, and those that also cross-react with the wildtype peptides. Applying
DNA barcode-labeled MHC multimers they used one fluorescent label on all MHCs holding a
neopeptide and another fluorescent label on the corresponding wildtype peptide. T cells that
cross-recognized both types of peptides would thus stain in two colors. By single-cell sorting and
capturing the TCR transcripts associated with the single-color neoepitope-responsive T cells, the
TCRs with a lower risk of cross-recognizing wildtype peptides could be isolated, while the
simultaneously captured DNA barcode would inform on the exact antigen-specificities. A
completely analogous approach could be implemented using the DNA barcode-labeled MHC
multimer technology developed during this PhD. It would moreover be interesting to corroborate
the findings with a functional, phenotypic and transcriptomic readout of the individual T cells.
The TCRs identified with such methodology would still require comprehensive analysis of the
complete cross-recognition potential before seeing therapeutic uses, but the strategy provides a
clever first selection criterion of neoepitope-responsive TCRs intended for the clinic.
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Predicting TCR cross-reactivity. Turning to analyses of potential TCR binding degeneracy and
the associated cross-recognition potential of T cells, this thesis has provided a tool for systematic
and detailed investigation of TCR recognition patterns (paper I11). By identifying the essential
interaction-points of a TCR with pMHC, this knowledge can be applied to predict potential
cross-reactivity, which can inform on some general characteristics of polyclonal immunity. This
will be particular valuable for understanding the development, and maybe even the triggering
events leading to autoimmunity, which could most likely foster new therapeutic interventions. It
would however be exceptionally challenging to account for the whole available TCR repertoire
and the dynamic influences of existing T cell responses in each individual. Thus, in the context
of harnessing endogenous immunity, it is very difficult to predict final outcomes of potential
cross-reactivity. Contrarily, immunotherapeutic strategies of transgenic TCR transfer provides a
more narrow scope of the cross-reactivity analyses. These strategies provide a window for
controlling the dominating T cell population that expresses a known TCR. Thus, even though it
is still an enormous challenge, zooming in on only one or a few TCRs will enable a thorough
characterization of the molecular patterns or ‘hot-spots’ that will be decisive for any potential
off-target cross-recognition, which in turn will be valuable for evaluating TCRs prior to clinical
development. For clinical translation of the findings described in paper 111, all the interrogated
MCPyV-responsive TCRs could have potential in transgenic T cell strategies. The data provided
give an in-depth understanding of the recognition profile of specific oncovirus-targeting TCRs
restricted to three different HLAs, namely HLA-B0702, -A2402, or -A0201, and hence will
provide coverage for a large fraction of patients with MCC. Among the 12 HLA-A0201-
restricted TCRs tested, we discovered several TCRs that would potentially cross-recognize off-
target peptides that might also be naturally presented. These may therefore be excluded from
further clinical evaluation.

Knowing the landscape of the cross-recognized pMHCs of individual receptors has
proven particularly important for the in vitro affinity-optimized TCRs developed for clinical
applications. Due to the severe adverse effects observed with such genetically modified TCRs,
novel structure-guided approaches are concerned with the effect of modifying TCRs in a way
that finds an optimal TCR affinity-range (Hebeisen et al., 2013a; Slansky and Jordan, 2010;
Stone and Kranz, 2013; Zhong et al., 2013), and propose to incorporate changes that
simultaneously enhance and decrease the affinity of the pMHC-TCR interaction (Riley and
Baker, 2018). Basically, it is suggested that a TCR with optimal on-target(-only) affinity may be
generated by modifying the TCR in a way that promote a stronger binding to the peptide-part of
the TCR recognition motif, while decreasing the overall binding to MHC. Support of this theory
is slowly emerging (Hellman et al., 2018), and provides an increased motivation for describing
the molecular recognition patterns of a TCR to assist the process of “rational-design” of
genetically modified TCRs intended for the clinic. Moreover, knowledge of the molecular
interaction-points of TCRs can feed into developing in silico platforms, increasing our overall
capacity to understand TCR interactions and predict T cell cross-recognition.
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Predicting TCR targets. Together with continuously emerging techniques that enable
comprehensive interrogation of T cell immunology, the technologies developed in this thesis are
allowing us to get insight into the enormous complexity of T cell interactions. In particular any
links to the relationship between the TCR sequence and pMHC recognition, which is highly
anticipated, has proven difficult to predict because of the complex nature of these interactions.
Some progresses have been made in this area (Yu et al., 2015), but have so far focused on a few
frequently observed viral antigens, and the most advanced algorithms are currently able to
predict only the similarity among TCRs recognizing the same pMHC (Dash et al., 2017;
Glanville et al., 2017; Jurtz et al., 2018). Progress in describing such TCR recognition has
largely been impeded due to lack of technologies that can accommodate the simultaneous
identification of antigen-specificity and TCR sequence in a high-throughput format and across
multiple pMHC specificities. By tracing MHC multimer specificities with DNA barcodes we
have provided a high-complexity label that can be amplified and, in theory, sequenced along
with any transcriptomic information from cells. Thus, by implementing this in increasingly high-
throughput single-cell platforms, the technology provides the means of capturing large numbers
of paired TCRs together with DNA barcodes encoding the antigen-specificity (Zhang et al.,
2018b and Paper V). This provides the opportunity for generating a comprehensive data set of
full TCR sequences matched with information of cognate pMHC specificity, which in turn can
be fed into computational models. Combined with the improvements in technologies that enable
us in describing the TCR recognition pattern (Bentzen et al., 2018; Birnbaum et al., 2014;
Wooldridge et al., 2010), and structural knowledge of pMHC interactions (Fodor et al., 2018;
Reinherz et al., 1999), this may ultimately assist the prediction of specific pMHC-interactions
based on the TCR sequence (Gee et al., 2018a).

Integrated T cell profiling. By fully utilizing the molecular-encoded single-cell technologies in
combination with our DNA barcode-labeled MHC multimers, we will be able to further increase
the breadth of our T cell analyses through integration of full transcriptomic profiling of cells and
protein expression by use of DNA barcode-labeled antibodies (Peterson et al., 2017; Stoeckius et
al., 2017). Such analysis will simultaneously inform on 1) the pMHC specificitie(s) across a
large library of potential pMHC epitopes, 2) the paired TCR sequence, 3) the full transcriptomic
quantities, and 4) the broad proteomic phenotype of numerous, possibly 10,000s, of single T
cells profiled in parallel. It moreover offers the possibility of simultaneously performing the
same extensive phenotypic and transcriptomic analysis of non-MHC multimer binding cells (see
proposed workflow in Figure 8). Such extensive single-cell analyses will at one hand enable us
in describing T cell recognition at a complexity beginning to match the number of pMHCs of
interest in a given disease (especially if we can increase the complexity to the proposed 10,000-
100,000), and at the other hand enable an in-depth analysis of the functional, phenotypic or
exhaustion state of every single of the pMHC interacting and non-interacting immune cells. By
additionally capturing the sequence of the TCR, we will have the option of modeling the
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interaction and investigating the structural relationship between the TCR and the recognized
pMHC, and maybe uncover patterns decisive for the type of antigen recognized and the
concomitant type of response.

Tumor profiling Immune profiling
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Figure 8 | The workflow of the proposed integrated T cell profiling. Here applied in a cancer
setting where tumor profiling leads to the prediction of a large number of potential neoepitopes that
forms the basis of the MHC multimer part of the integrated analysis. Details of the full integrated
immune profiling are described in the main text.
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The analysis will still not be able to exhaustively capture information of all potentially cross-
recognized targets at a personal level, thus further investigations of the binding degeneracy of
the individual TCRs will be necessary. As these investigations become more thorough,
convenient, and in the future potentially also achievable in a high-throughput manner, there is
ample scope to develop more complete maps of the extended recognition-potential of TCR
repertoires. This will provide whole new opportunities for describing the relationships between
immune cells; how the dynamics of T cell responses may be affected by other immune cells,
which is indicated by dynamic changes of antigen-specificities after adoptive transfer of tumor
infiltrating lymphocytes (Zacharakis et al., 2018), or how T cell responses that target one
pathogen or malignancy might impact the response to several other antigens, potentially
providing protection against a completely different antigen or inducing an autoimmune reaction
(Ang et al., 2004; Rose, 2017), and finally how this may vary between individuals with each
their private repertoire and immunological history. Such extensive understanding of the
dynamics of T cell responses will enable the development of more personalized treatments,
which directly accounts for the individual’s endogenous ability to target a given disease-antigen,
and at the same time appropriately considers the personal risk of inducing an autoimmune
reaction.
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Paper |

Large-scale detection of antigen-specific T cells using
peptide-MHC-I multimers labeled with DNA barcodes
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Paper Il

Evolution of MHC-based technologies
used for detection of antigen-responsive T cells
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Paper 11




Paper Il

T cell receptor fingerprinting enables in-depth
characterization of the interactions governing
recognition of peptide-MHC complexes
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Paper IV

Interrogating T cell recognition by use of
DNA barcode-labeled peptide-MHC multimers

Manuscript in preparation. It is formatted with the intention of submitting to Nature Protocols.
Manuscript preparation is ongoing and is in the current form particularly lacking details on data
analyses.
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Paper V

Simultaneous identification of antigen-specificity
and T cell receptor sequence in single cells

The following research comprises early findings from a proof-of-concept study for developing a
high-throughput single-cell platform for simultaneous capture of pMHC specificity and TCR
sequence. The manuscript is a summary of current results from an ongoing study, and further
analyses will be included once the platform has been refined. Currently the manuscript
comprises data from a pilot study with details of the experimental setup and schematic figures
explaining the overall concept.
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Abbreviations

AIDS
APC

B

C

CAR
CDR
CMV
CPL

D

EBV
ELISPOT
FACS
FLU
HLA
HIV
HPV
IVTT

J

MCC
MCPyV
MHC

p

PE
Sample ID
TCR
UMI

Vv

acquired immunodeficiency disease
antigen presenting cell

biotin

constant

chimeric antigen receptor
complimentary-determining region
cytomegalovirus

combinatorial peptide library
diversity

Ebstein-Barr virus

enzyme-linked immunospot
fluorescence-activated cell sorting
influenza

Human Leukocyte Antigen

human immunodeficiency virus
human papilloma virus

in vitro transcription and translation
joining

Merkel cell carcinoma

Merkel cell polyomavirus

major histocompatibility complex
peptide

phycoerythin

DNA barcode denoting all molecules derived from one sample
T cell receptor

unique molecular identifier
variable
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