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Chapter 1

Introduction

1.1 T cell immunity

The adaptive immune system has developed versatile response mechanisms against
the different life styles of pathogens. Lymphocytes can recognize defined structures
(antigens) of infectious agents, which in most cases results in their elimination and
life long protection against reinfection. Antibodies produced by B cells bind free
antigen and therefore primarily target extracellular pathogens and their toxic prod-
ucts. In contrast, antigens of intracellular pathogens or tumor cells have to be
processed and presented in the context of MHC molecules to be recognized by the
antigen receptor of T cells, called T cell receptor (TCR). The effector mechanisms
how T cells combat infected or abnormal cells and the interaction between the TCR
and its ligand will be elucidated in the next sections [1].

1.1.1 Cytotoxic T cells

T cells of the cellular immune system can be distinguished by the expression of the
cell surface molecules CD4 and CD8. CD4™ T cells, also called T helper cells, acti-
vate macrophages (Thl cells) or B cells (Th2 cells) that present the cognate antigen
on MHC II molecules and enable these cells to fight the infection. Besides Th1l and
Th2 cells, a third subset of T helper cells producing IL-17 has been recently discov-
ered. This so-called Th17 cells exhibit effector functions distinct from Thl and Th2
cells and are therefore believed to clear pathogens that are insufficiently handled by
Thl and Th2 cells. In addition, Th17 cells are potent inducers of tissue inflamma-
tion and could be shown to be involved in many experimental autoimmune diseases
and human inflammatory conditions [2]. The control of intracellular pathogens or
tumors on the other hand depends on the direct interaction of CD8™ T cells and the
cells presenting the antigen on their surface. Upon antigen encounter, naive CD8"
T cells proliferate and differentiate into effector cells, so-called cytotoxic T cells [1].
At the contact area between the CD8" T cells and the target cell, cell surface
molecules of T cell and antigen presenting cells are recruited into a highly organized
interface, the immunological synapse. Thereby, the surface receptors segregate
into three concentric compartments, the central, peripheral and distal supramolecu-
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Figure 1.1: Composition of the immunological synapse: The schematic Z-section
of the CTL-target cell contact area is shown in a lateral view (upper panel) and as top

view with illustration of the ring-like assembly of the participating molecules (lower panel).
Modified from [4]

lar activation complexes (SMACs)[3]. In the distal SMAC occurs actin accumulation
and in the peripheral SMAC the binding between the antigen non specific adhesion
molecules leukocyte function associated antigen 1 (LFA-1) on the T cell and the in-
tracellular adhesion molecule (ICAM) on the target cell (Figure 1.1). However, the
main site of TCR signaling is believed to be located in the central SMAC (¢cSMAC),
as there TCRs and TCR associated signaling proteins including TCR(, Lck, Zap-70
and PKC# are enriched [4].

After signaling has occurred, polarization of the actin and microtubule cytoskele-
ton towards the synapse is a crucial step for cytotoxicity, as the release of effector
molecules is focused at the site of contact with the target cell. The polarization
is initialized by local reorganization of the actin cytoskeleton at the site of con-
tact, which in turn causes the reorientation of the microtubule organizing center
(MTOC) and of the Golgi apparatus (GA). Lytic granules derived from the GA mi-
grate specifically towards the MTOC, which always contacts the plasma membrane
at the cSMAC. Forming a secretory domain, the cytotoxic effector molecules con-
tained in the granules are subsequently released at the plasma membrane, initiating
the so called ”lethal hit”[5, 6].
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One of these cytotoxic effector molecules is perforin, which polymerizes in the mem-
brane of the target cell to form pores. Water and salts can pass trough these pores,
leading to osmotic lysis of the cell. However, for effective cell killing, another class of
cytotoxic proteins called granzymes is necessary. The granzymes belong to the fam-
ily of serine proteases and enter the target cell through the pores built by perforin
and induce apoptosis of the cell. Besides perforine-mediated cytotoxicity, a perforine
independent mechanism of T cell cytotoxicity exists. For example, the transmem-
brane receptor Fas-ligand (CD95L) that is also released from lytic granules, leads to
the induction of apoptosis by binding to Fas (CD95) on the target cell [1, 6].

Also the release of cytokines by cytotoxic T cells contributes to host defense. Inter-
ferony (IFN+) inhibits viral replication and acitvates other immune cells like macro-
phages and recruits them to the site of infection. Tumor necrosis factors o and
(TNFa and TNFS) act in synergy with IFN+ to activate macrophages or to kill cells
by binding to the surface receptor TNFR-I [1].

After elimination of a pathogen, most of the effector T cells rapidly die to prevent
an overload of the immune system with a mass of "useless” cells. However, a small
proportion of the T cells survives to become long-lived memory T cells that persists
in the absence of antigen. In case of a secondary infection, memory T cells are
immediately activated after antigen encounter followed by a rapid proliferation of
specific T cells, resulting in protection against new expansion of the pathogen [7, §8].
Two subsets of memory T cells that can be distinguished by expression of different
surface markers have been reported [9]. Central memory T cells (Tcy) show a high
expression for the lymphoid homing receptors CCR7 and CD62L, whereas effector
memory T cells (Tgy) show only a low expression of both receptors. Tcy are
believed to be crucial for the long-lasting protective immunity, as they demonstrate
a high proliferation potential after reinfection. However, the transition of Tcwm
into effector cells is often not quickly enough to confer protection, especially after
infection with rapidly proliferating pathogens like Listeria monocytogenes [10, 11].
Hence, for immediate protective capacity against rapidly proliferating pathogens,
Trwm have to be present in sufficient number at the site of infection [12, 13]. To answer
the question, if the different T cell memory subsets have a common progenitor or
developed independently, a single, naive antigen-specific CD8™ T cell was transferred
into a mouse followed by microbial challenge [14]. This led to clonal expansion and
development of both effector and central memory T cell subsets, revealing the single
naive T cell as common progenitor.

In summary, cytotoxic T cells recognize infected or abnormal cells specifically and
are able to kill them efficiently and directed without causing damage to non infected
cells. Persisting memory T cells are able to confer protection after re-challenge with
the same pathogen. However, prerequisite for the effector functions is the successful
binding of the T cell receptor to its ligand, the peptide loaded MHC complex.

1.1.2 TCR ligand interaction

The question how T cells recognize antigens and participate in the immune response
had been basis for different theories and discussions in the history of immunological
discoveries. After it had been shown that cells derived from the thymus, called
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T cells, raised the efficiency of B cells in producing antibodies, T cells were thought
to act in cell cooperation with B cells, recognizing one determinant of the antigen
and then helping B cells to develop antibodies against a second determinant of the
same molecule [15, 16]. However, this left the role of the major histocompatibility
complex (MHC) unexplained, which was identified to be responsible for immune
reactions against grafts or tumors. In addition, experiments revealed that T cells
recognized antigens that were associated with cells rather than soluble [17]. The
break-trough in the understanding of T cell antigen recognition came along with
cell lysis experiments by Zinkernagel and Doherty in 1974. They found that T cells
were only able to lyse infected cells in vitro, if the T cells and the target cells shared
at least on set of H-2 antigenic specificities. This led them to the conclusion that
T cells had to recognize both the antigen and the MHC molecule because probably
"only in this situation, the necessary intimacy of contact” was achieved [18]. If two
different T cell antigen receptors were involved in the recognition or if one single
receptor bound both the antigen and the MHC was clarified with a dual TCR T cell
hybrid experiment in 1981. T cells bearing two TCRs, specific for two different
combinations of antigen (antigen a + MHC A and antigen b + MHC B) were not
able to react with the mixed combinations (antigen a + MHC B and antigen b +
MHC A), which showed that a single TCR had to react to a specific combination
of antigen and MHC [19]. Since the first crystal structure of a TCR in 1996 was
published, the architecture of TCR and MHC and their molecular interaction have
been explored in detail.

1.1.2.1 TCR structure

Years before the first crystal structures, sequence analyses predicted that the TCR
would resemble a membrane bound Fab-fragment of an antibody molecule [20, 21].
X-ray cystallographic analyses then confirmed that the structure of a TCR and a
Fab-fragment share several common features [22, 23]. The TCR consists of two dif-
ferent transmembrane polypeptide chains, the T cell receptor a@ (TCRa) and the
T cell receptor 5 (TCRf) chain, linked by a disulfide bond. Both chains contain
a variable (V) region and a constant (C) region, which show homology to the im-
munoglobulin V and C domain respectively (Figure 1.2). One motif, however, in the
C region of the TCR« chain, shows unusual folding. Instead of the (3 sheet sand-
wich contained in antibodies or the Cp region, where a disulfide bond connects two (8
sheets, the disulfide bond in the TCRa chain creates a helical structure, unlike that
of any other immunoglobuline like domain. Adjacent to the C region follows a short
hinge region that contains a cysteine residue to form the disulfide bond between «
and (8 chain. Finally, each chain spans the lipid bilayer by a hydrophobic transmem-
brane region that ends in a short cytoplasmic tail [1]. Unusually, positively charged
aminoacids are contained in the transmembrane region that serve to interact with
the transmembrane regions of the invariant signaling chains CD3 and £ to form the
TCR complex [24].

The V regions of the o and f chain pair similarly to antibodies and form a region
with high variability between different TCRs. Each chain contains three hypervari-
able loops, called complementarity-determining-regions (CDRs) which are located
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Figure 1.2: Structure of the aT cell receptor:(a) Schematic illustration of the different
TCR domains and (b) crystal structure of an aST cell receptor resolved at 2.5A. CDR loops
are indicated by the numbers 1-3. (Modified from [1])

on a relatively flat top and form the antigen binding site. Diversity of the TCR
repertoire is generated by somatic recombination of multiple gene segments for the
o and S chain during maturation of a T cell. CDR1 and CDR2 of the human « and
B chain are encoded by 42 Va and 46 V3 genes, the CDR3 is assembled after the
joining of V- and J- gene segments in case of the a chain and after the joining of V-,
D- and J-gene segments in case of the 8 chain. Beside the combination of different
gene segments, the diversity is enhanced by the insertion of P- and N- nucleotides in
the joining reactions. Thereby, the CDR3 region exhibits the highest diversity. This
is in line with the structural models that propose the binding of the highly variable
CDR3 to the (also highly variable) peptide, and the binding of the less variable
CDRI1 und CDR2 to the relatively less variable MHC molecule [20, 21, 25, 26].

1.1.2.2 MHC structure

The major histocompatibility complex (MHC) was originally identified in mice as
the locus responsible for the acceptance or the rejection of transplants. It was shown
in inbred strains of mice that differences in a single gene locus caused the rapid re-
jection of skin grafts, leading to the term ”histocompatibility genes”. Several closely
linked and highly polymorphic genes turned out to be the main determinant for his-
tocompatibility and are summarized in the term major histocompatibility complex
[1]. Two classes of MHCs can be distinguished that are expressed on different cell
types and bind different types of peptides.



1.1. T CELL IMMUNITY 6

MHC class I molecules are expressed on all body cells and present peptides from
proteins degraded in the cytosol to CD8" T cells. The foreign cytosolic proteins orig-
inate from intracellular bacteria or viruses, and recognition of the peptide loaded
MHC results in killing of the infected cell [27, 28]. MHC class II molecules are
expressed on a more limited subset of cells, mainly antigen presenting cells that
interact with CD4™ T cells. In contrast to MHC I molecules, they bind peptides
derived from extracellular antigens that were e.g. engulfed by macrophages. The
recognition by CD4" T cells results amongst others in the activation of B cells and
macrophages [28]. Besides the described classical MHC molecules, which show a
highly polymorphic distribution, there are also nonclassical MHCs with little poly-
morphic variation. As the focus of this PhD work is on cytotoxic T cells, the next
paragraphs will only describe the structure of MHC I molecules.

The human MHC I molecule consists of a transmembrane heavy chain glycoprotein
of about 44kD, a soluble protein of 16kD, called the S-microglobulin (2m), and
a peptide of 8-10 residues derived from cytosolic proteins. The binding site for the
antigenic peptide consists of two « helices, the al and a2 domain, in the heavy chain,
building a solvent exposed groove [29]. The a3 domain is located beneath the al and
a2 and connects the heavy chain to the plasma membrane via its transmembrane
region [27]. The association of the Som to the MHC occurs via noncovalent bindings
to the heavy chain. It could be shown that the binding of the peptide to the binding
groove is important to maintain the MHC I molecule stably assembled [30, 31], which
is an essential requirement for the recognition by the specific TCR.

1.1.2.3 Molecular interaction of TCR and pMHC

The interaction between a TCR and its cognate pMHC ligand is crucial for different
kinds of cell-cell encounters. As already discussed, the binding of TCR to pMHC
is an important step for the initialization of T cell effector functions. Furthermore,
TCR/pMHC interaction determines the TCR repertoire during T cell development
in the thymus by positive and negative selection. In the periphery, TCR pMHC
contacts are required to maintain T cell survival. Crystallographic studies revealed
the precise structure of the TCR/peptide/MHC complex and elucidated e.g. the
principles of viral antigen recognition, agonist and antagonist ligand recognition and
mechanism of alloreactivity in graft rejection[32]. After the first crystal structure of
an o TCR with its cognate pMHC ligand in 1996, a sizable database of class I and
class II TCR/pMHC complexes could be generated [33].

The TCR/pMHC orientation of different TCRs bound to pMHC I or pMHC 11
show slight variations, with the TCR positioned over the pMHC surface in an angle
between 45° and 80° [32]. Differences in orientation depend on global parameters
like the twist, tilt and shift of the TCR over the pMHC surface [34], the different
angles between the Va and the VB domains and the conformation and length of
the CDR loops. However, there is a common docking mode for both murine and
human TCR/pMHC complexes. The Va domain of the TCR is always located
closer to the N-terminal end of the antigenic peptide, whereas the V5 domain is
closer to the C-term of the peptide. This results in a diagonal orientation of the
TCR over the pMHC surface. The diagonal orientation serves apparently to generate
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distance to the N-terminal regions of the antiparallel ahelices of the MHC, which
represent the highest point of the pMHC surface. As the TCR surface is relatively
flat, binding between these highpoints of the MHC « helices allows for a large
interface between TCR and pMHC [23, 28]. The hypothetical structure of the af
TCR/pMHC/CD3ed/CD3ey/CD8 complex is illustrated in Figure 1.3. The CDR2
regions of the TCR « and 3 chains only contact the MHC molecule, while the CDR1
and CDR3 loops bind both to the MHC molecule and the peptide. As the CDR3
loop shows the highest variability (s.1.1.2.1), it was already suspected to bind to the
most variable part of the pMHC complex, the antigenic peptide. Later this could be
verified for the most structures where the centrally located CDR3 loop dominates
the interaction with the pMHC complex.

Even if there is a known TCR footprint on the pMHC surface, it is not possible
to predict, which aminoacids of the pMHC complex are actually contacted. From
the crystal structures of TCR/pMHC complexes, 31 aminoacids are known to be
potential binding partners. However, only about half of them are actually involved
in the interaction in each single complex, and this pattern is changed to only one
common amino acid even in contacts between the same pMHC molecule and different
TCRs [23, 35]. This effect is caused by differences in orientation of the TCR towards
the pMHC complex (see paragraph above). To predict these global parameters or
the details of binding based on the sequences of the TCR and the pMHC complex is
not possible at present, although common features have been found between different
structures [36, 37].

The apparent paradox that MHC complexes contain conserved residues but the bind-
ing of the TCRs is not conserved led to the development of different hypotheses. The
theory of a combinatoral mechanism suggests that different TCRs contact differ-
ent subsets of MHCs, as there are many different conserved MHC residues and many
different genes encoding for TCRs [32]. However, even TCR with identical CDR1
and CDR2 loops were shown to interact differently with MHC molecules [22, 34, 35].
An alternative theory proposes that a selection of signaling competent TCRs
occurred in the coevolution of TCRs and MHCs. Any binding mode necessary to ini-
tiate signaling would be preserved, independent of the amino acid sequence. Huseby
et al. showed that TCRs have to interact with certain ’hot spots’ of TCR binding
on the MHC side chains to escape negative selection in the thymus. Furthermore,
some pMHC residues contributed to TCR specificity, even when the side chain did
not contribute to binding affinity. These ’interruptive side chains’ give a hint why
TCRs preferentially bind a subset of amino acids in a given pMHC position [38].
The recognition of foreign antigen by the TCR is limited to about one-third
of the whole peptide, as the other parts of the MHC bound peptide are buried
and not accessible for TCR binding. In some cases, the TCR contacts the peptide
side chain over a relatively flat surface. In other cases, residues of the peptide are
surrounded by a a central cavity in the TCR built by the CDR3 loops of the Va
and the Vj chains [39]. As the number of contacts between TCR and antigenic
peptides is limited, crossreactivity could occur by the binding of one identical
TCR to different peptides bound to the same MHC. The effect on the outcome
of the signaling was tested with altered peptide ligands (APL), i.e. peptides with
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single amino acid substitutions. It could be shown that minor changes in the peptide
sequence, even in amino acids not directly involved in TCR binding, could turn a
strong agonist pMHC ligand into a weak agonistic or even an antagonistic ligand
[40]. Minor structural changes in the TCR/peptide interface, also termed induced
fit, could be observed in structural studies of three TCR/APL/MHC complexes [41].
These changes had no effect on the outer surface of the TCR, and the magnitude of
the structural refitting and the signaling outcome could not be correlated [42]. These
results are in line with suggestions that the tightness and duration of TCR. binding
and not different conformations in the TCR/pMHC complexes are responsible for
different signaling outcome [43].

As mentioned at the beginning of this section, grafted cells expressing foreign MHC
molecules are quickly rejected by the immune system. This reactions is executed by
alloreactive T cells, i.e. T cells recognizing foreign MHCs. Remarkably, up to 10%
of peripheral T cells take part in such an alloreaction, an impressive amount com-
pared to about 1% of peripheral T cell responding normally to viral challenge [44].
Two models have been proposed to explain this high reactivity. One explanation
is that the TCR binds in an alloreaction mainly to the polymorphic and conserved
residues of the allo-MHC molecule. An alternative model suggests that many new
self-peptide MHC ligands are generated, as the allo-MHC is able to bind new con-
stellations of self peptides. Because the allo-MHCs is not present during thymic
selection, T cells would not have been eliminated by negative selection against these
new complexes. Crystal structures of TCRs bound to allo MHCs showed that the
TCR binds both to the peptide and to the MHC complex and thus favor the sec-
ond model [45]. Also other models support the conclusion that the principle of
allo-recognition is similar to other TCR reaction, and the higher frequency of re-
cruited T cells is just caused by the generation of novel peptide/allo-MHC complexes
(36, 46].

1.1.2.4 Assembly of the TCR complex

Beside the interaction between TCR and its cognate pMHC ligand, several further
interactions take place to assemble the immunological synapse (s. chapter 1.1.1).
Thereby, a signaling competent complex is initialized by the interaction of TCRs, its
coreceptors CD4 or CD8 and additional signaling molecules like CD3. The following
section will summarize our current knowledge on the role of CD3 and CDS8 in the
TCR-ligand interaction of CD8" T cells.

The TCR is able to recognize and bind its pMHC ligand, but cannot signal to the
cell. To achieve signal transduction, the a8 TCR chains are associated with six
accessory chains, called the CD3 signaling module. The subunits §, ¢, v and
¢ are non covalently associated to form the (¢ homodimer and the heterodimers
CD3ed and CD3ey [33, 47, 48]. Each CD3 chain contains one, each ¢ chain three
ITAMs (immunoreceptor tyrosine-based activation motifs), that serve for the intra-
cellular signal transduction [1]. Conformational changes in the CD3e subunit are
assumed to be critical for early TCR signaling events [49]. Furthermore, normal
development of the a8 TCR and its stable expression on the cell surface depend
on the presence of CD3 components [50, 51]. The hypothetical structure of the a3
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Figure 1.3: Hypothetical TCR/pMHC/CD3¢cj/CD3ey/CD8 complex: The
TCR/pMHC-CD8a« and putative CD8af3 interaction is modeled by superimposing two
structures, the HLA-A2/CD8a« complex and the TCR A6/HLA-A2/Tax P6A complex on
their MHC residues 1180, with TCR (green), MHC (darkblue), peptide (red ) and CD8
(yellow and orange). The CD3 €§ (pink and blue) and CD3ey (gold and blue) are shown
docked at the top of the figure, with the common e-chains colored in blue. Lines are drawn
in to depict tethers connecting the different subunits to the TCR cell membrane (top, green)
or the antigen-presenting cell membrane (brown, bottom). (Modified from [33])

TCR/pMHC/CD3ed/CD3ey/CD8 complex is illustrated in Figure 1.3.

The interaction of the CD8 coreceptor with the pMHC complex is a critical step
for the development and function of cytotoxic T cells. Cell surface expressed CD8
is either assembled as the homodimer CD8a« or the heterodimer CD8af3 [52, 53].
Crystal structures of CD8aa with pMHC complexes revealed the binding of the
CD8 homodimer to the ag domain of the MHC molecule in an antibody-like fashion
[54, 55]. The determination of a crystal structure of the CD8«af heterodimer turned
out to be more difficult [33]. The Ig-like domains of mouse CD8a« and CD8a/f3
are similar in size, shape and electrostatical potential of their pMHC I binding
regions, suggesting a similar interaction of both CD8 variants with pMHC I [56, 57].
However, despite the structural similarity, CD8a«a and CD8«f show remarkable
differences concerning tissue distribution, ligand specificity and efficiency of antigen
presentation [58, 59]. CD8aa shows a broad expression, including a3 TCR* and
~v8 TCR' intestinal lymphocytes, natural killer cells and dendritic cells, whereas
CD8af is mainly expressed on the surface of a3 TCR™T T cells and can be considered
as the true a5 TCR coreceptor [33, 56]. The enhancing effect of CD8a/3 to early
T cell acitivation is mediated by different mechanisms [60, 61]: (1) CD8«ag localizes
the TCR to membrane domains that are believed to be privileged site for TCR signal
transduction [62], (2) it recruits essential signaling molecules to the intracellular site
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of the TCR/CD3/( complex [63, 64] and (3) it stabilizes the TCR-pMHC interaction
at the cell surface approximately tenfold [65-67]. Furthermore, CD8 was shown to
influence both the on-rate (kon)and the off-rate (kog) of TCR-pMHC binding [68—
70]. Studies demonstated that those kinetic parameters determine the consequences
of antigen engagement on the functional level [71-73], also termed T cell avidity.

1.2 T cell avidity

As summarized in the previous sections, CD8" T cells recognize their targets specif-
ically by binding with the TCR to their cognate pMHC ligand. An intracellular
signaling cascade is initialized, leading to effector functions of the T cells. Thus,
CDS8™ T cells play a crucial role in clearing viral infections or combating malignant
cells. But not only the quantity of specific T cells seems to be important. A growing
number of studies supports the assumption that the quality of the CD8' T cells
plays a decisive role for the efficacy of the T cell response [74-78].

1.2.1 Definition

The quality of a T cell is often described as T cell avidity, which can be defined as the
efficiency how a T cell reacts to antigen encounter. The avidity is mostly measured
by determining the amount of peptide ligand required to induce T cell proliferation
or effector functions. Thereby, T cells that recognize target cells presenting low
amount of peptide are termed high avidity, T cell responding only to high amounts
of peptide are termed low avidity T cells [79]. The knowledge of the different pep-
tide sensitivity has changed the way to elicit and expand cytotoxic T cells: before,
increasing amounts of peptide were used to yield stronger CTL responses. But these
strong responses relied mainly on the activation of large numbers of peptide-specific
T cells [80]. After it could be shown that not only the number but also the quality of
the induced T cells played an important role for the efficiency of the CTL response,
the differential sensitivity of T cells to peptide ligand has been used to expand cells
of defined avidity in vitro [74, 81]. A greater efficacy of high avidity T cells has been
shown ever since both in viral [74, 82, 83] and in tumor systems [77, 84].

1.2.2 T cell avidity and tolerance

While highly reactive T cells are believed to be beneficial for immune responses
against pathogens or malignant cells, they can become harmful when recognizing
components of the host, leading to severe tissue damage and autoimmunity. To
prevent this, several mechanisms have evolved to induce T cell tolerance to body
tissue.

1.2.2.1 Central tolerance

The development of a8 T cells relies on the interaction with self-MHC molecules
in the thymus. Self-antigen MHC complexes are presented by bone marrow derived
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Figure 1.4: Selection of mature T cells from thymocytes: CD4TCD8*' double pos-
itive (DP) thymocytes expressing a TCR with high affinity for self-peptideMHC ligands
undergo apoptosis (negative selection), DP cells recoginzing self-peptideMHC ligands with
low affinity differentiate into CD4% or CD8" single positive (SP) thymocytes (positive se-
lection). The repertoire of peripheral T cells that has survived both positive and negative
selection is both self-MHC restricted and self-tolerant [86].

antigen presenting dendritic cells (DC). Those cells are able to present both en-
dogenously and exogenously expressed antigens on their surface, using a mechanism
called cross-presentation to aquire antigens from phagocytic compartments [85]. In
addition to DCs, also thymic epithelial cells (TECs) play an important role in pre-
senting antigen in the thymus. TECs express the autoimmune regulator (AIRE)
gene, which enables them to synthesize and express many peripheral tissue antigens
that would otherwise not be available in the thymus [86, 87].

In the so-called positive selection, thymocytes have to recognize antigens bound to
self-MHC molecules to ensure that these cells will be able to mount an immune
response. This interaction both rescues thymocytes from apoptosis and induces
their differentiation into mature T cells [1]. In a further step, called clonal deletion,
T cells with self-reactive receptors have to be eliminated to prevent the maturation
of autoreactive T cells (negative selection) (Figure 1.4) [88-90]. These two pathways
of sel-MHC restriction and self-tolerance are both initiated by the engagement of
the TCR with MHC:self:peptide complexes, but lead to totally different outcomes.
How can these superficially similar events be distinguished?

Two hypothesis have been proposed to explain these differences [1]: in the qual-
itative signaling hypothesis, the nature of the signal delivered by the TCR is
decisive. Positive and negative selection are induced by different pMHC complexes,
leading to qualitative different signals evoked by conformational or spatial changes in
the TCR or modulation of the signal transduction by associated molecules [91, 92].
In contrast, the avidity hypothesis claims that the outcome of pMHC binding by
the TCR is dependent on the strength of the signal delivered by the receptor and
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coreceptor. This binding strength in turn depends on the affinity of the TCR to the
pMHC complex and the density of the complex on thymic cortical epithelial cells
[1]. A weak signal will rescue the thymocyte from apoptosis and positively select
it, a strong signal accordingly to apoptosis and thus negative selection. It could be
shown that very small differences in the affinity of the TCR to the presented pMHC
are sufficient to alter the fate of the developing thymocyte [93]. Affinity models
for signal transduction are e.g. the kinetic proofreading [94] and the discrimination
model [72]. In these models, small differences in affinity are able to induce large
differences in outcome due to the complexity of the signaling process [94] or the
ratio of complete (positive) to incomplete (negative) signals [72].

1.2.2.2 Peripheral tolerance

Central tolerance mechanisms lead to the elimination of T cells that recognize self
pMHC complexes with high avidity. But for several reasons, additional tolerance
mechanisms in the periphery are necessary to fully prevent autoimmunity. First,
immune responses to harmless environmental antigens that are acquired over the
diet or the environment have to be avoided [95]. Second, central tolerance is not
complete, as not all antigens are expressed by the activity of AIRE in the thymus.
And third, T cells that recognize self pMHC complexes with low avidity are not
depleted by negative selection and should remain ignorant in the periphery [96].
Changes in the stimulatory milieu, however, can stimulate those T cells and break
their ignorance [97]. The induction of tolerance to potentially autoreactive T cells
depends on different mechanisms: the suppression by regulatory T cells (Tyeg), the
activation status of antigen-presenting DCs and the persistence of antigen [87, 98].
Naturally occurring Tyees were shown to express beside CD4 the high-affinity IL-2
receptor « chain (CD25), as their growth and survival is strictly dependent on the
presence of IL-2. CD47CD25" Tiegs develop in the thymus and show a diverse TCR
repertoire. During thymic selection, the development of CD4TCD25% Thegs requires
a higher avidity interaction of their TCR with self pMHC molecules expressed on
cortial epithelial cell than required for normal positive selection. This led to the
suggestion that low avidity interaction in the thymus would lead to T cell survival,
high avidity interactions to negative selection and intermediate interactions to the
development of regulatory T cells [99]. Tyegs are suggested to act over the secretion
of cytokines, including TGF-8 and IL-10, and over direct cell-cell-contact. Thereby,
Tregs act on T cells that bind with high avidity to pMHCs on the same APC as the
Treg [100-102]. Finally, it could be shown that T,e.s are also able to modify APC
function and make them unable to activate T cells [103].

Dendritic cells acquire antigen in the periphery and present it subsequently to T cells
circulating in secondary lymphoid organs. T cells with high avidity for the presented
antigen can be thereby activated. In the absence of pathogens, however, DC express
only low levels of costimulatory molecules like B7.1 or B7.2, which interact with
CD28 on T cells [104, 105]. High avidity recognition of Ag by T cells without
the costimulation through CD28 results only in a short proliferation period and
diminished effector functions [106, 107]. In the end, T cell tolerance is induced
either by deletion or anergy of the T cell.



1.2. T CELL AVIDITY 13

Potency of TCR/pMHC interactions Density of pMHC Duration of T cell-APC contacts

pMHC
5 = =
; : T A
. e = I =
r .,
TCR /; I
\ (T cell
-
+ Affinity of TCR/pMHC interactions + Antigen dose/concentration * Stability and number of T-APC interactions
+ Half-life of TCR/pMHC interactions + Affinity of peptide for MHC + Antigen persistence

Figure 1.5: Variables influencing the strength of TCR activation: Several parame-
ters contribute to the strength of TCR stimulation: biochemical parameters of TCR-pMHC
interactions, such as affinity and t; /o, density of pMHC ligand, and temporal components,
including duration of T cell-APC interactions and Ag persistence [116].

1.2.3 T cell avidity in immune responses

To undergo positive selection in the thymus, the TCR has to bind to a MHC com-
plex with sufficient affinity. In the periphery, the T cell is activated by recognition
of an antigenic pMHC by the TCR and an immune response is elicited. This demon-
strates that the TCR-ligand binding is different from the common scheme of most
protein-protein interactions, as a single TCR can bind to many different ligands
[108]. Variants of antigenic peptide/MHC ligands can induce drastically different
T cell responses, which leads to the classification of those ligands as TCR partial
agonistis or antagonists [109-111]. In most of the cases, the spectrum of biological
and clinical processes is correlated with the binding strength between the TCR and
the cognate pMHC ligand. Thereby, a ligand with a higher affinity to the TCR is
superior in inducing immune responses [112, 113]. The next sections will summarize
our current knowledge on the impact of T cell avidity on different aspects of the
T cell response.

1.2.3.1 T cell activation and recruitment

Whether TCR-pMHC interaction leads to complete T cell activation seems to be
strongly dependent on the affinity of the ligand to the TCR. As already mentioned in
section 1.2.2.1, the kinetic proofreading and the kinetic discrimination model try to
explain how subtle differences in TCR-ligand affinities can lead to different outcomes.
They refer to the duration of TCR-ligand interaction that is necessary for a T cell
to commit to complete activation events [72, 94, 109, 114, 115]. Several factors that
influence the strength of TCR-pMHC interaction are illustrated in Figure 1.5.

According to those kinetic models, ligands exhibiting low affinity for the TCR, and
thereby fast off-rates of the TCR, would only be able to provoke early T cell acti-
vation events, but would not allow the T cell to commit to later activation events.
Hence, low avidity TCR-ligand interactions would only lead to an incomplete T cell
response or even totally inhibit it. A longer TCR interaction, however, would pro-
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mote a complete T cell activation and thereby a successful T cell response. The basic
concept of this assumption is that a minimum time is required for the formation of
fully functional signaling complexes, which could allow the T cell to discriminate
between low and high affinity ligands.

Several studies have examined the differences in early activation events in detail
[116]. One way to monitor early T cell activation is to measure the concentration
of intracellular Ca?* after TCR-ligand interaction. If this interaction is relatively
short, the increase in Ca?* concentration is delayed [117]. In a more detailed study
with tumor-reactive T cells, interaction with high affinity ligands induced continuous
Ca?* efflux and complete usage of the Ca?* stored in the endoplasmatic reticulum.
However, low affinity TCR-ligand interaction resulted in oscillating Ca?* efflux and
only partial emptying of the stored Ca?* [118]. Also the recruitment of CD3( to
the immunological synapse is an indicator for early T cell activation. This recruit-
ment was shown to be delayed after shorter TCR-ligand interaction. However, if
the synapse was observed over a longer time period, similar levels of CD3( were
accumulated [119]. Also other studies indicate that weak pMHC ligands interaction
lead to delayed but often comparable response if enough time was given [116, 120].
in vivo studies with different pathogen doses revealed how the differences in T cell
activation affect the recruitment of T cell clones with different avidities to the im-
mune response. During the early stage of the immune response, the TCR diversity
of the activated T cells was comparable to the naive repertoire [121, 122]. However,
at the peak of the immune response, the TCR repertoire shifted towards higher
affinity clones [121]. Confirming these findings, further data could show that low
affinity TCR-ligand interactions results in early T cell activation in vivo, but undergo
premature contraction [120]. In addition, Busch and Pamer showed in the Listeria
monocytogenes infection model that the functional avidity of antigen-specific T cells
was higher in a secondary infection compared to primary infection. This effect was
correlated with a focusing of the T cell repertoire to higher affinity TCRs in the sec-
ondary infection [123]. Taken together, these studies suggest that immune system
maximizes its reactivity to invading pathogens by favoring the complete recruitment
of high affinity T cell clones. Remarkably, this participation of high affinity clones
was highly efficient even at low pathogen doses [124].

1.2.3.2 Peptide specificity

To result in any T cell activation (complete or incomplete), the TCR-pMHC interac-
tion has to achieve a minimum threshold for TCR binding. The peptide specificity
of a TCR can strongly influence the outcome of this interaction, as minor changes
in the peptide sequence could lower the binding affinity and result in an interaction
energy below the minimum threshold [108, 125]. In this context, T cells with low
affinity TCRs seem to be more specific, as minor alterations in the peptide sequence
could result in complete loss of T cell activation. T cells with higher affinity TCRs,
however, would be able to get activated even after stronger reduction of the inter-
action energy and therefore tolerate more changes in the peptide sequence. Hence,
high affinity TCRs show a reduced peptide specificity [126]. In primary immune
responses, the low affinity TCRs show the advantage to be very peptide specific,
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but are not able to recognize and eliminate peptide variant arising e.g. after virus
mutations. After immunization, an increase of the overall T cell avidity can be ob-
served, which could provide the immune system with the ability to react to peptide
variants [126-128].

1.2.3.3 Protection

As discussed, high avidity T cells are more efficient in activating T cells and initiating
immune responses. Several studies could show that this ability directly affects the
capacity of the T cells to confer protection against viral infections [74, 83] or tumors
[77, 84]. Thereby, high avidity CTL turned out to be much more effective in reducing
viral load than the same number of low avidity CTLs, even though both were able to
recognize the target [74]. Low avidity CTLs remained to be less capable of reducing
viral burden, even when the number of transferred CTLs was increased 3fold or more
time was given. Derby et al. found two complementary mechanisms underlying this
increased efficiency: high avidity CTL both recognize their target cells earlier and
initiate the lysis of those cells earlier [82]. The different effectiveness of low versus
high avidity T cells in vivo could be due to the different amounts of viral antigen
required for the recognition of target cells. It was postulated that CTLs that are
able to recognize and lyse their target cells earlier in the course of infection might
be more efficient in achieving viral clearance than CTLs that recognize their target
cells when the infection is already progressed [129-131]. Consequently, if low avidity
CTLs require high Ag densities on the infected cell that are only achieved shortly
before the release of newly assembled virus, it is unlikely that the CTLs are able to
control the infection. In addition, low avidity T cells exhibit a delay in the onset
of their lytic activity, most probably due to inherent differences in the efficiency of
TCR signaling. The rates of lysis are comparable, but as mentioned before, the
delayed initiation allows the infection to progress and makes it therefore harder to
control. The differences in the onset of lytic activity of low versus high avidity T cells
can be explained with differences in TCR affinity. The onset might require some
threshold of TCR molecules that have to be engaged or aggregated [132], or serially
triggered [133, 134]. Since it can be assumed that the TCR-pMHC interaction of
low avidity T cells has a much shorter average dwell time, the encounter of the TCR
with its ligand might not be long enough to provoke productive TCR signaling.
In conclusion, the early recognition and elimination of target cells by high avidity
T cells prevents the accumulation of virus in the cells and enables the T cell to
control the progress of the infection.

1.2.4 Measuring T cell avidity

The previous sections have demonstrated that T cell avidity is an important param-
eter for judging T cell quality, as it strongly affects the outcome of a T cell response.
However, the term T cell avidity often describes the results of completely different
readout systems. The so-called ’functional avidity’ is mostly determined by mea-
suring the sensitivity of antigen recognition, i.e. the amount of peptide required to
provoke T cell proliferation or effector functions. However, T cell avidity can be also
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described as ’structural avidity’, which is defined by the affinity of the TCR to the
pMHC molecules combined with the affinities of the coreceptors CD8 or CD4. For
the measurement of the functional and the structural avidity, respectively, several
different methods exist.

1.2.4.1 Functional avidity assays

The functional avidity of a T cell is influenced by a variety of different factors. Thus,
it can be altered by change of the expression of adhesion molecules, components
in the T cell signaling cascade or TCR coreceptors. It could be shown that the
functional avidity of a T cell is controlled by the expression of CD8«a« versus CD8af5.
On high avidity T cells, higher expression of the CD8a/3 heterodimer was found,
which promoted the increased colocalization of CD8 with the TCR in lipid rafts
[135, 136]. Besides CD8, also the expression levels of other molecules as LFA, ZAP-
70, Lck or the TCR, have the potential to influence the functional avidity of a T cell.
However, to take part in successful T cell activation, the right localization in the
immunological synapse is of great importance for all mentioned molecules. Hence,
optimal localization of membrane molecules, achieved by their recruitment into lipid
rafts, leads to high functional avidity of the T cell [135].

The determination of functional avidity is mostly done in vitro by stimulating T cells
with APCs that are loaded with graded concentrations of peptide. As a readout, ef-
fector functions like IFN~ production or lysis of peptide pulsed cells is measured [74].

Intracellular cytokine staining

Among the diverse methods to determine the cytokine production of a T cell, the in-
tracellular cytokine staining (ICCS) is one of the most commonly used assays beside
ELISA and the ELISpot assay. The detection of antigen-specific T cells by ICCS is
based on the combination of a fixation and permeabilization method with the use
of directly labeled monoclonal anti-cytokine antibodies [137]. In the first step, the
target cells are stimulated in an antigen-specific manner, e.g. by incubation with
peptide pulsed APCs to induce cytokine production. After two hours, Brefeldin A is
added to the cells. Brefeldin A interferes with the retrograde transport of proteins
from the golgi apparatus to the endoplasmatic reticulum (ER), which leads to accu-
mulation of proteins in the ER. This means for the ICCS that cytokines are enriched
in the stimulated T cell. The stimulation is continued for additional 3h, followed by
staining the T cells for surface markers with fluorescence labeled antibodies. The
cells are subsequently fixed, permeabilized and stained with fluorescence-labeled an-
tibodies against intracellular accumulated cyokines like IFN~y, TNF« or IL-2. After
the staining, the surface and the cytokine staining of the T cells can be analyzed
by flow cytometry. To determine the functional avidity of a T cell population, the
amount of peptide used for stimulation is titrated and subsequently the percentage
of cytokine producing cells is displayed versus the peptide concentration. To obtain
a comparable parameter, the peptide concentration needed to stimulate 50% of all
reacting T cells, defined as 1Csq, is calculated.
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’lChromium release assay

Another broadly applied method to determine the functional avidity is the 5 Chrom-
ium release assay. This assay measures the direct effector functions of the T cells by
detection of the antigen specific lysis of peptide pulsed target cells [138], which were
labeled with the v radiating isotope ®'Cr and loaded with peptide. T cells and target
cells are incubated together in a defined effector:target ratio for 4-5 hours, which
leads to lysis of the target cells and thereby release of ®'Cr into the supernatant.
The amount of released ' Cr can be quantified with a v counter and is proportional
to the number of lysed target cells. Hence, the efficiency of target cell killing and
thereby the extent of effector functions of the T cell population can be analyzed. By
titrating the amount of peptide used to load the target cells, the functional avidity
of the T cell population can be calculated analogous to the approach described for
the ICCS. The extent of > Cr release is plotted as 'percentage of maximal lysis’
versus the peptide concentration used to load the target cells and 50% of specific
lysis (ECsp) are calculated as a comparable parameter.

A major advantage of the described methods to determine the functional avidity of
T cells is that they are easy to standardize and transferable into different laborato-
ries. Hence, the obtained results provide good worldwide comparability. However,
it is not possible to measure the functional avidity of a single cell, as whole popu-
lations are needed to perform the described peptide titrations. Furthermore, as the
functional avidity of a T cell is influenced by many factors and can be changed e.g.
due to culturing conditions, it might be of interest to measure a parameter, which
is hard-wired within the T cell.

1.2.4.2 Assays for structural avidity

The structural avidity of a T cell depends on the binding strength between TCR,
pMHC and the coreceptors CD8 or CD4. These components interact by electro-
static forces, hydrogen bonds, van der Waals forces and hydrophobic interactions,
i.e. physical parameters that are hard wired in the structures of the proteins and
thus invariant. T cell transfer experiments suggest that an important part of T cell
functionality is hard wired within the structure of the TCR. However, it is challeng-
ing to exactly measure these physical parameters on living T cells. Using different
methods it has been attempted to get information about the structural avidity of a
T cell.

Biacore assay

To study the biomolecular interactions between TCR and pMHC, the Biacore sys-
tem has been widely used. It is based on the principle of surface plasmon resonance
(SPR) [139, 140] and allows to characterize binding events of samples of different
nature like proteins, nucleic acids, lipid vesicles, bacteria etc. [141]. With Biacore,
among others the specificity, strength, koy-rate and kqg-rate of protein interactions
can be analyzed. The Biacore optical biosensors are built of three core components:
an optical detector systems that monitors the changes in the SPR signal, a sensor
chip which can be coated with one of the interacting molecules, and a microfluidic
system that controls the buffer and sample flow over the sensor chip. To understand
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Figure 1.6: Binding of MHC I-peptide complexes to TCR-coupled biosensor sur-
face: (a) Schematic illustration of the interaction of a TCR covalently coupled to the surface
with its cognate MHC-peptide complex. (b) Typical SPR binding curve using the example
of sH-2L.d complexed with or without p2Ca peptide binding to the 2C TCR immobilized on
the surface. [142]

the basic mechanisms of this method, the principle of SPR will be explained in
the following. Surface plasmon resonance is an optical phenomenon that occurs in
general in thin conducting layers at the interface between two media with different
refractive indices. For the Biacore setup, a thin gold layer on the sensor chip is
located between the glass surface of the sensor chip and the sample solution flowing
through the microfluidic system. Polarized light traveling through the glass surface
of the chip is totally reflected at the interface to the sample solution, as the optical
density of this medium is reduced compared to that of the glass surface. The inten-
sity of the reflected light is monitored by a diode array detector. The evanescent
wave, a electromagnetic component of the light, however, can pass across the gold
layer into the sample/buffer solution. At a defined angle, the evanescent wave is able
to excite electrons in the gold layer, resulting in electron charge density waves, so
called surface plasmons. Concomitantly, the light intensity at this angle (SPR angle)
is reduced. Binding between the interaction partner and the sample immobilized on
the sensor chip surface changes the mass on the surface and thereby provokes a shift
in the SPR angle of the reflected light. Those changes are measured in resonance
units (RU) with 1 RU corresponding to 0.0001° shift in SPR angle. 1000 RU corre-
spond to the surface concentration change of about 1 ng/mm? of an average protein,
which means that the method is quite sensitive and allows for the analysis of weak
macromolar interactions. The gold layer is covered with a hydrogel matrix, on which
one of the interacting components is covalently immobilized whereas the other com-
ponent is passed over the chip in solution. As the changes of the SPR angle are
monitored in real time, association, duration and dissociation of the interaction are
visualized (Figure 1.6 [140]).

Due to its high sensitivity for low affinity events, the Biacore assay has often been
used to analyze the interaction of purified TCR with its pMHC ligand [142]. Corr
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et al. used SPR for the first time to analyze the specificity, kinetics and affinity
of the interaction of the 2C TCR with H2Ld peptide complexes [143]. For these
experiments, the TCR was covalently coupled to the biosensor surface, which could
be shown to maintain the integrity and specificity of the TCR structure. Among
different tested H2Ld peptide complexes, the 2C TCR turned out to bind only
to H2Ld complexed with p2Ca peptide, derived from 2-oxoglutarate dehydrogase.
Dissociation kinetics done with this setup revealed a high k.g-rate (0.026s7!) of the
TCR pMHC complex, which corresponds to a half life time of ~27s, and a Ky of
~10~"M. Another study analyzing the binding of the 2C TCR to its different ligands
H2-K®/dEVS, H-2K*™3 /dEVS, H2-K®/STYR and H-2L%/p2Ca found affinities in the
range of Kg= 107* to 107 for the syngeneic (H2-K’) and allogeneic (H-2K""3,
H-2L%) ligands [144]. To correlate the immunological activity of a T cell with the
affinity of the TCR to its cognate pMHC complex, studies were done on a large
set of synthetic peptides that contained single aminoacid mutations based on the
p2Ca sequence. The mutated peptides were analyzed for H-2L¢ binding stability,
induction of lysis of target cells expressing H-2L% and the respective peptide variant
and binding of the H-2L? peptide complexes to the purified soluble 2C TCR [145].
Although for most of the peptides, a clear correlation between the ability to sensitize
2C T cells for cytolysis and the affinity of the 2C TCR to the respective H-2L¢
peptide complex could be found, there was one p2Ca peptide variant (L4) that was
able to induce lysis but failed to bind to the TCR in the SPR assay. These data
suggested that TCR affinity was not the only critical parameter for the activation of
the T cells. Other SPR studies, examining agonist and antagonist ligands of TCRs
could show that the agonist ligand was bound with higher affinity and had thus
a slower dissociation rate [114, 146]. Also the discovery of an affinity window for
positive selection in the thymus was done by analysis of positively and negatively
selecting ligands with SPR [93].

SPR application in the Biacore assay offers a very sensitive method to determine
TCR affinity and generated important findings, but also entails severe disadvan-
tages. For every SPR affinity measurement, not only the MHC molecules but also
the TCRs have to be expressed recombinantly, whereupon the latter is technically
challenging. Different approaches have been developed to generate soluble TCRs
including the replacement of the transmembrane region with signal sequences for
glycolipid linkage [147], deletion of the transmembrane region [22] or cysteine mu-
tation and Escherichia coli expression [23]. However, no method is suitable for all
TCRs, turning the TCR production into a time consuming and difficult process.
Furthermore, it could be shown that especially for fast reactions diffusion of the
soluble binding partner into the hydrogel matrix can decrease its overall transport
significantly and therefore introduce many unknown factors into the binding progress
curve [148]. Finally, the setting of the macromolecular interaction in the SPR setup
is far away from physiological conditions. In the case of the analysis of TCR affinity,
both the TCR and the pMHC complex have to be recombinantly expressed and one
binding partner is immobilized on the surface, the other in solution. In contrast to
cell-cell interactions, where both binding partners are able to move in two dimen-
sions within the cell membrane, in the SPR setting only one of the binding partners
is allowed to move, but this in three dimensions. These differences are suggested to



1.2. T CELL AVIDITY 20

influence the binding kinetics. In addition, the contribution of the CD8 coreceptor is
not taken into account in the SPR measurements, which could be shown to stabilize
the TCR pMHC complex [66].

Multimer based avidity assays

Structural avidity assays based on multimer techniques allow for the measurement
of TCR-pMHC interaction on the surface of living T cells. In the beginning of the
MHC multimer techniques it could be shown that tetrameric complexes of pMHC
molecules, so called MHC tetramers, were able to bind stably to T cells express-
ing their specific TCR on the surface [149]. Two different types of tetramer based
avidity assays have been used in the past [150]. With the first assay, several groups
revealed a correlation between the tetramer staining intensity and the avidity of a
T cell [75, 77, 151-153]. As the generation and analysis of data with this methods is
not complicated and easy to standardize, the assay seems to be suitable to produce
comparable data on T cell avidity. However, other studies found a missing correla-
tion between the tetramer staining intensity and the T cell avidity, suggesting that
the staining intensity is also dependent on other parameters and thus not suitable
to provide reliable information on T cell avidity [145, 154-156].

In the other tetramer based approach, tetramer dissociation kinetics have been used
to quantify T cell avidity [123, 128, 157-161]. However, the way how the experiments
were performed in the mentioned studies differs strongly, especially in one variable,
the blocking reagent. Thereby, the use of a blocking reagent at all and, if used,
the nature of the blocking reagent varies between the studies. Following variants
were used: No blocking reagent [123, 160], intact anti-MHC antibodies [128, 157],
unlabeled tetramer [159, 161] and Fab-fragments [158]. As it seems necessary to use
a blocking reagent to prevent rebinding of dissociated tetramers, Wang and Altman
examined the effect of a different blocking reagent on the dissociation kinetics [150].
Using MHC antibodies as blocking reagent complicates the interpretation of kinetic
data, as the bivalent antibodies are able to interact with tetramer stained cell in dif-
ferent ways, e.g. by crosslinking two tetramers together or by linking a tetramer to
a MHC I molecule expressed on the surface of the labeled T cell. Indeed, Wang and
Altman found faster tetramer dissociation using Fab fragments as blocking reagent
in comparison to MHC antibodies. In addition, without blocking reagents, no sig-
nificant dissociation could be observed [150]. In a further step, they analyzed the
effect of the concentration of the blocking reagent on the tetramer dissociation rate.
They found that above a certain threshold, the dissociation rate was independent
of the concentration of the blocking Fab-fragments. However, the dissociation rate
was influenced by change in concentrations of blocking MHC antibodies and sat-
uration was only reached at very high concentrations. Consequently, this study
recommends Fab fragments as suitable blocking reagent for tetramer dissociation
assays (Figure 1.7). Besides the problem of the suitable blocking reagent, is has to
be taken into account that tetramer based T cell avidity assays do not allow for the
analysis of monomeric TCR pMHC interaction. The interpretation of the data is
based on the assumption that differences in tetramer binding correlate to different
TCR affinity. However, due to the multimeric nature of the MHC tetramers, the
level and the dissociation rate of binding could be influenced by additional factors
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Figure 1.7: Model of using Fab fragments of the blocking antibody as competitors
in the tetramer dissociation assay: MHC Class I tetramer binds to the TCRs on the
T cells surface (left panel). Dissociation of one MHC molecule and blockage of rebinding
by a competitor Fab-fragment (middle panels). Complete dissociation of the tetramer after
dissociation and blockage of all engaged MHC molecules in the presence of Fab competitor
(right panel) [150].

like organization of the TCR in the membrane [79, 152, 162]. Furthermore, the level
of multimerization, i.e. the actual number of MHC molecules in one multimer is
hard to control, but influences the dissociation kinetics of the multimer. Therefore,
multimer dissociation assays are very difficult to standardize.

In conclusion, even if several studies could reveal a correlation between MHC dis-
sociation and T cell avidity, the multimeric nature of the tetramers interferes with
a correct examination of the TCR pMHC interaction. Dissociation of the tetramer
requires first the detachment of all MHCs. However, due to their close proxim-
ity to the T cell surface and thus high local concentration, newly detached MHCs
might rebind to the TCR, creating difficult higher order kinetics [150]. Some reports
postulate that MHC tetramer dissociation underlie first order dissociation kinetics
[128, 157, 163], but others report more complicated higher order kinetics, especially
when blocking reagents are used [150].

While Biacore assays allow for the correct calculation of monomeric TCR pMHC
affinity but in a quite artificial environment, MHC tetramer based avidity assays
measure dissociation kinetics from the surface of living T cells, but are not able
to correctly determine the binding strength between a monomeric pMHC molecule
bound to the TCR. An improved assay system would thus ideally measure monomeric
pMHC TCR interactions on the surface of living T cells.

k.g-rate assay for murine T cells

To meet those needs for an improved T cell avidity assay, a novel kqg-rate assay
was designed in the laboratory of Prof. Busch and established for the measurement
of murine T cells during the PhD work of Robert Knall. As the kg-rate assay for
murine and for human T cells, with the latter established in this PhD work, share
the same principle, the assay is described in detail in section 4.1. The kyg-rate assay
is based on reversible multimers, so called Streptamers and allows to determine accu-
rately the dissociation of monomeric pMHC from the TCRs on a living T cell, with
the dissociation kinetics independent of the level of multimerization or the nature of
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Figure 1.8: Long half-life time correlates with high functional avidity and pro-
tectivity of T cell lines in L.m. infection: LLOg;_gg specific T cell lines were generated
from sorted LLOg; g9 specific CD8" T cells of L.m. infected Balb/c mice by restimulation
with 107°M peptide (cell line A, black circles) and 10~°M peptide respectively (cell line B,
gray circles). (a) Analysis of the functional avidity of the T cell lines with (a) ICCS and (b)
S1Cr release assay . (c) kog-rate assay of the two T cell lines A and B. Numbers indicate
the mean t1/2 of all measured cells. (d) 5*10° T cell line cells were transferred into Balb/c
mice i.v. and mice were infected i.v. with 2¥*10* CFU L.m. one hour later. After 3 days,
mice were sacrificed and bacterial load analyzed in the spleen. [164]

a blocking reagent. Robert Knall analyzed two murine T cells lines specific for the
Listeria monocytogenes epitope LLOg;_g9. The T cell lines were restimulated with
different peptide concentrations and therefore exhibited different functional avidity
(Figure 1.8 (a), (b)). Robert Knall could show in his experiments a direct corre-
lation between the kog-rate and the functional avidity of the T cell clones (Figure
1.8(c)). Most importantly, when T cells of those lines were transferred into mice,
which were subsequently infected with Listeria, only the T cell line with the low
kog-rate was able to protect the mice from bacterial burden (Figure 1.8(d)). This
superior protective capacity of T cells with low kyg-rate pointed to the fact that
T cells with a high structural avidity would be superior for adoptive T cell therapy.

1.3 Adoptive T cell therapy

Adoptive cellular therapy is defined as the infusion of effector cells for the treatment
and/or prevention of diseases [165]. Cytotoxic T cells have the ability to lyse target
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cells with high efficiency and have a well documented role in the elimination of viral
infections [82]. Therefore, they are promising candidates for adoptive T cell therapy
and have been already applied in different studies for the treatment of viral diseases
as well as cancer.

1.3.1 T cell therapy in viral infections

Adoptive immunotherapy with specific T cells has shown promising results for the
treatment of CMV, EBV, LCMV and HIV infection [133, 166-168]. It could be
shown that the transferred T cells were able to reduce the viral load in infected
patients and to persist after the transfer for some time. In the following, the different
possible strategies for T cell therapy of viral infections will be discussed for infections
with CMV.

CMYV infection or reactivation is often the cause of morbidity or even mortality in
immunocompromised patients after allogenic stem cell transplantation (SCT). Pro-
phylactic or preemptive antiviral treatment is able to control the early onset of CMV
disease during the first 100 days after transplantation. However, late onset of CMV
disease later than 100 days after the transplantation can cause severe complications.
Hence, several strategies have been developed to reconstitute CMV-specific T cell
responses in the patients. The transfer of CMV-specific CD8' T cell clones could
protect patients at risk from CMV related complications [167, 169]. The adminis-
tered T cells were detectable in the blood of treated patients for at least 8 weeks.
However, if the patients failed to develop a concomitant CMV-specific CD41 Tp
response, the count of the transferred cells declined progressively. In another ap-
proach, polyclonal T cell lines instead of T cell clones were infused into patients
that did not respond to anitviral chemotherapy after allogeneic SCT. Einsele and
colleagues generated CD4" CMV-specific T cell lines and achieved virus clearance
in 5/8 patients after the transfer of ~1-5%10°% T cells [170]. Also CD8" CMV-specific
T cell lines could be shown to control CMV infection in patients after allogeneic SCT
[171]. Generating polyclonal T cell lines has an essential benefit in time compared
with the generation of specific T cell clones and therefor provides a more flexible
application without the loss of specificity or safety of the T cells [172]. However,
a more sophisticated approach might be the direct isolation and infusion of CMV-
specific CTLs using HLA multimers. Based on the multimer-technology described
in section 1.2.4.2; specific T cells are visualized and subsequently sorted. Using
reversible multimers, so called Streptamers, nearly untouched antigen specific CTL
can be obtained that still show a good viability, proliferative capacity and function-
ality [173]. A major advantage of directly isolated T cells in comparison to in vitro
expanded T cells is that in vitro expansion might increase the expression of the pro-
apoptotic FAS molecule and reduce the telomere length of specific T cells, leading
to a shorter survival of the T cells after adoptive transfer [172]. In addition, also
the risk of contamination and finally the costs of the immunotherapy are increased
by cultivating T cells in wvitro.

Hence, adoptive T cell therapy has shown to lead to viral control without apparent
side effects. Because of different methods to generate T cells it has to be further
examined which T cell subpopulations are best suited for antiviral therapy, which
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differentiation stages should be applied and which dose is optimal depending on viral
load and immunosuppression of the patient [172].

1.3.2 T cell therapy in cancer

Different studies revealed that virus-associated diseases in immuno-compromised
patients could be efficiently prevented and treated with adoptive T cell transfer.
As this treatment turned out to be safe, effective and protective in vivo, the use of
adoptive T cell transfer should be extended to cancer therapy in immuno-competent
patients [174]. But compared to the treatment of viral infections, tumor specific
T cell therapy turned out to be more challenging and less effective. The development
of a successful T cell therapy for patients with malignancies is hampered by several
reasons. First, it is difficult to isolate and culture T cells with high avidity TCRs
specific for self-antigens expressed selectively or preferentially by tumor cells [175].
Second, tumor cells have evolved several mechanisms to escape detection both by
innate and adaptive immunity. These include e.g. down-modulation of MHC I and
costimulatory molecules, expression of Fas-Ligand and other pro-apoptotic molecules
on the cell surface, production of inhibitory factors such as TGF-8 and IL-10 and
recruitment of regulatory T cells. Another factor that complicates cancer therapy
with T cells is the short in vivo persistence of transferred T cells caused by factors of
the tumor environment and the attributes of isolated and expanded T cells [174, 175].
The first study to treat metastatic solid cancer with adoptively transferred T cells
were done in 1988 with patients with metastatic melanoma. Tumor infiltrating lym-
phocytes (TILs) were grown from resected tumor nodules of patients. The transfer
of autologous TILs in combination with high dose IL-2 achieved an overall response
rate of 34% in 86 patients. Thereby, T cells were transferred in two cycles of treat-
ment two weeks apart. TILs were administered irrespective of their in vitro activity.
A retrospective analysis, however, revealed a clear correlation between the ability
of the TILs to lyse tumor cells in vitro and the clinical outcome. This initial study
demonstrated also the short persistence of the transferred lymphocytes and empha-
sized the need of modifications to improve the in vivo survival of administered T cells
[176].

The longest persistence of adoptively transferred virus-specific T cells was observed
when T cells were transferred into immunodeficient allogenic hematopoetic stem cell
recipients early after transplantation [169, 177]. At this time point, lymphopenia was
present, which reduced the competition of transferred T cells for IL-2 and IL-15 and
eliminated CD4" CD25" regulatory T cells and other cells with suppressor function.
Rosenberg et. al could demonstrate direct evidence for the benefit of lymphopenia for
the survival of transferred T cells. Lymphopenia was induced in melanoma patients
using chemotherapy alone or in combination with total body irradiation before the
transfer of melanoma specific T cells. In 56% of patients, T cells expanded in
vivo, persisted long term and infiltrated into tumors and induced tumor regression
[178-180]. In further studies, improved antitumor efficacy of transferred T cells
could be correlated with prolonged persistence in wvivo, pointing out the depletion
of endogenous lymphocytes as effective treatment to improve efficacy of adoptively
transferred tumor specific T cells.
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1.3.3 Optimizing T cells for adoptive transfer

Diverse studies demonstrated that adoptive T cell transfer for the treatment of viral
infections and cancer offers the possibility for a specific and safe therapy. With lym-
phodepletion, T cell persistence and thereby antitumor efficacy could be improved.
Nevertheless, often high numbers of T cells were necessary, and survival and effi-
cacy of the transferred cells were still limited. Thus, it seems reasonable not only
to transfer T cells with the desired specificity but with optimal characteristics for
adoptive T cell transfer. But which characteristics account for an optimal T cell for
T cell therapy? Some of the aspects will be discussed in the next paragraph.

An important step in the generation of a T cell response with the required mag-
nitude, duration and quality is the selection of the optimal CD8" T cell subset (s.
Figure 1.9). Highly activated effector T cells show rapid cytotoxic function, high
cytokine production and are able to infiltrate into tumor tissue. Therefore, they
seem to be optimal candidates for adoptive T cell therapy. However, they exhibit
decreased proliferative potential and adoptive transfer of terminally differentiated
effector cells into mice demonstrated poor proliferation, poor IL-2 production and
only short survival of the transferred cells [181]. Less differentiated memory T cells
that bear longer telomers and express costimulatory and homing receptors demon-
strated longer persistence both in murine models and in human immunotherapy
trials [174]. Which subset of memory T cells, effector memory T cells Tgps or cen-
tral memory T cells Toyy, is better suited for adoptive T cell therapy, is still matter
of debate. Tgjs exhibit a more activated phenotype than T¢ys and are recruited to
effector lymphoid tissue and site of inflammation due to their expression of adhe-
sion molecules and chemokine receptors. Therefore, Tgys are important in fighting
localized infections [182, 183], whereas T¢ps have been shown to be crucial for the
protection against systemic infections with high pathogens loads [184]. Studies can
be found where either Ty or Ty showed longer persistence and survial [185—
187]. Hence, research has to continued at this field to examine in more detail which
subpopulation is each better suited for a certain treatment.

As already discussed, high avidity T cells could be shown to be superior in clearing
viral infections and in inducing tumor regression after adoptive transfer. Especially
in adoptive immunotherapy of cancer, it is in many cases not possible to isolate
T cell with high affinity for tumor associated antigen (TAA). Most TAAs are self
proteins and therefore T cells with high avidity against the antigens are deleted
during tolerance induction. To optimize both the specificity and the functional-
ity of transferred T cells, different approaches have been developed to genetically
modify T cells. In a procedure called TCR gene transfer, genes that encode the «
and B chains from T cells with known specificity and functionality are cloned and
subsequently introduced into recipient T cells. These cells then endow both the
specificity and the avidity of the donor T cell and show in wvitro IFN~ production
and lysis of target cells after antigen recognition. TCR gene transfer has been ap-
plied to melanoma antigens [189-191], minor histocompatibility antigens [192, 193]
and common oncoproteins [194, 195]. One problem arising in this approach is the
potential mispairing of the introduced TCR chains with endogenous TCR chains of
the recipient cell. This would create new specificities and could lead e.g. to autore-
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Figure 1.9: Phenotype and functional properties of CD8*% T cell subsets: Chronic
or repetitive antigen stimulation drives naive T cells to a terminally differentiated effector
state and results finally in exhaustion. The phenotypic changes during differentiation are
illustrated as low expression (4), intermediate expression (++), and high expression (+++)
of different cell surface markers.[188]

activity of transferred T cells. This problem is addressed by diverse attempts to
modify the transmembrane association domains of the introduced TCR chains that
allow no longer for the dimerization with endogenous chains [174].

Another important approach focuses on the optimization of the safety of transferred
T cells. T cells that are redirected against antigens that are expressed both on
target and normal cells or T cells that are modified to confer improved functionality
could cause side effects and toxicity. The introduction of a conditional suicidal gene
into T cells would allow for the quick elimination of transferred T cells in the case of
adverse events and therefore enhance the safety of the T cell therapy. Several suicide
switches have been developed and tested the last years [196-199]. The introduction
of a gene encouding the herpes simplex virus thymidine kinase (HSV-TK) allows for
the elimination of modified T cells by administration of the drug ganciclovir. Other
strategies are to induce FAS expression, leading to elimination of modified T cells
by the endogenous apototic pathway, fusion of a myc-tag to the TCR or expression
of CD20 or human tEGFR on T cells. Elimination of infused T cells that were
modified with the last three suicide switches is done through the administration
of the respective specific monoclonal antibodies. However, it is of great advantage
if the applied antibody is already clinically approved (as the case for «CD20 and
aEGFR) to prevent potential complications.

In conclusion, adoptive T cell transfer has proven to be a promising therapy both
for viral infections and cancer. Deeper knowledge of optimal characteristics of trans-
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ferred T cells and the possibility of genetic modification allow for the generation of
T cells that are optimal suited for adoptive transfer. Additional introduction of sui-
cide switches offers the possibility to quickly eliminate infused T cells and therefore
contributes to the safety of adoptive T cell therapy.



Chapter 2

Aim of this PhD thesis

CD8" T cells play a crucial role in the identification and elimination of infected or
abnormal cells. The T cell receptor recognizes foreign peptides presented on MHC
I molecules and T cell activation is triggered with the additional help of different
coreceptors and costimulatory molecules. The quality how a T cell recognizes its
MHC peptide ligand is mostly described as T cell avidity. T cells with high avidity
could be shown to be more efficient in clearing viral infections and inducing tumor
regression. The T cell avidity can be measured by functional readouts (assessing
”functional avidity”) or by the determination of the binding strength of the TCR
to its ligand, the so called ”structural avidity”. A crucial parameter of structural
avidity is the kyg-rate, the dissociation rate of pMHC molecules from TCRs. A
novel ko g-rate assay that was recently developed for measurement of murine T cells
allows for the exact determination of this parameter and overcomes several draw-
backs of hitherto existing methods to assess the k.g-rate. Studies with preclinical
mouse models showed a remarkable correlation between the k.g-rate and the func-
tional avidity of T cells and, most importantly, with the protective capacity. This
led to the assumption that the k,g-rate might also provide an important parameter
for T cell quality for adoptive transfer in humans. Therefore, the aim of the PhD
thesis was to transfer the k,g-rate assay setup established for murine cells to the
measurements of human T cells. First data indicated that it was not possible to
directly transfer the murine k.g-rate assay to human T cells. Hence, first objective
was to find a position in the recombinant MHC-steptag fusion protein, where dye
conjugation would not alter binding abilities of the MHC molecule to the TCR or
the Strep-Tactin backbone. Second, a fluorescent dye had to be found that was
small enough, and that showed bright staining and resistance to photobleaching.
After technical establishment of the k.g-rate assay for human T cells, T cells with
relevance for adoptive transfer were analyzed. For this purpose, the kqg-rate assay
was performed directly ex vivo (no cell culture step involved) with different CMV
specific populations. Furthermore, T cell clones generated from the ex vivo popu-
lations were analyzed and compared to the originating populations to examine the
reproducibility and the reliability of the kog-rate assay. Finally, T cell receptor
transfer experiments were conducted to reveal if the k,g-rate was determined by the
structure of the TCR or depended on other cell specific factors.
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Chapter 3

Material and methods

3.1 DMaterial

3.1.1 Chemicals and reagents

Reagent
Alexa-488-maleimide

a-Methylmannopyranoside (a-MM)
Ammoniumchloride (NH4Cl)
Ampicillin

Atto-565-maleimide

BCA assay reagents
B-Mercaptoethanol

Biocoll Ficoll solution

Bovine serum albumin (BSA)

Carbenicillin
Cytofix/Cytoperm

d-Biotin
Dimethylformamid (DMF)
Dimethyl sulfoxid (DMSO)
Ethanol

Ethidium-monazide-bromide (EMA)
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Supplier

Molecular Probes, Leiden, The Nether-
lands

Calbiochem, Darmstadt, Germany
Sigma, Taufkirchen, Germany

Sigma, Taufkirchen, Germany
ATTO-TEC GmbH, Siegen, Germany

Interchim, Montlucon, France
Sigma, Taufkirchen, Germany
Biochrom, Berlin, Germany

Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany
BD Biosciences, Heidelberg, Germany

Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany

Klinikum rechts der Isar, Munich, Ger-
many
Molecular Probes, Leiden, The Nether-
lands
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Reagent
Fetal calf serum (FCS)

Gentamycin
Gluthathione (oxidized)
Gluthathione (reduced)
Golgi-Plug
Guanidine-HCI

HCI
HEPES

Human serum

IPTG

L-Arginine
L-Glutamine
Leupeptin
Lysozym

NaOH

Penicillin

Pepstatin

PermWash

pET3a expression vectors

Phosphate buffered saline (PBS)

Propidiumjodide (PI)
RPMI 1640

Sodiumacetate
Sodiumazide (NaN3)
Sodiumchloride (NaCl)
Sodium-EDTA (Na-EDTA)
Streptomycin
Strep-Tactin-APC
Strep-Tactin-PE

Tris-hydrochloride (Tris-HCI)
Trypan Blue solution
T-Stim culture supplement

Supplier
Biochrom, Berlin, Germany

GibcoBRL, Karlsruhe, Germany
Sigma, Taufkirchen, Germany

Sigma, Taufkirchen, Germany

BD Biosciences, Heidelberg, Germany
Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany
GibcoBRL, Karlsruhe, Germany

in-house production, Institut fir Medi-
zinische Mikrobiologie, Immunologie und

Hygiene
Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany
GibcoBRL, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Sigma, Taufkirchen, Germany

BD Biosciences, Heidelberg, Germany
Novagen, Darmstadt, Germany
Biochrom, Berlin, Germany
Molecular Probes, Invitrogen, UK

GibcoBRL, Karlsruhe, Germany

Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
IBA, Gottingen, Germany
IBA, Gottingen, Germany

Roth, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
BD Biosciences, Heidelberg, Germany
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3.1.2 Buffers and Media
Buffer

FACS buffer

RP10+ cell culture medium

Ammoniumchloride-Tris

Refolding buffer

Guanidine solution

FPLC buffer

d-biotin

complete freezing medium (CFM)

Composition

1x PBS
0.5% (w/v) BSA
pH 7,45

1x RPMI 1640

10% (w/v) FCS

0.025% (w/v) L-Glutamine
0.1% (w/v) HEPES
0.001% (w/v) Gentamycin
0.002% (w/v) Streptomycin
0.002% (w/v) Penicillin

0.17 M NH,4CI
0.17 M Tris-HCl
mix NH4Cl and Tris-HCI at a ratio of 9:1

100 mM Tris-HCI

400 mM L-Arginin

2 mM NaEDTA

0.5 mM ox. Gluthathione
5 mM red. Gluthathion
ad 1 L HyO, pH 8.0

3M Guanidine-HC1

10 mM NaAcetate

10 mM NaEDTA

ad 100 ml HyO, pH4.2

20 mM Tris-HCI
50 mM NaCl
ad 1 L HyO, pH 8.0 or pH 7.3

10 M stock solution 244.31 g d-biotin

ad 100 ml HoO, pH was brought to ~ pH
11 to facilitate solution of d-biotin, then
back down to pH 7

FCS
10% DMSO
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3.1.3 Peptides

All peptides were purchased from IBA, Gottingen, Germany
IE1l199-207x (ELRRKMMYK)

IElgg—96 (QIKVRVDMYV)

pp65417_426 (TPRVTGGGAM)

pp65495,503 (NLVPMVATV)

OV&257_264 (SHNFEKL)

SIY (SIYRYYGL)

3.1.4 Antibodies

Antibody clone supplier

Fcblock  (rat  anti-mouse 2.4 G2 BD Bioscience, Heidelberg,

CD16/CD32) Germany

Rat anti-mouse CD3 APC 145-2C11 BD Bioscience, Heidelberg,
Germany

Rat anti-mouse CD8aAlexa- CT-CD8« Caltag Laboratories, Ham-

488 burg, Germany

Rat anti-mouse CD8aFITC CT-CD8« Caltag Laboratories, Ham-
burg, Germany

Rat anti-mouse CD8aPE CT-CD8« Caltag Laboratories, Ham-
burg, Germany

mouse anti-human CD3 APC UCHT1 Beckman Coulter, Marseille,
France

mouse anti-human CD3 PE UCHT1 Beckman Coulter, Marseille,
France

mouse anti-human CD8 PB B 9.11 Beckman Coulter, Marseille,
France

mouse anti-human CD8 FITC DK25 Dako, Glostrup, Denmark

mouse anti-human CD8 PE DK25 Dako, Glostrup, Denmark

3.1.5 MHC Streptamers

HLA B8 Strep-taglIl/hfBsm Cys-67 Alexad88/IE1199_207x Strep-Tactin-PE
HLA B8 Strep-taglll mutlll Alexad88/hfom /1E1l199_207x Strep-Tactin-PE
HLA B8 Strep-taglIl mutIIl Atto488/hfam /IE1199_207x Strep-Tactin-PE
HLA B8 Strep-taglll mutlll Atto532/hfem /IE1l199_207x Strep-Tactin-PE
HLA B8 Strep-tagIll mutIIl Atto633/hfsm /IE1199_207K Strep-Tactin-PE
HLA B8 Strep-taglll mutlll Atto594/hfem /IE1l199_207x Strep-Tactin-PE
HLA B8 Strep-taglll mutIIl Atto647N/hfBom /TE1199_207x Strep-Tactin-PE
HLA B8 Strep-taglIl mutlll Atto565/hfem /IE1 199907k Strep-Tactin-APC
HLA B8 Strep—tagIH/h,BQm /IE1199_207K Strep-Tactin—APC



3.1. MATERIAL 33

HLA B8 Strep-tagIIl mutIIl Atto565/hBsm /TElgg g Strep-Tactin-APC
HLA B8 Strep-taglll/hfom /TElgg_g¢ Strep-Tactin-APC

HLA B7 Strep-tagIIl mutIIT Atto565/hBom /pp65417_426 Strep-Tactin-APC
HLA B7 Strep-taglll/hfBom /pp65417—426 Strep-Tactin-APC

HLA A2 Strep-taglll mutIIl Atto565/hfom /pp65495-_503 Strep-Tactin-APC
HLA A2 Strep-taglll/hfom /pp6549s—503 Strep-Tactin-APC

H2-k? Strep-taglll/mpBom -cys67 Alexa-488/Ovagsy_264 Strep-Tactin-PE
H2-kb Strep-tagIll mutIIl Atto565/mBam / Ovagsy_o6s Strep-Tactin-APC
H2-k? Strep-taglll/mBam / Ovagsy_264 Strep-Tactin-APC/PE

H2-kb Strep-tagIll/mfom -cys67 Alexa-488/SIY Strep-Tactin-PE
H2-kb Strep-tagIll mutIIl Atto565 /mBam /SIY Strep-Tactin-APC
H2-k® Strep-taglll/mBam /SIY Strep-Tactin-APC/PE

3.1.6 Gels
SDS-PAGE running gel 7 ml dH20
4.38 ml 1.5 M Tris-HCI pH 8.8
5.8 ml 30% Acrylamide 1% Bisacrylamide
170 pl 10% SDS
8.8 ul TEMED

170 pl 10% APS

SDS-PAGE stocking gel 6.2 ml dH-O
2.5 ml 0.5 M Tris-HCI pH 6. 8
1.2 ml 30% Acrylamide 1% Bisacrylamide
100 111 10% SDS
5 ul TEMED
100 pl 10% APS

Agarose gel 0.45 g Agarose
40 ml TBE buffer
1 pl Ethidium bromide
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3.1.7 Microscope and equipment for TCR k. g-rate measurements

Zeiss LSM 510
Leica SP5

Zeiss temperable insert P
Huber Minichiller

Metal inserts for cooling device
Polycarbonate membranes

Metal shims

3.1.8 Equipment

Leica SP 5 confocal microscope
FACSCalibur flow cytometer
FPLC System

Varifuge 3.0RS centrifuge
Multifuge 3S-R centrifuge

Biofuge fresco table top centrifuge
Biofuge 15 table top centrifuge
RC26 Plus ultra-centrifuge

HE33 agarose gel casting system
Mighty Small SE245 gel casting system
NanoDrop spectrophotometer

Gel Imaging System

3.1.9 Software

FlowJo

Microsoft Office
MetaMorph Offline
Analyzer.nt

GraphPad Prism 5

confocal microscope (Zeiss, Jena, Ger-
many)

confocal microscope (Leica, Bensheim,
Germany)

cooling device (Zeiss, Jena, Germany)
peltier cooler (Huber Kéltemaschinenbau,
Offenburg, Germany)

(Locksmithery, Klinikum rechts der Isar,
Munich, Germany)

pore size 5 p,(Millipore,
Gladbach, Germany)
(Schneider + Klein, Landscheid, Ger-
many)

Bergisch-

Leica, Bensheim, Germany

BD Bioscience, Heidelberg, Germany
Amersham, Munich, Germany
Thermo, Schwerte, Germany
Thermo, Schwerte, Germany
Thermo, Schwerte, Germany
Thermo, Schwerte, Germany
Sorvall, Langenselbold, Germany
Hoefer, San Francisco, USA
Hoefer, San Francisco, USA
NanoDrop, Baltimore, USA
BioRad, Munich, Germany

Treestar, Ashland, USA

Microsoft, Redmond, USA

Molecular Devices, Downingtown, USA
Sebastian  Nauerth, Department of
Physics, LMU Miinchen

GraphPad Software, La Jolla, USA
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3.2 Methods

3.2.1 Generation of a new conjugation site in the MHC heavy chain

For the generation of a new conjugation site for a fluorescent dye in the MHC heavy
chain, a cysteine residue had to be introduced to allow for a maleimide reaction of the
dye with the free -SH group of the cysteine. To achieve this, first suitable primers for
the mutagenesis at the chosen site had to be generated. Then, a mutagenesis PCR
had to be performed and the products had to be checked for correct sequence. Suc-
cessfully mutated vectors were used for proteine expression and expressed proteins
analyzed for correct size.

3.2.1.1 Primerdesign

To introduce a mutation with PCR, primers have to be designed which contain the
DNA bases coding for the aminoacid(s) that should be inserted. To ensure a sta-
ble binding to the template DNA, regions flanking the mutation site should be of
about 10 bases. PrimerX, a free online program from Bioinformatics.org was used
to design optimal primers. Primers with high melting temperatures and GC content
as low as possible to create optimal conditions for the following mutagenesis PCR.
Successful mutagenesis PCRs with the respective MHC molecules were performed
using following primers:

Primers for mutagenesis of the Strep-taglll of HLA B8 (also used for the muta-
genesis of HLA B7 and H2-k?):

HLA B8 Mutl forward CTCCTCCgTCTggATgCTCCAgCgCTTggTCTCAC
HLA B8 Mutl reverse gTgAgACCAAgCgCTggAgCATCCAgACggAggAg

HLA B8 Mutll forward CggAgegTeggATCegTgCggAgeTggATCgTg
HLA B8 Mutll reverse ~ CACgATCCACCTCCgCACgATCCACCTCCg

HLA B8 MutllI forward CCCgCAgTTCgAAAAAggAgegTTCCTgCTAATAAgCTTgATCC Cgg
HLA B8 MutllIl reverse CCggATCAAgCTTATTAgCAggAACCTCCTTTTTCgAACTgCggg

Primers for mutagenesis of the Strep-taglll HLA A2:

HLA A2 Mutl forward gCCgggCCATggAggTTCCTgCgegTAgCTggAgCCAC
HLA A2 Mutl reverse gTgeCTCCAgCTACCgCAggAACCTCCATggCCCggC

HLA A2 MutlII forward CgCAgTTCgAgAAAggAgegTTCCTgCTAggATCCggCTgC
HLA A2 MutlIl reverse gCAgCCggATCCTAgCAggAACCTCCTTTCTCgAACTgCg
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3.2.1.2 Mutagenesis-PCR

The mutagenesis was performed using a Stratagene QuikChange Lightning Site-
Directed Mutagenesis Kit. All reagents used were products from the kit, and the
product guidelines were followed closely. In brief, 50ng DNA vector were mixed with
100ng of the respective primers and the components of the mutagenesis kit including
an enzyme blend featuring a Pfu Fusion DNA polymerase. Thermal cycling steps
for denaturation of the template DNA, annealing of the mutagenic primers and ex-
tension were chosen as follows:

temp time — #
1 95°C 1 min 30 sec
2 95°C 45 sec
3 55°C 1 min
4 68°C 5 min 30 sec 2 18
5 68°C 20 min
6 4°C pause

After the PCR, template DNA was digested by incubation with Dpnl endonuclease,
which is specific for methylated abd hemimethylated DNA. 10u1 of the PCR samples
were loaded on an agarosegel to check for the existence and the size of PCR products.
The agarose gel was made with 40 ml TAE buffer, 0.45 g agarose and 5 ul EtBr. A
1 kB DNA ladder was used as marker, and 2 pl 6x DNA loading dye was added to
the samples for staining.

3.2.1.3 Transformation and plasmid preparation

10 pl of the reaction mixture were used to transform DH5abacteria with the mutated
plasmids. Therefor, 100 ul competent cells were cautiously thawed on ice and then
10 pl per product was added. The mixture was incubated on ice for 30 min, then
heat shocked in a 42 °C water bath for 30 sec. After 2 min incubation on ice, 150 pl
SOC-medium was added to each reaction mixture and incubated for 1 h at 37 °C.
The mixtures were then plated on ampicillin-containing agar plates to select only
colonies containing the vector in 10, 50 and 2x100 ul doses and incubated over night
at 37 °C. One colony was picked from every transformation plate and inoculated into
reaction tubes containing 6 ml LB-medium and 6 pl ampicillin. The cultures were
incubated over night at 37 °C and subsequently 1 ml bacteria sample was mixed 1:1
with glycerol for glycerol stocks and frozen at -20 C. For the plasmid preparation the
Qiagen Plasmid Miniprep Kit was used. The preparation was performed according
to protocol, and the isolated DNA was eluted with 50 ul ddH2O. DNA concentrations
were measured with NanoDrop. Following plasmid preparation all samples were sent
to GATC Biotechnologies Ltd. for sequencing to confirm successful mutations.
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3.2.1.4 Protein expression

10 ul heat competent BL21 (DE3)cells were mixed with 1 ul DNA and transformed
using the same protocol as the first transformation. The transformation products
were plated on amp-containing agar plates and incubated over night at 37 °CC.

To test the expression of the protein in a small scaled preparation, cell culture
bottles containing 20 ml LB-medium, 200 pl 40% glucose and 20 pl ampicillin were
inoculated with 4-5 colonies from each agar culture plate. The cultures were shaken
at 37 °C until OD600 reached 0,3 and 1 ml glycerol stocks were taken. At OD600
0,7 a Oh sample was taken before induction and the cultures were induced using 1 pul
IPTG per ml culture. The cultures were shaken for further 3 h and a 3 h sample
was taken after induction. The 0- and 3 h samples were centrifuged at 9000 rpm
for 3 min, the pellets washed with PBS and frozen at -20 °C or directly loaded on
a SDS gel to check the expression and the size of the proteins. 15% SDS-PAGE gel
was produced according to hte common protocol. The sample pellets were dissolved
in 100 pl water, 13 pl mixed with 2x SB and boiled at 96 °C for 5 min 10 pl was
run on the gel.

If the small scaled approach revealed a sufficeint expression of the protein, a large
scale protein expression was started. 2 1 culture flasks containing 1 1 LB-medium,
50 ml DMEM and 1 ml carbenicillin were inoculated with 1 ml of bacterial solution
consisting of 20 ul bacteria in 7 ml LB-medium. The flasks were shaken at 180
rpm, 37 °C for 8 hours and at OD600 0,7 protein expression was induced with 1 ml
IPTG. After 3 h the mixtures there transferred to 500 ml centrifugation tubes and
centrifuged for 10 min at 5 000 rpm (SLA 1500 rotor). The pellets were then frozen
at -80 °C.

For the purification of inclusion bodies the bacterial pellets were thawed on ice. The
pellets were resuspended in 13 ml solution buffer and transferred to 50 ml centrifuge
tubes. The pellets were homogenized using a sonicator. 100 ul lysosome (50 mg/ml
solution), 250 ul DNAse I (2 mg/ml) and 50 ul MgCI2 (0,5 M) was added and gently
mixed. 12,5 ml lysis buffer was then added and mixed. The tubes were incubated
at rt for 1 h. Then the tubes were frozen at -80 °C for 25 min and subsequently
transferred to a 37 °C water bath for 30 min. 50 pl MgCl2 was added and incubated
another 30 min at rt until viscosity decreased. Then 350 pl NaEDTA (0,5 M)
was added and the tubes centrifuged at 11 000 rpm, 4 °C for 20 min (Rotor SA
300, Sorvall). The supernatant was discarded and the pellets resuspended in 10 ml
washing buffer with Triton X on ice. The suspension was homogenized using the
sonicator. Again the tubes were centrifuged, resuspended in 10 ml washing buffer
without Triton X, and homogenized. The tubes were once more centrifuged and the
supernatants discarded. The pellets were resuspended in 200 pl urea and shaken over
night at 4 °C. The next day the urea solution was transferred to ultracentrifugation
tubes and centrifuged at 45 000 rpm for 20 min at 20 °C (Rotor Ti 70.1). The
supernatants were pooled into a 15 ml falcon tube. The 0 h and 3 h samples were
centrifuged at 9000 rpm for 3 min, washed with PBS, centrifuged again and the
pellets frozen at -20 °C or directly loaded on a SDS gel to check the expression and
the size of the proteins.
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3.2.2 Generation of Streptamers

To generate Streptamers for the kog-rate assay, first the MHC heavy chain has to
be refolded with Som and the peptide of interest to build the complete and stable
MHC complex. Subsequently, the purified complex has to be conjugated with a
fluorescent dye and finally, the dye conjugated MHC molecules are multimerized on
a Strep-Tactin backbone.

3.2.2.1 Refolding and purification of MHC molecules

Heavy chain and Bom proteins in 8 M Urea were diluted into refolding buffer con-
taining high concentrations of the respective synthetic peptide epitope (60u/ml).
Aliquots of the proteins were first diluted in 3 M guanidine buffer, injected directly
into 200 ml refolding buffer every 8 h while vortexing heavily and incubated under
constant agitation for 48 h at 10C. The refolding buffer contained a gluthathion
redox system to facilitate optimal formation of disulfide-bridges. After 48 h, the
protein solution was concentrated to a volume of 10-20 ml over a 10 kDa membrane
(Millipore, Eschborn, Germany), then further reduced to 1 ml using 10 kDa con-
centrator columns (Millipore, Eschborn, Germany). The flowthrough of the first
concentration step still contained large amounts of peptide and could be used for
a second refolding. Correctly folded MHC I molecules were purified by gelfiltra-
tion (Superdex 200HR, Amersham, Munich, Germany) over a FPLC system (FPLC
basic, Amersham, Munich, Germany), pooled and incubated over night in a buffer
containing NaNs, protease inhibitors(1 mM NaEDTA, Leupeptin, Pepstatin) and
0,1 mM DTT to keep the free cysteine in a reduced state. The next day, the buffer
was exchanged against PBS pH 7.4 and the protein concentration determined by a
standard BCA-assay.

3.2.2.2 Dye-conjugation and purification

MHC complexes prepared as described in 3.2.2.1 were incubated with the respective
fluorescent dye containing a maleimide group in a molar ratio of 1:10 for 2h, RT and
in the dark. To separate unbound dye from dye-conjugated MHC molecules, illustra
NAP-25 gravity flow columns (GE Healthcare, Buckinghamshire, UK) were used,
pre-packed with Sephadex G-25 DNA grade resin. After columns were equilibrated
with PBS pH 7.3, the protein dye reaction mix was pipetted on top of the column and
waited until the mixture had entered the gel bed completely. 500 ul PBS pH7.3 were
added and allowed to enter the gel bed completely. Subsequently, 3ml PBS pHS8.0
are added to elute the protein. During elution, the separation of the dye conjugated
MHC molecules (first, lighter colored band) from the unbound dye (second, deeper
colored band) becomes visible. The first band was collected in a 10 kDa concentrator
column (Millipore, Eschborn, Germany) and PBS pH 8 added to 4ml volume. After
concentration to 250 pl, 3750 ul PBS pH 8 containing NaN3 and protease inhibitors
(1 mM NaEDTA, Leupeptin, Pepstatin) were added, concentrated again to 250 pul
and the protein stored in liquid nitrogen after measuring its concentration.



3.2. METHODS 39

3.2.2.3 Multimerization

For each staining (up to 5 x 10° cells), 1 ug of dye-conjugated MHC I and 5 ug
Strep-Tactin-PE or Strep-Tactin-APC respectively were diluted in a final volume of
50 pl FACS buffer and incubated over night or for at least 1 h.

3.2.3 FACS analysis
3.2.3.1 Antibody and Streptamer staining

For Streptamer and/or antibody staining, 5 x 10% or less cells per staining were
used. Usually, the stainings were performed in 96-well plates. Murine cells were
first incubated in 50 pl Fe block (1:500, stock at 2.5 ug/ul) and EMA (1:1000, stock
at 2 pug/pl) for 20 min under light, to block Fey receptors and to stain dead cells.
Cells were then washed once with FACS buffer in a total volume of 200 ul, pelleted
for 2 min at 460 x g and resuspended in 50 ul Streptamer solution. Human cells were
directly pelleted and resuspended in 50 ul Streptamer solution. Cells were incubated
on ice in the dark for 45 min. Antibodies at the appropriate dilution were added
for the last 20 min of the staining. The samples were then washed three times in
FACS buffer, resuspended in FACS containing propidium iodide to stain dead cells
and subsequently analyzed by flowcytometry.

3.2.3.2 Conjugation of Strep-Tactin beads to MHC molecules

To test the dye conjugation on MHC molecules in a cell-free setup, 7 pl of magnetic
beads coated with Strep-Tactin (IBA, G6ttingen, Germany)were incubated with 1 ug
dye-conjugated MHC molecules for 1h. Beads with multimerized MHC molecules
were analyzed for fluorescence By flowcytometry.

3.2.3.3 FACS aquisition and analysis

For FACS analysis, at least 10° cells of the populations of interest were acquired on
a Cyan flowcytometer (Beckman Coulter, California, USA). Strep-Tactin beads cou-
pled with MHC molecules were analyzed in a FACSCalibur (Becton Dickinson, Hei-
delberg, Germany). Data analysis was performed using FlowJo software (Treestar,
Ashland, USA).

3.2.4 k. g-rate assay
3.2.4.1 Streptamerstaining and sorting

Human PBMCs were obtained by purification of PBS diluted blood over a Ficoll
gradient. PBMCs were washed twice with FACS buffer and subsequently allowed to
rest in a 96-well plate on ice for at least 1 h before staining, to minimize side effects
of MHC multimer staining like internalization of the reagents. After that, the cells
were spun down, resuspended in 50 ul Streptamer solution and stained for 45 min
on ice and antibodies were added for the last 20 min as described in 3.2.3.1. The
cells were washed three times in ice-cold FACS buffer, resuspended in 100 pl FACS
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containing propidium iodide (1:1000) and transferred to pre-cooled 1.5 ml tubes.
The whole staining procedure was performed on ice and in a cooled centrifuge at all
times.

Cells were sorted on a MoFlo II Cell Sorter (DakoCytomation, Glostrup, Danmark)
for living, CD8", Streptamer™ cells. As the cells were sorted into a cooled tube
containing FCS, to avoid physical damage, cells had to be washed three times after
sorting in a volume of at least 5ml FACS buffer. Finally, cells were resuspended in
a final concentration of 10* cells in 1 ul FACS.

3.2.4.2 Performance of the k. g-rate assay

All kog-rate measurements were performed on a Leica SP5 confocal laser scanning
microscope. Working with Streptamer stained cells, low temperatures had to be
assured, as binding of pMHC multimers can lead at temperature higher than 10C
internalization of the multimer, which abrogates dissociation of the MHC molecules
from the surface. 4C was chosen as optimal temperature for the assay. To guaran-
tee constant cooling of 4C under the microscope, a water cooling device was used,
connected to a peltier cooler. A customized metal insert, which fits exactly into the
cooling device, was sealed with a cover slip at the bottom to build a reservoir. 1 ul
cell suspension was pipetted to the glass slide an immediately covered with a poly-
carbonate membrane, weighed down with a small metal shim, and subsequently,
cold buffer was added. Cells were efficiently arrested in a thin layer between the
membrane and the cover slip while the 5 ym pores in the membrane still allowed for
rapid diffusion of d-biotin to the cells. A time series was started on the microscope,
taking one picture every 10 seconds. After the first picture d-biotin was added and
the time series was run until the complete dissociation of the MHCs. The kg-rate
assay was performed with a confocal microscope due to its high sensitivity. To de-
tect the fluorescence of a complete cell, the pinhole was opened until the thickness
of the detected plane corresponded to the layer of the cells.

3.2.4.3 Data analysis

Images were analyzed using MetaMorph Offline image analysis software (Molecu-
lar Devices, Downingtown, USA). For each individual cell, integrated fluorescence
intensity inside a gate containing the cell was measured over the whole time series
that was acquired. The same gate was then put in close proximity to the cell, but
not containing the cell, for measurement of background fluorescence intensity. Data
were logged into Microsoft Excel (Microsoft, Redmond, USA). Further data analysis
was done automatically by the Analyzer nt software (Sebastian Nauerth, LMU) as
described in detail in section 4.4.4.

3.2.4.4 Bleaching measurements with beads

To obtain a cell free testing system for the fluorescence intensity and the photosta-
bility of fluorescent dyes under the microscope, 7 ul Strep-Tactin superflow beads
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were incubated with 1ug dye conjugated MHC molecule to allow for their multi-
merization on the bead surface. Beads were analogous to cells mounted under the
microscope and exposed to the same laser intensities as used in the kyg-rate assays.
As in the dissociation assay, fluorescence intensities of the beads were monitored
by taking pictures every 10s. The bleaching constant kpjeach was obtained from the
exponent of the curve fitted into the data points.
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Results

4.1 Principle of the k. g-rate assay

T cell avidity is believed to be an important parameter for T cell quality. Therefore,
it is of special interest to analyze the binding kinetics of surface expressed TCRs in
more detail.

Common methods used to assess the binding strength between TCR and pMHC are
mainly based on pMHC multimer dissociation assays. However, with these methods
it is not possible to accurately determine the binding strength between a monomeric
pMHC and a TCR on the surface of a living T cell (s. section 1.2.4.2). Furthermore,
it is hard to compare data obtained with different batches of multimers due to
heterogeneity in the level of multimerization. In order to improve multimer based
kog-rate measurements, Robert Knall originally developed a novel assay for murine
T cells based on the use of reversible multimers, so-called Streptamers [173]. The
design of this assay allows for accurate calculation of the dissociation kinetics of
monomeric pMHC molecules bound to surface expressed TCRs.

The principle of the k,g-rate assay is based on fluorescently labeled pMHC molecules
that are fused to a Strep-tag I1I sequence at the C-terminus. Several of these altered
pMHCs can bind to Strep-Tactin via this Strep-tag III region and form multimers.
Specific T cells can be stably labeled with those multimers (Figure 4.1(a)). As d-
biotin has a higher affinity to Strep-Tactin than the Strep-tag I11 sequence, adding d-
biotin results in a fast detachment of the Strep-Tactin backbone from pMHCs bound
to surface expressed TCRs (Figure 4.1(b)). We hypothesize that the kinetics of
subsequent dissociation of monomerized pMHCs correlates with the binding strength
between pMHC and TCR. As the MHC molecules are labeled, the dissociation can
be observed as the decay in fluorescence intensity by realtime microscopy (Figure

4.1(c)).
4.2 Setup of the k,g-rate assay for murine T cells
To generate a suitable pMHC ligand, the Strep-tag III sequence and a flexible

Glycine-Serine (GS) linker were fused to the C-term of an MHC molecule, which had
been truncated at the transmembrane region. In the murine k,g-rate assay setup

42
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Figure 4.1: Principle of the k.g-rate assay: Several pMHC-Strep-tag fusion proteins
can multimerize on Strep-Tactin, building a so-called Streptamer. The Streptamers can
be used to specifically label pMHC specific CD8" T cells (a). Upon addition of d-biotin,
the Strep-Tactin backbone is removed, leaving monomeric MHC molecules bound to sur-
face bound TCRs (b), which dissociate from the T cell surface depending on the binding
strength between pMHC and TCR (c). As both the pMHC proteins and the Strep-Tactin
are conjugated with fluorophores, the dissociation of both molecules can be monitored by
realtime microscopy.

the conjugation site for the fluorescent dye was located within the £s microglobu-
lin. As iodation experiments revealed that the tyrosin at position 67 was surface
accessible [200], Herman Eisen et al. exchanged the tyrosine by a cysteine. The free
-SH group of the cysteine allowed for conjugation of different maleimide reactive
substances [201]. Thus, a fluorescent dye fused to a maleimide group could be cova-
lently linked to the free -SH group and should not interfere with the structure of the
MHC molecule. As a major advantage of this setup, different MHC I heavy chains
can be refolded with the mutated 8 microglobulin, providing a system, which can
be easily applied for different mouse MHC alleles. Alexa488-maleimide was chosen
as the fluorescent dye, as it is very small and restistant to photobleaching.

The Alexa488 conjugated MHC molecules were multimerized on Strep-Tactin that
were conjugated with phycoerythrin (PE). These dichromatic Streptamers lead to
a PE and Alexa 488 double staining of the Streptamer stained T cells (Figure
4.3(a)). The PE fluorescence intensity of dichromatic Streptamers and Streptamers
with unconjugated MHC molecules were comparable, whereas only the dichromatic
Streptamers showed a clear shift for Alexad88 (Figure 4.3(b)). Most importantly,
both the PE and the Alexa488 fluorescence were nicely detectable by fluorescence
microscopy (Figure 4.3(c)).

In conclusion, by conjugating a fluorescent dye to the murine (o microglobulin,
dichromatic Streptamers could be generated that showed a double staining of antigen-
specific T cells. This double staining was clearly detectable by flow cytometry and
fluorescence microscopy, and could be reversed by the addition of d-biotin (data not
shown). Fulfilling these essential requirements, k.g-rate assays could be successfully
performed with the described setup.
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Figure 4.2: Dye conjugated pMHC molecule in the murine setup: The pMHC-
Strep-tag fusion protein is composed of a pMHC molecule that was truncated at the trans-
membrane domain and fused to two Strep-tag II sequences, forming together the Strep-tag
III. Several pMHC molecules can bind to one Strep-Tactin via the reversible Strep-tag-Strep-
Tactin interaction, forming Streptamers. For murine k,g-rate assays the tyrosine at position
67 in the murine Sm was exchanged for a cysteine to allow for the conjugation to a fluores-
cent dye over a maleimide reaction. Alexad88 was used as the fluorescent dye in the murine
kog-rate assay setup.

4.3 Test of human (3, microglobulin conjugated MHCs

The kqg-rate assay with murine T cells revealed a clear correlation between the
functional avidity and the k.g-rate. Most importantly, Robert Knall could show in
preclinical mouse models that only T cells with a high half-life time were able to
confer protection after infection. This finding emphasizes the correlation between
the kog-rate and the protective capacity of a T cell [164].

This indicates the k,g-rate could also be an important predictive parameter for T cell
quality, for example in the setting of adoptive T cell therapy in humans. Hence, it
was of major interest to establish the k.g-rate assay for human T cells.

4.3.1 Insufficient Streptamer staining after dye conjugation on hu-
man (3, microglobulin

As the structures of the murine and the human MHC I molecules are very similar, it
was expected that the setup of the murine k,g-rate assay could be directly transferred
to human MHC I molecules. Analogue to the murine counterpart, Alexa488 was con-
jugated to the cys67 of the human Som. For initial experiments, the MHC T allele
HLA BS8 loaded with the CMV peptide Immediate Early 1199—207K (IE1199_207K)
was tested with the described Alexad88 conjugation. This MHC-peptide combi-
nation was chosen, as T cells specific for this pMHC complex could be obtained
from healthy individuals, which allowed for the easy testing of newly generated
Streptamers. Furthermore, CMV-specific T cells have a high impact in adoptive
T cell therapy of immunocompromised patients after allogenic stem cell transplan-
tation (SCT). It is thus very interesting to analyze these T cells in more detail.
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Figure 4.3: Streptamer staining of T cell specific for H2-k? Ovagss_264: Splenocytes
from OT-1 mice were mixed with B6 splenocytes in a 1:1 ratio to obtain a Streptamer
negative population as an internal control. 5*106 cells were stained with an aCD8 PB
antibody or in combination with H2-k? Ovagsg_ogs Streptamer or the dichromatic Streptamer
H2-k? Ovagss_o64 Alexad88 respectively. (a) shows the staining of Streptamer dyes PE and
alexa488, gated on CD8™ living T cells. Numbers indicate the percentage of Streptamer™
T cells in the plot. The PE and Alexa488 fluorescence intensitiy of all CD8" T cells is
additionally shown in histograms (b). The fluorescence intensity of PE (left) and Alexa488
(right) of FACS sorted, CD8% Streptamert T cells detected by confocal microscopy (c).
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Refolding of the mutated (2 microglobulin with the HLA B8 heavy chain was
successful and after subsequent dye conjugation, refolded proteins were purified
by gel filtration (data not shown). Alexad88 conjugated MHC molecules were
incubated with Strep-Tactin, forming dichromatic Streptamers, termed HLA B8
IE1199-207x-Alexad88 in the following. PBMCs were isolated from a donor (”Donor
17) with a substantial T cell population specific for HLA B8 IE1199_207x and stained
with aCD8 antibodies alone or in combination with the monochromatic Streptamer
HLA B8 IEl199_2¢7x or the dichromatic Streptamer HLA B8 IE1199_907x-Alexa488.
Comparable to the staining of mouse cells (Figure 4.3), human T cells stained with
the HLA B8 IE1199_207x Streptamer formed a distinct population with bright PE
staining intensity (Figure 4.4(a)). However, T cells incubated with the dichromatic
Streptamer HLA B8 IE1199_207x-Alexa488 showed no Alexa488 fluorescence. In ad-
dition, the PE staining was almost lost, resulting in a shift of the specific T cells
towards the negative polulation. The absence of Alexa488 fluorescence and the sub-
stantially lower PE staining intensity compared to T cells stained with HLA B8
IE1l199_9207x Streptamer was also clearly visible in the histogram of fluorescence in-
tensities (Figure 4.4(b)). In line with the results obtained by flow cytometry, sorted
HLA B8 IE1199_207x specific T cells stained with the dichromatic Streptamer showed
no detectable Alexad88 fluorescence and only a very weak PE fluorescence under the
microscope (Figure 4.4, lower panel).

4.3.2 Successful dye conjugation to 5, microglobulin

Due to the low fluorescence intensities of PE and Alexa488, it was not possible to
perform kyg-rate assays with the Alexa488 conjugated MHC molecules. The missing
Alexad88 fluorescence of the ”dichromatic” Streptamers could be explained by inef-
fective dye conjugation to the S microglobulin. To test this, human MHC molecules
which should be Alexad88 conjugated were incubated with small beads coated with
Strep-Tactin. Analogue to the multimerization described for Streptamers, recombi-
nant MHCs can bind the Strep-Tactin on the beads via their Strep-tag sequences(Figure
4.5(b)). MHC loaded beads were subsequently analyzed for their Alexa488 fluores-
cence. As controls, beads loaded with murine, Alexa488 conjugated MHCs and
unloaded beads were analyzed.

The histogram in Figure 4.5 shows the Alexad88 staining intensity of the MHC
loaded beads. All beads coated with human MHCs that had been incubated with
Alexad88, showed a clear shift in the Alexad88 fluorescence intensity compared to
the unloaded beads. Furthermore, this shift was comparable to the shift obtained
with the beads loaded with murine Alexa488 conjugated MHCs (Figure 4.5(a)).
This indicates that the human MHC molecules were successfully conjugated with
Alexa488.

4.3.3 Dye conjugation on (3, microglobulin is very specific

An unsuccessful dye conjugation could be excluded as reason for the absent Alexa488
fluorescence of T cells that were stained with the dichromatic Streptamers. We
then hypothesized that the dye might also bind to a different site than the B2 mi-



4.3. TEST OF HUMAN s MICROGLOBULIN CONJUGATED MHCS 47

PE Alexa 488
00 B Hia B8 IE1K
2?_ B HLA B8 IE1K Alexad8s
i 069 W wo
x
£
<
{5
@
E
Il
a
@ J 41
+ ; ot
7 | k8 |

I
Ll

Streptamer PE
(a)

Figure 4.4: Streptamer staining of T cell specific for HLA B8 IE1;99_507x: Lympho-
cytes were obtained from whole blood (1:1 diluted with PBS) by Ficoll purification. 5*10°
cells were stained with «CD8 PB antibody or in combination with HLA B8 IE1199_207x
Streptamer or the dichromatic StreptamerHLA B8 TE1l1g9_207x Alexad88 respectively. (a)
shows the staining of Streptamer dyes PE and Alexad88, gated on CD8* living T cells.
Numbers indicate the percentage of Streptamer™ T cells in the plot. The PE and Alexad88
fluorescence intensitiy of all CD8" T cells is additionally shown in histograms (b). The
fluorescence intensity of PE (left) and Alexa488 (right) of FACS sorted, CD8T Streptamer™
T cells detected by confocal microscopy (c).
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Figure 4.5: Test of fluorescently labeled human MHCs on Strep-Tactin coated
magnetic beads: 7 ul Strep-Tactin coated beads were incubated with 1 ug of the respective
MHC molecules for 30min and subsequently analyzed by flowcytometry. Scheme of the MHC
loaded Strep-Tactin beads is shown in (b) and histrogram of the Alexa488 fluorescence of
pure beads as a control or beads loaded with Alexa488 conjugated MHCs is shown in(a).

croglobulin in the human MHC molecule. This could lead to interference with the
TCR binding, which could potentially explain the weak staining of the dichromatic
Streptamers.

As the dye should only be conjugated to the inserted cysteine at position 67 of the
mutated (o microglobulin, the dye should not bind to a pMHC complex containing
the unmutated (2 microglobulin with tyrosin at position 67. Therefore, a HLA B8
IE1199_207x molecule containing the unmutated s microglobulin (Figure 4.6 (a),
(b)) was incubated with Alexa488 to test the specificity of the dye conjugation.
After the incubation with Alexa488 and the following purification of the MHC
molecules by gel filtration, Streptamers were generated with these MHCs and tested
for staining of specific T cells. Figure 4.6 shows that the population size and the fluo-
rescence intensity of the Strep-Tactin backbone was highly comparable when T cells
were stained with either unconjugated HLA B8 IElj99_207x Streptamers (middle
panel) or HLA B8 IE1199_207x that was incubated with the dye (lower panel). Fur-
thermore, there was no shift in the Alexa488 fluorescence intensity of the T cells
stained with the dye incubated HLA B8 IE1199_207x Streptamer (Figure 4.6(c)). In
summary, the dye incubation of an MHC molecule containing the unmutated Som
seemed not to result in dye conjugation to the MHC molecules and thus does not af-
fect the ability of generated Streptamers to stain specific T cells. This suggests that
the dye is very specifically conjugated to the cystein67 in the mutated Som. This is
in line with analyses of the crystal structure of the human MHC I molecule, where it
could be oberserved that all cystein residues are located inside the immunoglobuline
domains of the heavy chain and the barrel structure of the Som respectively. Only
the cysteine inserted at the position 67 in the Som is surface accessible and therefore
available for dye conjugation.
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Figure 4.6: Incubation with fluorescent dye leaves the human MHC molecules
unconjugated and intact: 5*10% purified human lymphocytes were stained with aCD8
PB antibody and HLA B8 TEly99_297x Streptamers or HLA B8 TE1l199_207x Streptamers
consisting of MHC molecules pretreated with mercaptoethanol or Alexad88 and mercap-
toethanol respectively. A schematic illustration of the ”wildtype” MHC molecule containing
a tyrosine at position 67 of the fom is shown in (a). (b) shows the staining of Streptamer
dyes PE and Alexad488, gated on CD87 living T cells. Numbers indicate the percentage of
Streptamer™ T cells in the plot. PE and Alexa488 fluorescence intensitiy of all CD8T T cells
is additionally shown in histograms (c).
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4.3.4 Generation of chimeric MHC molecules

The previous experiments showed that the dye conjugation on the human Som is
successful and very specific. However, staining of specific T cells with dye-conjugated
dichromatic Streptamers resulted in a strongly reduced PE fluorescence and no de-
tectable Alexad88 fluorescence. A possible reason could be that the dye conjugated
human Som interfered with the binding of the whole pMHC complex to the TCR.
To test the effect of the dye conjugated Som on the TCR binding, we generated a
chimeric MHC molecule, consisting of the murine heavy chain and the human Som
(Figure 4.7(a), (b)). As the complex of murine heavy chain and dye-conjugated
murine Som was able to form functional dichromatic Streptamers, the failure of
Streptamer staining with the chimeric MHC complex would pinpoint to the stain-
ing problems to the dye-conjugated human Bom. H2-k® loaded with the peptide
Ovagsg_264 Was chosen as murine pMHC complex, as transgenic T cells specific for
this pMHC combination could be be easily obtained from OT1 mice. In addition, a
large amount of data on Streptamer stainings and kog-rates has already been aquired
with these cells and allowed for comparison to newly generated data.

The refolding of the chimeric MHC complex resulted in protein complexes with the
expected size and produced a protein yield comparable to the murine MHC complex,
indicating that the refolding was very efficient. After dye conjugation, OT1 cells
were stained with aCD8 antibodies and the dichromatic murine H2-k® Ovagsg_264
Streptamer or the dichromatic chimeric H2-k? Ovagsg_264 + HBom Streptamer. Fig-
ure 4.7(c) shows that the staining with the two different Streptamers was highly
comparable concerning the PE and the Alexa488 fluorescence intensity. This re-
vealed that it was possible to generate functional dichromatic Streptamers with dye
conjugated human fom and indicated that the human Som was not the main reason
for the failing of dye conjugated human MHC molecules.

In parallel, the inverse chimeric MHC molecule, consisting of a human heavy chain
and the murine Som, was generated to test if the staining capability of the human
dichromatic Streptamer could be rescued by dye conjugation to the murine fom
(Figure 4.8(a), 4.8(b)). Regarding this chimeric MHC complex, the refolding and the
subsequent dye conjugation worked with the expected protein yield and complexes
of correct size could be purified (data not shown). To see if the refolding of a
murine Som with a human heavy chain would produce functional MHC molecules,
the human heavy chain was additionally refolded with the unmutated murine Som.
PBMCs from Donor 1 were stained with aCD8 antibodies alone or in combina-
tion with HLA B8 IE1l199_o07x Streptamer, the chimeric HLA B8 IE1l199_2¢7x with
murine Som or the chimeric HLA B8 IE1199_207x with Alexa488 conjugated murine
Bom respectively (Figure 4.8(c)).

Population size and fluorescence intensity of the Streptamer PE staining of the
chimeric HLA B8 IE1199_9097x with murine Som or the human HLA B8 IE1199_207x
Streptamer were comparable. This indicated that the human heavy chain that was
refolded with a murine Som was able to form functional pMHC complexes that were
recognized by specific human T cells. However, after dye conjugation on the murine
Bom, the dichromatic Streptamer with the chimeric MHC molecule also lost the
ability to bind to specific T cells.
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Figure 4.7: Streptamer staining with chimeric MHC molecules, consisting of a
murine heavy chain and a human S5 microglobulin: Schematic illustration of a murine
pMHC-Strep-tag fusion protein (a) and the chimeric protein (b) containing the murine heavy
chain (light blue) and the humane Ssm (dark blue). 5*10° splenocytes from OT1 mice were
stained with «CD8 PB antibody or in addition with H2-k® Ovagsg_o64-Alexad88 Streptamer
or the chimeric Streptamer H2-k® hBom Ovagss_o4-Alexad88. (c) shows the staining of
Streptamer dyes PE and Alexa488, gated on CD8 living T cells.
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Figure 4.8: Streptamer staining with chimeric MHC molecules, consisting of a
human heavy chain and a murine 3, microglobulin: Schematic illustration of a human
pMHC-Strep-tag fusion protein (a) and the chimeric protein (b) containing the human heavy
chain (dark blue) and the murine Som (light blue). 5*10¢ purified human lymphocytes were
stained with aCD8 PB antibody or in addition with HLA B8 IEl199_207x Streptamer or
the chimeric Streptamers HLA BS m,82m IE1199_207K and HLA B8 mﬁgm IE1199_207K—
Alexad88 respectively. (c) shows the staining of Streptamer dyes PE and Alexa488, gated
on CD8™ living T cells. Numbers indicate the percentage of Streptamer™ T cells in the plot.



4.4. NEW SETUP FOR HUMAN Korp-RATE ASSAY 53

The data obtained from experiments with chimeric pMHC complexes showed that
it was possible to form a functional pMHC complex with a human Som conjugated
with Alexa488. However, if the murine Som was refolded with the human heavy
chain and conjugated to Alexa488, this chimeric complex behaved similar to the
human dye conjugated pMHC complex and lost the ability to stain specific T cells.
These experiments suggested that the dye conjugation on the fom was responsible for
the inability of human dichromatic Streptamers to stain cells. This was unexpected,
as the crystal structures of the human and the murine MHC I molecules are very
similar and the dye conjugation on the murine Som did not interfere with the binding
of the murine pMHC complex to specific TCRs. However, there were slight structural
differences compared to the murine pMHC complex, like the slightly closer proximity
of the human Som to the human heavy chain. These minor differences might be the
reason that dye conjugation on Sem in the human heavy chain could cause alterations
in the MHC molecule that potenially lead to the loss of TCR binding capacity.

4.4 New setup for human k. g-rate assay

The expriments described in section 4.2 showed that it was not possible to directly
transfer the setup for the murine kyg-rate assay to human MHC molecules, as the
dye conjugation on the human Som abolished the binding of the pMHC complexes to
specific TCRs. For the conducting of the k,g-rate assay however, the dye conjugation
of MHC molecules was an essential prerequisite to be able to observe the dissociation
of monomeric MHC molecules from surface bound TCRs by realtime microscopy.
Consequently, a different site for dye conjugation within the human pMHC complex
had to be found to enable k. g-rate measurements for human T cells.

4.4.1 Introduction of a new conjugation site

The new conjugation site for the fluorescent dye should not interfere with the binding
of the pMHC complex to the TCR. By locating the conjugation site at a position
with highest distance to the pMHC-TCR interface, any influence of the dye on TCR
binding should be unlikely.

As the Strep-tag III region is a flexible polypeptide chain fused to the C-term of
the MHC molecule, new conjugation sites within this region should be generated
and tested. Figure 4.9 illustrates the binding of the MHC-Strep-tag fusion protein
to its binding partner, here Streptavidin [202]. The Strep-tag III region contains
two Strep-tag I sequences, which can bind to Streptavidin or Strep-Tactin. Flexible
peptide chains mainly built of glycine and serine residues, so-called GS-linker, are
used to link the C-term of the MHC molecule to the first Strep-tag II sequence and
connect the two Strep-tag Il sequences.

To generate a new conjugation site, a cysteine residue had to be introduced at the
chosen position by mutagenesis PCR. A fluorescent dye can bind to the free -SH
group of this cysteine for example over a maleimide reaction, which links the dye
c¢Ovalently to the MHC molecule. In separate approaches, three different conjugation
sites were tested. A cysteine was inserted either in the GS-linker region between the
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Figure 4.9: Model of the structure of the MHC-Strep-tag fusion protein bound
to Streptavidin: Schematic combination of the crystal structures of HLA B8 (adapted
from 1MO05, [203]) and two Strep-tag affinity peptides each bound to Streptavidin (adapted
from 1RSU, [202]), linked with GS peptide sequences (red). This model illustrates the
interaction of the Strep-tag III region in the MHC fusion protein with its cognate target, here
Streptavidin. Approximate positions in the Strep-taglll, at which a cysteine was inserted
to create conjugation sites for the fluorochrome, are indicated in green.

MHC C-term and the first Strep-tag, in the GS-linker region between the Strep-tag
IT regions or after the second Strep-tag Il sequence (Figure 4.9). To prevent any
influence of the dye on the binding of the Strep-tag Il sequence to Strep-Tactin, an
additional GS linker was introduced between the Strep-tag Il sequence and the third
conjugation site.

Figure 4.10 shows the sequence of the Strep-tag III region fused to the HLA B8
molecule. The three different conjugation sites with the residues that were intro-
duced by mutagenesis PCR are indicated.

The mutagenesis PCR and the subsequent cloning were successfully performed for
mutations I and III. However, even after repeated mutagenesis PCRs with different
primers, mutation II could never be generated. Therefore, subsequent expression
and refolding of the mutated MHC molecules were done for mutations I and III.
Both mutations could be expressed and refolded with the expected protein yield
(data not shown). After conjugation with Alexa488, the newly generated MHC
molecules were tested in Streptamer stainings.

PBMCs from Donor 1 were purified and stained with a«CD8 antibodies alone or in
addition with HLA B8 IE1199_207x Streptamer, or with the dichromatic Streptamers
HLA B8 IE1199_207K Mutation I or HLA B8 IE1199_207K Mutation III, respectively.
As Figure 4.11 shows, the PE fluorescence intensity and the population size of the
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Figure 4.10: Sequence of the Strep-tag III region: The C-terminus of the human
heavy chain is marked with a blue line, GS-linker sequences with red lines and the Strep-
tagll sequences with light blue lines. Positions and amino acids of planned insertions are
indicated.

stained T cells were comparable between the three different Streptamer stainings.
This indicates that both dichromatic Streptamers are able to bind efficiently to
the TCRs of specific T cells. In addition, both T cell populations stained with
the dichromatic Streptamers show a shift in the Alexa488 staining (Figure 4.11
(a), (b)). Hence, the dye conjugation at the two different sites in the Strep-tag
region was successful and did not interfere with the binding of the pMHC complex
to the TCR. As the Alexa488 shift was slightly stronger for T cells stained with
HLA B8 IEl199_997x Mutation III, we decided to continue the experiments with
those Streptamers. All dye conjugated MHC I molecules described in the following
sections contained this cysteine mutation III, if not indicated differently.

To test if the Alexad88 fluorescence of the Streptamer stained T cells were bright
enough to perform k.g-rate assays, living CD8"T Streptamer™ T cells were sorted
from PBMCs and the fluorescence intensity was analyzed by confocal microscopy.
The Alexa488 fluorescence was detectable and after addition of d-biotin, the kog-
rates of several cells could be calculated (Figure 4.12). However, in most of the
experiments, the Alexa488 fluorescence intensity was very low and could hardly be
distinguished from background fluorescence. In these cases, no kyg-rates could be
calculated after addition of d-biotin.

Hence, with the insertion of a new conjugation site at the end of the Strep-tag I11
region, interference of the fluorescent dye with the pMHC-TCR binding could be
prevented. For the first time, stable staining of specific T cells was achieved with
human dichromatic Streptamers. However, the fluorescence intensity of Alexa488
at this position was very low. Minor changes in the intensity of the Streptamer
staining, e.g. due to slight fluctuations of the temperature, resulted in an Alexa488
fluorescence intensity under the detection limit of the confocal microscope. Thus,
a new fluorescent dye had to be found, which was bright enough to ensure reliable
kog-rate measurements.
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Figure 4.11: Streptamer staining with HLA B8 molecules containing the indi-
cated mutations in the Strep-tag sequence: 5*10° purified human lymphocytes were
stained with CD8 PB antibody or in addition with HLA B8 TE1199_207x Streptamer or the
Streptamers HLA B8 IE1199_207x Mutation I-Alexa488 and HLA B8 IE199_297x Mutation
ITI- Alexa488 respectively. (a) shows the staining of Streptamer dyes PE and Alexa488, gated
on CD87 living T cells. Numbers indicate the percentage of Streptamer™ T cells in the plot.
The histogram in (b) shows the Alexa488 fluorescence intensitiy of the Streptamer™ T cells.
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Figure 4.12: k. g-rate assay with T cells stained with HLA B8 IE1K Streptamers,
containing Mutation III and Alexa488 conjugation: Ficoll purified human lympho-
cytes were stained with CD8 PB antibody and HLA B8 IE1199_207x-Alexad88 Streptamer
and sorted for CD8" Streptamer™ living lymphocytes. kog-rate assays were subsequently
performed under microscopic control. (a) Picture of the Alexa488 fluorescence of the sorted
cells. (b) Half-life times obtained from several k,g-rate assays.

4.4.2 Selection of a new fluorescent dye

Looking for a new fluorescent dye, three criteria were of major importance: the size,
the quantum yield and the photobleaching restistance.

The size was of obvious importance, as interference of the dye with the binding
to the TCR or the Strep-Tactin becomes more probable with increasing size of
the dye. Alexad88, which could be shown to interfere neither with the TCR nor
the Strep-Tactin binding when conjugated to the end of the Strep-tag III region,
has a size of 720.66 g/mol. Hence, the size of a new dye should lie in a similar
range. The quantum yield of a dye is defined by the ratio of emitted photons
to absorbed photons. The higher the quantum yield, the more absorbed photons
are emitted as fluorescent light resulting in higher fluorescence intensity of the dye.
Photobleaching can be described as the destruction of a fluorescent dye during
exposure to the excitation (laser) light. As the dissociation of the monomeric MHC
molecules was observed by realtime microscopy, the fluorescent dye conjugated to
the MHC molecule had to be quite stable during the k.g-rate assay. The decay
of fluorescence due to photobleaching can be included into the calculations of the
kog-rate (s. section 4.4.3) and causes no problems as long as the photobleaching is
slow. In contrast, fast photobleaching of the dye would not allow for longer k,g-rate
measurements and thus limit the range of detectable half life times. As the level of
photobleaching is strongly influenced by the molecular structure of the fluorescent
dye, a dye with high resistance to photobleaching should be chosen.

The company Atto-tec was found to offer a broad range of small fluorophores with
sufficient photobleaching resistance. First, the three different dyes Atto488, Atto532
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Figure 4.13: Test staining with HLA B8 TE1K Streptamers conjugated with
different fluorescent Atto dyes: 5*10° purified human lymphocytes were stained with
aCD8 PB antibody or in addition with HLA B8 IE1,99_207x Streptamer or the Streptamers
HLA B8 IEl199 297k conjugated with Alexa488, Atto488, Atto532 or Atto633. Dotplots
show the staining of Strep-Tactin PE versus the fluorescent dyes on the MHCs, gated on
CD8T* living T cells. Numbers indicate the percentage of Streptamer™ T cells in the plot.

and Atto633 were tested. Atto488 was chosen, as it should be 10% brighter than
Alexad88 and would allow for microscope settings that are comparable to former
murine kog-rate settings. Atto532 is described as the brightest Atto dye. However,
available laser settings restrict the detection of Atti532 to microscopy, while analysis
by flow cytometry is not possible by conventional analyzers. In contrast, Atto633
is detectable by both flowcytometry and microscopy, as it has a similar excitation
wavelength than the widely used APC dye.

PBMCs from Donor 1 were stained with aCD8 antibodies alone or in addition
with HLA B8 IEl1g99_ 207k Streptamer or with the dichromatic Streptamers HLA
B8 IE1199_207K-Alexad88, - Atto488, -Atto532 or -Atto633 respectively. As shown in
Figure 4.13 all Streptamer stainings showed distinct populations of specific T cells
with a comparable population size. This indicated that all Streptamers could bind
stably to specific TCRs. However, the Streptamer staining with the MHCs con-
jugated with Atto488, which should be 10% brighter than Alexa4®88 according to
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Figure 4.14: Fluorescence of T cells stained with HLA B8 IE1K Atto633
Streptamer under the microscope: Ficoll purified human lymphocytes were stained
with aCD8 PB antibody and HLA B8 IE1;99_207x-Atto633 Streptamer and sorted for CD8™
Streptamer™ living lymphocytes. Fluorescence intensity of Strep-Tactin PE (a) and Att0633
(b) on the surface of the stained cells is shwon.

manufacturer information, resulted in no detectable Atto488 fluorescence. The flu-
orescence of Attob32 was not detectable by flow cytometry with the used machine,
therefore, specific T cells showed only the Streptamer-PE fluorescence. The fluo-
rescence intensity of the dye was tested later with MHC coated Strep-Tactin beads
under the microscope (principle s. section 4.4.3), but turned out to be too weak to
continue experiments with this dye (data not shown). The fluorescence intensitiy of
the Atto633 Streptamer staining seemed to be very promising and specific T cells
showed a clear double staining for PE and Atto633. Hence, further microscopic
examinations were performed to reveal if Atto633 is a suitable dye for the ko g-rate
assay.

4.4.2.1 Atto633

Staining with the dichromatic HLA B8 IEl19g9_297x -Atto633 Streptamer resulted
in a high Atto 633 and PE fluorescence intensity of the specific T cell popula-
tion analyzed by flow cytometry. To be able to perform k,g-rate assays with these
Streptamers, it had to be tested if the fluorescence intensity of the Streptamer stain-
ing was also detectable by fluorescence microscopy.

CD8™ Streptamer™ T cells were sorted by FACS and subsequently analyzed by
fluorescence microscopy for Atto 633 and PE staining intensity. The emitted flu-
orescence of both dyes was very high and cells could be nicely distinguished from
background fluorescence (Figure 4.14).

The fluorescence of both Strep-Tactin PE and Atto633 conjugated to the MHC
molecules was detectable by fluorescence microscopy and seemed bright enough
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Figure 4.15: Time series of PE and Atto633 fluorescence after addition of d-
biotin: Ficoll purified human lymphocytes were stained with «CD8 PB antibody and HLA
B8 IE1199_207x-Atto633 Streptamer and sorted for CD8' Streptamer™ living lymphocytes.
PE and Atto633 fluorescence was monitored before the addition of d-biotin (0s) and in a
time series every 10s after the addition.

to perform k,g-rate assays. Hence, d-biotin was added to the cells to see, if the
Streptamer staining was reversible and if it was possible to calculate the k.g-rate
from MHC dissociation kinetics.

After addition of d-biotin, a quick dissociation of the Strep-Tactin backbone could be
observed by the decay of the PE fluorescence (Figure 4.15). A decay of the Atto633
fluorescence intensity was expected due to dissociation of monomeric bound pMHC
molecules. However, this decay was also very fast and followed exactly the same
kinetics as the decay of the PE fluorescence (Figures 4.15, 4.16(a)). This led to the
assumption, that the decay of Atto633 fluorescence intensity is mainly correlated to
the decay of the PE fluorescence and not to MHC dissociation.

If there was a correlation between the PE and the Atto633 fluorescence could be
tested by leaving the Streptamer associated to the T cells but abolishing the PE
fluorescence by photobleaching. Thus, Streptamer stained cells were sequentially
exposed to 488nm laser light to destroy the PE fluorescence. As Figure 4.16(b)
shows, the decay of the PE fluorescence induced by photobleaching went along with
a decay of the Atto633 fluorescence. Control experiments excluded the possibility
that Atto633 was also photobleached by 488nm laser light. Taken together, these
data suggested, that an intact PE fluorophor was needed to reach sufficient Atto633
fluorescence.

The observed phenotype of the interaction between PE and Atto633 seemed to be
typical for FRET (fluorescence energy transfer) between two fluorescent dyes. Two
important preconditions for FRET are first that the emission spectrum of the one
dye overlaps with the excitation spectrum of the other dye and second that the
two dye are located in close proximity. To estimate if FRET could be a possible
explanation for the observed correlation of the PE and the Atto633 fluorescence, the
emission and excitation spectra of the two dyes were analyzed.

As shown in Figure 4.17, the peak of the PE emission overlaps with a local excita-
tion maximum of Atto633. A part of the photons emitted by PE can be directly



4.4. NEW SETUP FOR HUMAN Korp-RATE ASSAY 61

25000 80000
£ — ,':tlf 633 £ T
- i — (0] ) — Atto633
g 20000 2 60000-
E £
= 150004 =
8 8 400004
g c
2 10000 g
o g 20000
§ 5000+ WA WA A A e A S
=] . WAAANPIWA_ v/ %"@./‘/V‘*“e‘"”'f.»,v é
c T T T T c T T T T T T
0 50 100 150 200 0 50 100 150 200 250 300
pictures pictures
(a) (b)

Figure 4.16: Decay of fluorescence intensity of PE and Atto633 after addition
of d-biotin or photobleaching of PE: Sorted Streptamer stained T cells were mounted
under the microscope and the decay of the Atto633 and PE fluorescence observed (a) after
the addition of d-biotin or (b) during exposition to laser light. Shown are the plots of the
fluorescence intensity of Atto633 and PE over time.
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Figure 4.17: FRET between PE and Atto633 due to close proximity and overlap-
ping spectra: Shown are the excitation (dashed lines) and emission (solid lines) spectra of
PE and Atto633 and a schematic illustration of FRET between Atto633 and PE.

absorbed by Atto633 to excite fluorescence. After dissociation or destruction of the
PE fluorophor, Atto633 fluorescence is only induced by 633 laser light excitation.
However, this excitation resulted in a fluorescence intensity which is insufficient for
the performance of k,g-rate assays.

To analyze the Atto633 fluorescence intensity in absence of PE, Strep-Tactin beads
were coated with HLA B8 IElig9_997kx -Atto633 MHCs. With these "bead MHC
multimers”, PBMCs were stained according to the Streptamer staining protocol
and subsequently analyzed by flowcytometry. In line with the data obtained from
microscopic examinations, the fluorescence intensity of Atto633 on T cells stained
with the MHC-Atto633 coated beads was very low and it was not possible to define
a distinct T cell population (data not shown).

In summary, the Atto633 fluorescence intensity was only high enough, if the dye was
in close proximity to PE and was excited by FRET. This effect caused the bright
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Att0633 fluorescence of T cells stained with the dichromatic Streptamer and analyzed
with FACS or fluorescence microscopy (Figures 4.13, 4.14). But for monitoring of the
MHCs in the kqg-rate assay, a fluorescent dye was needed which was bright enough
without other dyes in proximity. As Atto633 could not fulfill these condition, another
dye had to be found.

4.4.2.2 Atto565

After extensive testing it turned out that the ordered set of Atto dyes contained
no suitable dye for the kog-rate assay. Hence, another set of dyes that fulfilled the
preconditions discussed in the first paragraph of this section (4.4.2) were tested.
The fluorescent dyes Attob65, Atto594 and Atto647N were chosen. To first test the
brightness of the dyes after laser light excitation under the confocal microscope,
pMHC molecules conjugated with one of the fluorescent dyes respectively, were
incubated with sepharose beads coated with Strep-Tactin. Those beads had a size
of 45-160nm, showed no autofluorescence after laser light excitation (Figure 4.18)
and therefore offered a suitable, cell-free testing system for dye conjugated MHC
molecules under the microscope.

Beads coated with pMHC molecules conjugated with Atto 594 and Atto647N re-
spectively, showed only a very weak fluorescence intensity under the microscope
(data not shown). As the concentration of pMHC on beads is much higher than the
concentration of pMHC bound to surface expressed TCRs on living cells, also the
fluorescence intensity of Streptamer stained T cells was expected to be even lower.
According to that, Atto594 and Atto647N would not have the capacitiy to reach a
sufficient fluorescence intensity in T cell stainings to perform the k,g-rate assay.

In contrast, the fluorescence intensity of Strep-Tactin beads coated with Atto565
conjugated MHCs was very high (Figure 4.18(a)) and it could be assumed that
also the Streptamer staining intensity on living T cells would be bright enough to
perform k.g-rate assays. With the addition of d-biotin to MHC loaded Strep-Tactin
beads, also the reversibility of the Strep-tag-Strep-Tactin binding could be easily
tested. As Attod65 is conjugated at the end of the Strep-tag sequence of the MHC
molecule, an interaction of the dye with Strep-Tactin could be possible and would
potentially interfere with the reversibility of the Streptamer staining. However,
after the addition of d-biotin, complete dissociation of Attob565 conjugated MHC
molecules could be observed (data not shown).

After preliminary testings, Atto565 seemed to be a promising candidate for the
performance of kog-rate assays. In the next step, it had to be examined if it was
possible to stably stain specific T cells with dichromatic Streptamers containing
Att0565 conjugated MHC molecules. Hence, PBMCs from donor 1 were stained with
aCD3 antibodies alone or in addition with HLA B8 IE1l199 2975 Streptamer or with
the dichromatic Streptamer HLA B8 TE1199_207x -Atto565 (Figure 4.19). In former
Streptamer stainings, Strep-Tactin PE was used to multimerize the pMHC molecules.
However, Atto565 cannot be used in combination with PE, as the emission spectra
of both dyes overlap to a high extent. Therefore, Strep-Tactin conjugated with APC
was chosen, as it basically has the same properties concerning Strep-tag binding as
Strep-Tactin PE, but could be used in combination with Atto565 conjugated MHC
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Figure 4.18: Test of Atto565 conjugated MHCs on Strepatctin beads for visibility
under the microscope: (a) Schematic illustration of MHC conjugation to Strep-Tactin
coated sepharose beads. (b) Strep-Tactin beads were incubated with Atto565 conjugated
MHC molecules and Atto565 fluorescence was analyzed under the microscope. Unconjugated
beads were analyzed for autofluorescence as a control.

molecules. Streptamer stained T cells were analyzed directly by flow cytometry, or
after additional incubation with d-biotin to test the reversibility of the staining. As
there was no suitable laser available to excite Atto565 fluorescence, only the staining
of the Strep-Tactin backbone was compared. Both the population size of specific
T cells and the fluorescence intensity of the Strep-Tactin APC were highly compa-
rable between the HLA B8 IEl199_s07x Streptamer and the dichromatic Atto565
Streptamer (Figure 4.19). After addition of d-biotin, stainings of both Streptamers
could be reversed.

Thus, it was possible to stably stain specific T cells with Streptamers containing
Atto565 conjugated MHCs, and the staining was completely reversible. But to be
finally able to perform k,g-rate assays, it had to be tested if the fluorescence intensity
of Attob565 was sufficiently high in the context of Streptamer staining. PBMCs were
stained with antibodies and the dichromatic Streptamer and subsequently FACS
sorted for the CD8" Streptamer™ population. Figure 4.20 shows the fluorescence
intensities of APC and Atto565 of sorted T cells under the microscope. While the
APC staining of the cells was very bright and distinct (4.20(a)), there is hardly any
Atto565 fluorescence detectable (4.20(b)).

After the dissociation of the Strep-Tactin-APC backbone by adding d-biotin, the
Atto565 fluorescence of the cells became detectable (Figure 4.21). The fluorescence
intensity of Atto565 reached a maximum at the point of complete APC dissociation,
followed by a decay of Atto565 fluorescence.

Also in this case, FRET between the two Streptamer dyes was a possible explanation
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Figure 4.19: Staining of specific T cells with HLA B8 IE1K Atto565 Streptamers:
(a) 5*10° purified human lymphocytes were stained with aCD3 PB antibody or in addition
with HLA B8 TE1,99_207x Streptamer or the Streptamers HLA B8 IE1199_207x-Atto565 and
analyzed directly or incubated with d-biotin. Dot plots show the staining of Strep-Tactin
PE versus the fluorescent dyes on the MHCs, gated on living T cells. Numbers indicate the
percentage of Streptamer™ T cells in the plot. (b) Schematic illustration of the Streptamer
used for the murine k,g-rate assays (upper panel) or the new setup used for human k,g-rate
assay (lower panel).
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Figure 4.20: Fluorescence of T cells stained with HLA B8 IE1K Atto565
Streptamer under the microscope: Ficoll purified human lymphocytes were stained
with a«CD8 PB antibody and HLA B8 IE1,99_2g7x-Atto565 Streptamer and sorted for CD8*
Streptamer™ living lymphocytes. Fluorescence of Strep-Tactin APC (a) and Atto565 (b) on
the surface of the stained cells is shown.
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Figure 4.21: Time series of APC and Atto565 fluorescence after addition of d-
biotin: Ficoll purified human lymphocytes were stained with aCD8 PB antibody and HLA
B8 IE1199_207K-Att0633 Streptamer and sorted for CD81 Streptamer™ living lymphocytes.
APC and Atto565 fluorescence was monitored before the addition of d-biotin (0s) and in a
time series every 10s after the addition.
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Figure 4.22: FRET between Atto565 and APC due to close proximity and over-
lapping spectra: Shown are the excitation (dashed lines) and emission (solid lines) spectra
of Atto565 and APC and a schematic illustration of FRET between Atto565 and APC.

for the observed effect. In contrast to the setup described in 4.4.2.1, Atto565 con-
jugated to the MHC molecule was the donor of the FRET pair and transferred its
emitted photons to the acceptor APC as long as both dyes were in close proximity.
With dissociation of the Strep-Tactin backbone and thereby of the FRET acceptor,
the emitted photons of Atto565 became visible as fluorescent light. The dissocia-
tion of the Atto565 conjugated MHC molecules could be subsequently observed as
a decay of the Atto565 fluorescence intensity.

The analysis of the emission and excitation spectra of Atto565 and APC confirmed
this theory (Figure 4.22). The emission spectrum of Atto565 overlapped strongly
with the excitation spectrum of APC and thus allowed for the efficient transfer of
photons from the FRET donor to the acceptor.

Similarly to the setup with Atto633, the dye conjugated to the MHC molecule and
the dye conjugated to Strep-Tactin interacted with each other. However, this time,
the intensity of the MHC dye Atto565 was increased after the dissociation of the
FRET partner. This effect not only made it possible to continue kg-rate measure-
ments with Atto565 conjugated MHC molecules, it even facilitated the analysis of
the fluorescent decay. Figure 4.23 shows the plot of the fluorescence intensities of
APC and Atto565 over the time after addition of d-biotin. As already visible in
Figure 4.21, the intensity of Atto565 peaked when APC intensity reached the mini-
mum. After this peak, the loss of the fluorescence intensity followed an exponential
decay. As the exponent of this decay contained the k,g-rate, the data points of the
decay had to be fitted with an exponential curve to allow for the calculation of the
kog-rate. In the early phase after addition of d-biotin, simultaneous dissociation
of the Strep-Tactin backbone and pMHC molecules might complicate the analysis
of the dissociation kinetics. At the peak of the Atto565 fluorescence, however, the
Strep-Tactin backbone is about to reach complete dissociation and has therefore no
significant influence on the pMHC dissociation kinetics. Hence, the peak of Atto565
fluorescence marks the starting point of the exponential decay and indicates the
range of data points for the correct fitting of the exponential decay.
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Figure 4.23: Decay of fluorescence intensity of APC and Atto565 after addition
of d-biotin: Sorted Streptamer stained T cells were mounted under the microscope and the
decay of the Atto633 and PE fluorescence observed after the addition of d-biotin. Shown
are the plots of the fluorescence intensity (a) of Atto633 and PE over time and (b) the range
of data selected for the fit of the exponential decay.

4.4.3 Photobleaching of Atto565 - determination and subtraction

First experiments with T cells showed that the staining with Atto565 Streptamers
is well detectable by confocal microscopy and that the dissociation of labeled MHC
molecules can be monitored after addition of d-biotin. To finally setup the k.g-rate
assay, photobleaching of Atto565 with the microscope settings (e.g. laser intensity,
pinhole, scan speed) adjusted for the measurements of cells, had to be determined.
To achieve this, the dye is exposed to laser light for a series of pictures usually taken
in the kog-rate assay, and the decay of fluorescence during this time was observed.
Due to FRET between Atto565 and APC, the Atto565 fluorescence is very low in the
presence of APC. Hence, measurements of photobleaching could not be performed
with Streptamer stained cells, as the binding of the Atto565 labeled MHCs is only
stable in the presence of the Strep-Tactin APC backbone. Therefore, photobleach-
ing of Attob65 was determined in the cell free testing system using MHC coated
sepharosebeads as described in 4.4.2.2.

Figure 4.24 shows the Strep-Tactin beads coated with biotinylated APC (upper row)
or Atto565 conjugated MHC molecules (lower row) at different time points in a time
series of 300 pictures. While the fluorescence intensities of both dyes decline, the
fluorescence intensity of Atto565 seemed to be much more stable than the intensity
of APC.

According to the decay law, photo bleaching follows a negative exponential curve
that contains the decay coeflicient in its exponent. In Figure 4.25, the fluorescence
intensities of both dyes are plotted over the time series of pictures and exponential
curves are fitted into the data points. Atto565 had a very low decay coefficient, which
demonstrated the good photostability of the fluorophor. The bleaching coefficient
was subtracted from the decay coeflicient of the raw data of the MHC dissociation
to calculate the final kg-rate.
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Figure 4.24: Photobleaching of the fluorescent dye APC and Atto565 in the k,g-
rate setup on Strep-Tactin beads: Strep-Tactin beads were loaded with biotinylated
APC (upper row) or with Atto565 (lower row) conjugated MHC molecules. Pictures were
taken every 10s with the laser intensities corresponding to the setup of the k,g-rate assay.
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Figure 4.25: Time plot of photobleaching of the fluorescent dye APC and Atto565
in the k,g-rate setup:Shown are two exemplary decay curves of Atto565 and APC after
photobleaching of dye-loaded Strep-Tactin beads. k values in the graph indicate the bleach-
ing constants of the dyes, calculated from the exponential fit of the curves.
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4.4.4 New analyzer software

As already mentioned, the dissociation of the MHC molecules follows an exponential
decay and kog-rate and half life-time (t; /o) of the binding can be calculated from the
exponent of a curve fitted into the data points. For the analysis, the fluorescence
intensity of single cells as well as the background fluorescence is measured for each
picture. With the analyzing software analyzer.nt, the background correction of the
fluorescence intensity and the plotting of the corrected values over time are carried
out automated. To ensure optimal fitting of the data points to an exponential curve,
the software allows for the adaption of the area of data points included for fitting.
Thereby, fitting of each cell is controlled directly and incorrect fittings e.g. due to
variations at the end of the assay can be avoided.

The software ”analyzer.nt” was developed by Sebastian Nauerth, Department of
Physics, LMU Minchen. Data evaluation is done using R[http://www.r-project.org/],
a language for statistical computing. It allows for data import and analyzes using
state of the art fitting methods. The basic principles of the model function and the
data analysis of this software are describe in the following.

4.4.4.1 Model function

The evaluation of the intensity development is done against an exponential decay
model. This is motivated as followed: For every time step d¢ the probability for
every pMHC molecule to dissolve is believed to be equal and constant. The change
in fluorescence or in this context the change in the number of dye-conjugated pMHC
molecules dNV in a time interval dt is therefore expected to be proportional to the
absolute number of dye-conjugated pMHC molecules N (t) left after a time ¢, the
probability p; for a single pMHC molecule to dissolve in dt and the width of the
time step:

dN = —N(t)pdt (4.1)
Integrating then gives:
N@®) dN t
— = — dt 4.2
/Nto 0 / P (4.2)
In(N(t))
— L =—p(t—t 4.3
L) = ) (43)

Choosing tg = 0 for convenience and eliminating the logarithm, the well known
exponential decay law is obtained:

N(t) = Nge Pt (4.4)

The experimental data sometimes additionally shows a linear decrease of the fluo-
rescence intensity with a varying slope a. While this process has yet to be explained,
the model function has to reflect this behavior in order to obtain sensible fit results.
The final model function thus reads:

N(t) = Noe P —at (4.5)
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The half-value period 71/, is calculated from the somehow less illustrative parameter

pt by solving
No

= Noe P (4.6)
One yields
In(2)
Tijy = — 4.7
= (4.7)
or substituted into (4.5):
In(2)t -
N(t):Noexp <_ n( ) ) _at:NO 2( Tl/Q) —at (48)
7'1/2

4.4.4.2 Correction for photobleaching

The effects of laser induced photobleaching of the fluorescent dyes are integrated
into the model by modifying the rate equation (4.9) with a second decay probability
DPo:

AN = —N(t)pedt — N (t)ppdt = — N (t)(pe + py)dt (4.9)

As the two probabilities add up, one can substitute the sum with a effective prob-
ability p which is actually observed when performing the k.g-rate experiment. The
grade of bleaching has to be quantified beforehand in dedicated measurements ob-
taining pp. From (4.7), the relation of the half-value periods can be derived:

1 1

1
pP=petm < - = +
T Tis Thl/a

(4.10)

4.4.4.3 Work flow

The R evaluation script starts by prompting the user for a data file. This has to be
provided properly formatted in an Microsoft Excel document. For every cell in the
file, the following steps are executed:

A Plot of the signal and background intensities over time is displayed and the user is
asked to specify the first and last valid data point (Figure 4.26(a), Figure 4.26(b)).
The model function is fitted to the data (signal - background) and the result is
plotted together with the experimental data points. Note that so far, no numerical
values are revealed but an indicator value for the fit quality (i.e. degree of matching).
In case, the fit is not convincing, this step can be repeated choosing slightly different
start and end points (Figure 4.26(c)). Finally the user has to decide whether the
fit is to be considered successful and matching the experimental data or there is
no reasonable fit possible for this particular data set and the respective cell is to
be discarded. For the latter case there is a number of possible causes including
low signal intensity compared to the background and excessive noise obscuring the
actual effect. Both these conditions can be easily identified from the plotted data.
When all cells are processed, the results are plotted showing (1) all data points with
the points accounted for in the fit marked, (2) the model function plotted with the
obtained parameters and (3) the numeric values of the obtained parameters.
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Figure 4.26: Data analysis with the analyzer.nt software: (a) Plot of signal (red
circles) and background (light red dots) fluorescence intensities. (b) First and last valid
data points in the plot (indicated by arrows) have to be chosen. (c) The model function is
fitted to the data and the resulting curve is plotted over the raw data. The fit can be either
accepted or repeated with slightly different start and end points.

4.5 Validation of the k., g-rate assay

With the introduction of a new conjugation site at the C-term of the MHC molecule
and the choice of a new dye, the k,g-rate assay could be established for the mea-
surement of human T cells. For the first time, the dissociation of monomeric pMHC
molecules from surface bound TCR could be reliable monitored. However, several
questions had to be addressed to validate the kog-rate assay for human T cells.

4.5.1 Reproducibility and comparability

To prove the reliability of the kg-rate data, it had to be shown that the measured
values were reproducible in different experiments. As T cell clones, which all bear
an identical TCR, should produce very similar kog-rates , the measurement of such
T cell clones provided a suitable system to analyze the reproducibility of the k,g-
rate assay. Figure 4.27(a) shows the measurement of one T cell clone in different
dissociation assays and on different days. The mean half-life time of the measured
cells was very stable in the different assays, demonstrating the reliability of the
measured values.

In the next step, it should be analyzed if the kqg-rate is influenced by culture con-
ditions or if it mainly depends on the TCR. For these experiments, T cell clones
were either kept in culture or frozen in liquid nitrogen and later thawed for the per-
formance of the kog-rate assay. The kqg-rates of cultured and frozen T cell clones
are compared in Figure 4.27(b) . The half-life times of the analyzed T cell clones
were very similar, indicating that the kog-rate is independent of the current culture
conditions.

In kog-rate assays with murine T cells, Robert Knall could reveal a remarkable
correlation between the functional avidity, the k,g-rate and the protective capacity
of a T cell. However, all those murine k.g-rate data were generated with a setup
different from the human k.g-rate setup (described in 4.2). The newly established
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Figure 4.27: Reproducibility of k,g-rate values: (a) CMV spec. T cell clones were
stained with HLA B8 TE1g8 — 96-Atto565 Streptamer and kyg-rates of the same clones were
measured in different dissociations and on different days. Shown are the half-life times
with mean for each dissociation, with mean values and standard deviation indicated in
the diagram. (b) HLA B8 IE1s8 — 96 specific T cell clones were either Streptamer stained
and analyzed in kog-rate assays directly after culture or frozen stocks were thawed for the
analysis in the kog-rate assay. Shown are the half-life times with mean of the frozen and the
cultured clones in comparison.
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Figure 4.28: Comparison of data produced with the murine and the human k,g-
rate assay setup: (a) Comparison of half-life times calculated from the k,g-rate assay with
OT1 T cells stained with H2-k® Ovagsg_264 Streptamers either conjugated at the Som with
Alexad88 or at the end of the Strep-taglll with Atto565. (b) Asin A, half-life times obtained
after kog-rate assay with the different dye conjugations were compared for 2C T cells and
H2-k? SIY Streptamers. In both diagrams, half-life times with mean are shown. Numbers
indicate mean half life time for each column.
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"human kyg-rate setup” with the conjugation of Att565 to the end of the Strep-
tag was transferred to the murine MHC I molecule H2-k® to address two questions:
first, how do the two setups perform in comparison and second, does the new dye
or the conjugation site influence the k,g-rate. The comparison of the different kog-
rate setups was performed with two well characterized TCR, transgenic mouse cells,
OT1 T cells and the 2C T cell line. As shown in Figure 4.28, the half-life times
assessed with the different k,g-rate setups were highly comparable for the two TCR
transgenic T cells. This demonstrated that the changes for the human kg-rate
setup had no influence on the calculated half-life time, which allowed for a direct
comparison of both systems.

4.5.2 Kk g-rate is maintained after transfer of the TCR

TCR tranfer experiments suggest that an important part of T cell avidity is hard
wired in the TCR [204], pointing out that the structure of the TCR is a critical pa-
rameter for T cell functionality. The k,g-rate is determined by the binding strength
between pMHC and TCR and should be highly dependent on the structure of the
TCR.

To test if the measured kqg-rates are actually determined by the structure of the
TCR, the TCRs of two CMV-specific T cell clones were each transferred to non-
specific Jurkat cells and the k,g-rates of the T cell clones and the respective TCR
transgenic Jurkat cells were compared. The work for this project was done in col-
laboration with Bianca Weifbrich and Georg Dossinger.

The transferred TCR was highly expressed in about 50% of the transgenic Jurkat
cells transduced with TCR from clone A or clone B respectively. TCR expressing
Jurkat cells could be FACS sorted with a high purity of over 99% Streptamer™ cells
(Figure 4.29(a)). kog-rate data obtained from the different cell types showed that
the half-life times of the T cell clones and the transgenic Jurkat cells were highly
comparable (Figure 4.29(b)). This indicated that the k.g-rate indeed dependes to
an important part on the structure of the TCR and not mainly on other components
expressed on the cell surface.

4.5.3 kg-rate assay of four CMV-specific ex vivo populations

After showing that the kyg-rate assay provided reliable data that depended on the
structure of the TCR, ex vivo T cell populations were analyzed in the next step.
Data should reveal if different kog-rates could be detected and give information
about the range of kg-rates occurring under physiological conditions.

Besides the T cell population specific for HLA B8 TE1199 2075k, which was used
during the whole work to test the kqg-rate setup, a second T cell population from
Donor 1 specific for HLA B8 IElgs_gg was analyzed. In addition, two further T cell
populations specific for HLA B7 pp65417_496 or HLA A2 pp65495_503 from Donor
2 or Donor 3, respectively, were analyzed. Remarkably, the four T cell populations
differed strongly in size. The HLA A2 pp65495_503 specific population made up only
0.1% of CD8T T cells and was rather small compared to the HLA B8 IE1199_207K
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Figure 4.29: k,g-rate assay with two different T cell clones and Jurkat cells
transduced with the respective TCRs: The TCRs of two different CMV spec. T cell
clones were each transferred to Jurkat 67 cells by retroviral transduction (a) Streptamer
staining of transgenic Jurkat cells expressing the TCR of T cell clone A (left panel) or of
T cell clone B (right panel). Shown is the Streptamer APC staining versus CD3 antibody
staining, gated on living cells. Comparison of the half-life times obtained from k,g-rate
assays with either (b) T cell clone A and the transgenic Jurkat cell bearing TCR A or (c)
T cell clone B and the transgenic Jurkat cells bearing TCR B. Shown are half-life times with
mean, numbers in the diagrams indicate mean half-life times.
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Figure 4.30: k. g-rate assay with four different CMV-specific ex vivo T cell popu-
lations:(a) Staining of PBMCs from three different donors with Streptamers with four dif-
ferent HLA peptide combinations, indicated at the top of the plots. Shown is the Streptamer
APC staining of the T cells versus sideward scatter. Cells are gated on living, CD8" lym-
phocytes, numbers in the plot indicate the frequency of CD8% Streptamert T cells. (b)
Results obtained from the kyg-rate assays with the four different CMV-specific ex vivo pop-
ulations. Shown are the t; /o, with mean, numbers in the diagram indicate mean t; /5 of each
population.
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specific population with a frequency of over 30% among all CD8" T cells (Figure
4.30(a)).

The four T cell populations were analyzed in the k,g-rate assay and revealed strong
differences of both the mean half-life times and the variation of half-life time within
one population (Figure 4.30(b)). Mean half-life times ranging from 38s up to 242s
were obtained, demonstrating that it is possible to determine a wide range of kog-
rates with the k,g-rate assay. Interestingly, a correlation between the population size
and the kqg-rate occurred in this group, where upon the biggest T cell population
(30% of CD8™) had the fastes half-life time (38s) and the smallest population (0.1%
of CD8™) the slowest half-life time (242s).

4.5.4 Kk g-rate assays of CMV-specific T cell clones

A further approach to validate the k.g-rate assay was done by generating T cell
clones of each of the CMV-specific ex vivo populations. The generation and culturing
of the T cell clones was done by Jeannette Bet and Paulina Paszkiewicz under the
supervision of Prof. Stan Riddell. They obtained the clones by sorting Streptamer™
CD8T PBMC out of the blood of healthy CMV* donors and cloning the sorted cells
by limiting dilution. As each clone and its respective TCR, originates from the ez
vivo populations, the different k,g-rates of the T cell clones should reflect the range
of kog-rates found in the respective ex vivo population. The k,g-rate analysis of the
T cell clones was done in close cooperation with Bianca Weifibrich.

In Figure 4.31, the k.g-rates of the four analyzed ez wvivo populations and their
respective clones are shown in four separated diagrams. Each clone had only very
low variation in its keg-rates , and the clones were settled in the range of k.g-rates
of their originating populations. One exception was found for two T cell clones
specific for HLA B8 IE1gg_gg, which had half-life times that were below the range
of the ex vivo populations (Figure 4.31(b)). However, with a frequency of 0.11%
Streptamer™ CDS8™ cells, the ex vivo population was very small and only few cells
could be isolated for the kyg-rate assays. Therefore, it is likely that the kog-rates
of the ex vivo population did not reflect the whole repertoire of different HLA B8
IE1gg_gg specific TCRs contained in this population, explaining why the kg-rates of
the two T cell clones were not contained in the ex vivo population. The T cell clones
of the two other ex vivo populations, specific for HLA B7 pp65417_42¢ and HLA A2
pPp65495—503 respectively, were again settled within the range of the kog-rates of the
originating populations Altogether, these data demonstrated again the reliability of
the values obtained from the kyg-rate assay.
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Figure 4.31: kg-rate assay with T cell clones originating from different ex vivo
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Chapter 5

Discussion

T cells within a certain range of high avidity for their cognate ligand are believed
to be most effective for adoptive immunotherapy. T cell receptor (TCR) transfer
experiments indicate that a major part of avidity is hard wired within the structure
of the TCR. Unfortunately, structural avidity is difficult to assess on living T cells.
In the laboratory of Prof. Busch, a novel avidity assay has been developed, where
dissociation of truly monomeric pMHC bound to surface expressed TCRs can be
monitored by realtime microscopy. This allows measurement of k,g-rates, an im-
portant component of structural avidity. The kog-rate assay has been established
for murine T cells by Robert Knall. His data revealed a clear correlation between
the functional avidity and the kog-rate of murine T cells. Most importantly, with
adoptive T cell transfer experiments in preclinical mouse models for Listeria mono-
cytogenes and mCMYV infection, respectively, it could be shown that only specific
T cells with a slow k,g-rate were able to protect the mice against pathogen infection.
These data suggested that the k,g-rate might also provide an important parameter
for rating T cell quality for adoptive T cell therapy in humans.

Hence, in this PhD work, the ko g-rate assay should be established for the measure-
ment of human T cells. Different experiments revealed that the murine k.g-rate
setup could not be directly transfered to human cells, even though the involved
murine and human molecules showed high structural homology. The problem was
pointed to the conjugation site of the fluorescent dye and new conjugation sites and
subsequently stronger fluorescent dyes were tested. Finally, a new setup for hu-
man T cells could be established that enabled reproducible kyg-rate measurements.
T cell transfer experiments revealed that the k,g-rate was highly dependent on the
structure of the TCR. Furthermore, four ex vivo populations specific for different
CMYV epitopes were analyzed in more detail with the new setup. These experiments
served not only as validation for the method but provided also the possibility to
characterize T cell populations with high impact on T cell therapy.

5.1 k.g-rate assay to determine T cell avidity

The hypothesis that an important part of T cell avidity is hard wired in the structure
of the TCR was supported by T cell transfer experiments. Rosenberg and colleagues
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could show that by introducing a TCR to nonspecific PBMCs, both the tumor
reactivity and the high avidity of the originating T cells could be transfered [204].
Therefore, the measurement of the structural avidity of T cells via the strength
of TCR-ligand interaction seems to be a valid approach to get information on a
quality parameter, which is hard wired within the T cells and independent of external
influences as e.g. culturing conditions.

Several assays to measure structural avidity have been established in the past.
Multimer-based avidity assays measure the MHC-multimer k,g-rate from surface
expressed TCRs. However, several factors complicate the correct determination of
the TCR-pMHC binding strength in these assays. First, a blocking reagent is needed
to prevent rebinding of newly dissociated MHC molecules and its concentration can
have a strong influence on the dissociation kinetics. Second, due to the multimeric
nature of MHC reagents, the kqg-rate might not only depend on the TCR avidity but
also on other factors like organization of the TCR in the membrane. And third, it is
difficult to standardize the generation MHC multimer reagents concerning the level
of MHC multimerization. Taken together, the kinetics of multimer k.g-rates are
influenced by various factors and do not allow for exact analysis of the monomeric
TCR-pMHC interaction.

The Biacore assay, based on the phenomenon of surface plasmon resonance, is a
very sensitive method to accurately determine the monomeric TCR-pMHC interac-
tion including the calculation of koy-rate and kog-rate . However, both the pMHC
complex and the TCR have to be expressed recombinantly to perform the measure-
ments. The expression of an active, soluble TCR has been achieved by different
approaches, but there is no expression protocol applicable for all TCRs, which turns
the preparations into a difficult and time consuming process. Furthermore, the assay
does not reflect physiological conditions, as none of the binding partners is embed-
ded in a physiological membrane and therefore, the contribution of coreceptors as
CDS8 can not be taken into account. Recent technical innovations of the Biacore
method could address these problems. Alterations in the setup now allow for the
transport of living cells in the sample flow. Thus it is possible to analyze the in-
teraction of cell surface bound molecules with interaction partners immobilized on
the sensor chip surface. Although no experiments measuring TCR-pMHC interac-
tion with this setup have been (to our knowledge) published until now, in theory
it should be possible to immobilize the pMHC molecules on the chip surface and
let living T cells flow through the chip. The interaction of TCR-pMHC could then
be analyzed without the prerequisite of soluble TCRs and with the contribution of
CDS8. However, this setup no longer allows for the analysis of the monomeric TCR-
pMHC interaction, as several TCRs on the T cell surface would probably bind to
immobilized MHC molecules. It would be difficult to analyze the statistics on the
number of bindings per T cell and in addition, a blocking reagent would become
necessary to prevent rebinding of single detached TCRs. Hence, this ”physiological”
Biacore setup would no longer allow for the accurate calculation of the ky,-rate and
kog-rate of TCR-pMHC interactions and therefore does not provide a valid approach
that could improve T cell avidity assays.

In order to be able to measure monomeric TCR-pMHC interactions in the context
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of a living T cell, we developed a novel T cell avidity assay providing the k,g-rate
of the TCR-pMHC binding. However, there is a vivid discussion in the field if the
kog-rate is the determinant factor of T cell avidity or if the ko,-rate has an equal or
even more important influence. Different new assays to measure TCR avidity and
to determine the contribution of ky,-rate and k,g-rate have been recently published.
Huang et al. developed an assay to measure the kinetics of the two dimensional
TCR-pMHC interaction with both partners anchored in two dimensional membranes
[205]. They claim that this assay would be closer to physiological conditions than
most other avidity assays, where at least one of the binding partners is in solution
and thus able to move in three dimensions. Analyzing the interaction of the OT1
TCR with a panel of different pMHC ligands with their two dimensional assay, they
found fast kop-rate and, compared two three dimensional assays, a broader dynamic
range of affinities and kyy-rate. The 2D k,g-rates were also found to be up to 8 fold
faster. It is difficult to estimate the physiological relevance of this model, as the
TCR, held with a micropipette, is directed towards the MHC molecules bound to
the membrane of a red blood cell (RBC) with controlled contact time and contact
area. The TCR-pMHC interaction is observed visually by elongation of the RBC
and an adhesion frequency is calculated. This adhesion frequency serves then to
determine the k. g-rate and ky,-rate. Whether this mathematical model is able to
provide kqon-rates comparable to physiological conditions is debatable. Hence, the
basic idea to observe two dimensional interaction of TCR and pMHC is closer to
the situation of CTL-target cell contact. The setup of the assay, however, does not
seem to reflect the physiological situation.

Another two dimensional approach was developed by Huppa et al.. In order to an-
alyze the TCR-pMHC interaction ”in situ”, they observed the binding of T cells to
pMHCs embedded in a modified planar bilayer system as a surrogate antigen pre-
senting cell surface by fluorescence microscopy [206]. The interaction was visualized
by coupling of FRET partners to the TCR and the pMHC, respectively, and moni-
toring the duration of the FRET signal. With this setup, they found that synaptic
TCR~-pMHC binding dynamics were significantly different from TCR-pMHC bind-
ing in solution, as they observed a 4-12 fold higher dissociation. Also the TCR
affinity for pMHCs was elevated as a consequence of a large increase in the associ-
ation rate. This effect, however, was reversed by disrupting actin polymers inside
the T cell, indicating that cytoskeletal components are involved in the stabiliza-
tion of TCR~-pMHC interaction. Based on these results, they proposed the theory
that TCR islands on the T cell surface efficiently scan the surface of an adjacent
cell. Thus, a high local density of TCRs surrounding a ligand would be provided,
in order to keep the TCR continually engaged to generate the maximum possible
signal. The findings from this study provide interesting information on the influence
of the immunological synapse and the associated cytoskeletal components on the in-
teraction of TCR-pMHC. They claim to measure TCR-pMHC affinity, which should
only be dependent on the binding of these two components. In the study of Huppa
et al., however, a multitude of components involved in the immunological synapse
can potentially influence the duration of the TCR-pMHC interaction. Therefore, it
is questionable, if the affinity that depends on the structure of the TCR is really
measured in this study.
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Not a new method, but new mathematical models were used by two independent
publications of Aleksic et al. [207] and Govern et al. [208] to test the two contrasting
theories to describe T cell-ligand potency. One theory claims that the ligand po-
tency is a function of TCR-pMHC equilibrium affinity (Kp), i.e. the concentration
of available ligand. In the other theory, the half-life time (t; /) of the TCR-pMHC
interaction has to be long enough to complete a series of signaling events. An in-
crease in the t; /, raises the probability of a successful signaling and therefore T cell
activation. Many studies support the t;/o based model, however, some exceptions
challenge this theory, as ligands with a short half-life time can be highly stimula-
tory if they have fast koy-rates. Aleksic et al. combined theory and experimental
approach to elucidate the influence of TCR-pMHC binding parameters on the T cell
response in more detail. They analyzed in wvitro activation of a TCR-trasngenic
CD8™ T cell line by a large subset of different cognate pMHC variants to examine
the relationship between T cell activation and kinetic measurements. As the data
sets contained subsets which differed in the kon-rates, changes in the affinity and in
the t;/o could be distinguished. They came to the conclusion that affinity or t;/,
alone are not sufficient to fully explain the stimulatory potency. They postulate a
new parameter for TCR-pMHC interaction, which they call ”confinement time”. It
is defined by the total time an individual pMHC and TCR are engaged regardless
of interruptions between rebindings. The confinement time is dependent on both
the kop-rate and the kqg-rate. Thereby, a slow kq,-rate leaves T cell activation
mainly dependent on the t; /5 of the TCR-pMHC interaction, whereas activation is
determined by affinity if the ko,-rate is fast (illustrated in Figure 5.1).

Determining the stimulatory potency of CD4" T helper cells, Govern et al. came to
very similar results. They identified low-, medium and high-potency ligands that had
medium or fast binding kinetics. Using mathematical modeling of the biophysical
mechanisms leading to T cell activation, they came to the conclusion that ligands
with a short t /5 can be highly stimulatory if they show fast ko,,-rates. Thereby, fast
kopn-rates allow an individual TCR to quickly bind and rebind to the same pMHC
repeatedly before diffusing away. They create the model of an aggregate t /5 (ta),
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based on which the ligand potency is dependent on the Kp when ligands show fast
kop-rates and t /o-dependent when they have a slow ko,-rate [208].

So how can we estimate the relevance of the k.g-rate assay in this context? Albeit
mathematical models emphasize the importance of the k,,-rate, our data provide
evidence that the k.g-rate is an important parameter for T cell avidity. A clear
correlation between functional avidity in vitro and kog-rate could be shown for both
murine and human T cells. Most importantly, adoptive T cell transfer experiments
with preclinical mouse models revealed that only T cells with a slow k,g-rate were
able to confer protection. Therefore, we think that the measurement of the k,g-rate
alone already provides important information on the avidity of a T cell. Nevertheless
it would be very interesting to additionally assess the ky,-rate using the described
avidity assay. There are several obstacles, however, which complicate this approach.
First, to observe the ky,-rate with real-time microscopy, unstained T cells have
to be incubated in the staining solution under microscopic control. This would
require both the supply of staining reagents to the microscopic setup and local
immobilization of the T cells. The Evotec Cytocon 400 technology (s. section 5.4), a
microfluidic chip combined with cage electrodes, is able to fulfill these requirements.
The unstained T cell could be trapped in the cage and staining solution could be
added to the microfluidic system under microscopic control. At this point, however,
we have to face the second and probably more severe obstacle for assessing kon-
rates with our avidity assay. As the kqg-rate is calculated based on the dissociation
of monomeric pMHC molecules, the measurement of the respective kqy-rate would
require the binding of monomeric pMHCs to surface bound TCRs. This binding,
however, is very weak and instable, a fact that we utilize for the analysis of the
kog-rate. Even with the addition of very high concentrations of monomeric pMHCs
to unstained T cells, the effects of MHC-binding and -dissociation would always
interfere and thus inhibit an accurate calculation of the ko,-rate. The ky,-rate of
MHC- Streptamers, however, could be analyzed in the described microfluidic setup.
Streptamer solution could be added to a trapped, unstained T cell in the chip and
the kop-rate could be calculated by the increase in T cell staining intensity. This
kon-rate would be dependent on the multimeric nature of the Streptamers and could
not be set in direct relation to the kyg-rate of monomeric pMHCs. However, it might
provide an additional structural parameter of different TCR-pMHC interactions.

5.2 The human k. g-rate assay setup

To enable kqg-rate measurements for human T cells, several parameters of the setup
that worked for murine cells had to be altered. First, extensive experiments revealed
that the conjugation site in the MHC molecule for the fluorescent dye had to be
changed for the human setup. And second, a new fluorescent dye had to be found
which was bright enough to perform k.g-rate assays.
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5.2.1 Murine and human MHC I - high similarity, small differences

Dye conjugation with Alexa488 at cysteine 67 in the murine Som did not seem to
interfere with TCR binding of the conjugated MHC molecules and allowed for the
performance of successful k.g-rate assays. Although there are diverse alterations
in the amino acid sequence, the tertiary structure of murine and human MHC I
molecules is largely conserved and very similar. For the setup of the human k.g-rate
assay it seemed therefore reasonable to try the analogous conjugation site at cysteine
67 in the human fSom. Streptamers containing those dye-conjugated human MHC
molecules, however, failed to stably stain specific T cells. Different experiments
revealed the reason for the diminished or even absent staining of the conjugated
MHC I molecules. As no Alexa488 staining could be observed on human T cells
stained with the ”dichromatic” Streptamers, it was first tested if the dye-conjugation
of human MHC I molecules was successful. Coupling MHC molecules to Strep-Tactin
coated beads and analyzing the fluorescence intensity of the beads by flow cytometry
demonstrated that the dye-conjugation was successful and the fluorescence intensity
comparable to the murine setup. But if the dye was really coupled to Cys67 was not
clear at this point. Dye conjugation to one or multiple other cysteines in the human
MHC I molecule could interfere with TCR. binding and would therefore explain the
diminished TCR binding. To test the specificity of the dye conjugation to Cys67,
a MHC I complex that contained the unmutated Som with tyrosine at position 67
was incubated following the common protocol. Staining T cells with Streptamers of
these dye-incubated Tyr67 MHC molecules resulted in a specific and stable staining
which was comparable to Streptamer staining with Tyr67 MHC molecules that had
not been incubated with the fluorescent dye. This led to the conclusion that the dye
conjugation happened very specifically at position 67 of Som and did not influence
the other cysteines present in the MHC complex. A look at the crystal structure
of human MHC I molecules shows that the -SH groups of all naturally occurring
cysteines are located inside the barrel structures of the heavy chain and the fom,
respectively, with most of them engaged in disulfid-bonds. These -SH groups are
therefore not accessible for dye-conjugation, which allows to direct dye-conjugation
specifically to the site of a newly inserted, solvent accessible cysteine.

Experiments with chimeric MHC I molecules revealed that the murine heavy chain
combined with a dye conjugated human or murine Som achieved good T cell staining.
This demonstrated that it was possible to generate functional MHC molecules with
dye-conjugated human fSom and excluded the possibility that the diminished T cell
staining of human dichromatic Streptamers was human Som intrinsic. In contrast,
the combination of the human heavy chain with a dye conjugated human or murine
Bom resulted in absent T cell staining. Taken together, these experiments showed
that not the nature of the Som, but the combination of a human heavy chain with a
dye-conjugated Som interfered with T cell staining. Even if the structures of human
and murine MHC I molecules are very similar, there have to be differences that cause
the altered behavior of dye-conjugated isoforms. In-depth analysis of the crystal
structures of murine H2-k® and human HLA B8 revealed small differences in the
location of the Som to the heavy chain. Thereby, the human Som was located slightly
closer to the heavy chain than the murine Som (s. Figure 5.2). Due to this closer
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Figure 5.2: Comparison of fom localization in murine and human MHCI
molecules: Crystal structure of H2-k® with murine fom (left, 1N59, [210]) and HLA B8
with human Sam (right, 1M05, [203]). The distance of the aminoacid at position 67 in Sam
(marked in red) to the closest aminoacid in the heavy chain was calculated with Swiss Prot
software.

contact to the heavy chain, dye-conjugation on the Som might result in structural
alterations of the overall MHC molecule and might also affect the constitution of the
MHC-TCR interface. This could weaken the interaction between MHC and TCR
and therefore result in diminished staining of those MHC Streptamers. Although we
have no proof based on crystal structures, our data strongly support this hypothesis.

5.2.2 Right dye, right place

As different experiments led to the conclusion that dye-conjugation at the Som in
a human heavy chain interfered with stable TCR binding, new locations for the
fluorescent dye conjugation had to be tested. Three sites in the Strep-tag III region
of the MHC molecule were chosen. This region has maximal distance to the MHC-
TCR interface and interference of the conjugated dye with TCR binding of the
MHC molecule should therefore be improbable. The first conjugation site should be
located in the GS-linker between MHC C-term and the first Strep-tag II sequence,
the second between the two Strep-tag II sequences and the third at the end of
the Strep-tag III region. The new conjugation sites were generated by insertion of
a cysteine for conjugation sites I and II or a cysteine combined with a short GS
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linker for conjugation site III by mutagenesis PCR of the MHC vector. Whereas the
mutagenesis worked for conjugation sites I and III, we never obtained conjugation
site II, even after serial repetitions and alterations of the experimental setup. The
reasons for this are not clear. However, dye-conjugation on site III turned out to
achieve stable staining of T cells with the respective Streptamers. Furthermore, dye-
conjugation at site II could potentially interfere with Strep-Tactin binding of both
adjacent Stretag II sequences and thus hamper the multimerization of the MHC
molecule. For these reasons, attempts to generate conjugation site II were no longer
pursued and experiments were continued with dye conjugation at site III.

The fluorescent dye Alexa488 that had been successfully used for murine k,g-rate
assays was conjugated at the new site. Streptamers of those labeled MHC molecules
achieved stable T cell staining and both PE- and Alexa488 fluorescence were de-
tectable by flow cytometry. Analysis of stained T cells under the microscope, how-
ever, revealed that the Alexad88 intensity was too low to reliably perform k.g-rate
assays. But why was Alexad88 bright enough in the murine but not in the human
setup? Different TCR expression levels on the surface of murine and human T cells
could be a reason. Stainings for the common TCR / chain, however, indicated that
the expression levels of the analyzed cells were comparable. The location of the
conjugation site could also influence the Alexa488 fluorescence intensity. Located
at the end of the Strep-tag I, Alexad88 is in close proximity to the backbone dye
PE. FRET between the two dyes is due to the emission spectra and the proximity
possible. Retrospective analysis of murine kqg-rate data revealed that FRET be-
tween Alexad88 and PE was also visible in murine experiments. The longer distance
of the two dyes in the murine setup might be the reason that the FRET effect is
less pronounced and Alexa488 fluorescence also in the presence of PE detectable.
Altogether, FRET in the human setup seems to be best explanation for the weak
Alexad88 staining. However, no increase in the Alexad88 fluorescence intensity could
be observed after dissociation of the Strep-Tactin-PE backbone. This suggests that
FRET was not the main reason for the weak fluorescence intensity of Alexa488 at
conjugation site III. The exact reason for the failure of Alexa488 in the human kqg-
rate assay setup could not be yet determined, however, we can conclude that location
of Alexad88 on the new conjugation site interfered either with the full excitation or
emission of Alexa488 fluorescence.

Hence, a new dye had to be found that was small, photobleaching resistant and
bright enough to perform k,g-rate assays with conjugated MHC molecules. Atto565
conjugated MHC molecules were successfully tested and achieved in combination
with APC conjugated Strep-Tactin, stable Streptamer staining and successful per-
formance of k.g-rate assays. As Atto565 and APC are FRET partners, the full
fluorescence intensity of Atto565 can only be detected after dissociation of Strep-
Tactin APC. This results in a peak of the Atto565 fluorescence that is followed by
an exponential decay of the fluorescence due to MHC dissociation. The peak marks
the first suitable data point for analysis and allows therefore for an optimal fitting
of data points for each analyzed cell. For the correct calculation of the kqg-rate,
photobleaching of Atto565 has to be subtracted from the overall decay of Atto565
fluorescence. First tests showed that Atto565 was very stable in the laser setup
of the kyg-rate assay and photobleaching could be neglected. Unexpectedly, same
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measurements at later time points revealed small but detectable photobleaching,
which was, however, slow enough to allow k.g-rate measurements. But the different
results of repetitive experiments with the same dye had to be explained. It turned
out that in the time between the two experiments, the 561 laser that is used for
Attob65 excitation, was exchanged by a new one. The laser power of new and old
lasers, which are otherwise identical, can vary significantly. Hence, even if identi-
cal percentage of laser power was chosen in the software setups for photobleaching
experiments one and two, the absolute laser power might have been much lower in
the first experiment with the old laser compared to the second experiment, at which
the new laser was already installed. This points out that frequent measurements of
the laser power and the resulting Atto565 photobleaching are necessary to ensure
accurate analysis of the kog-rate assays (s. section 5.4).

5.3 kyg-rate - significance for adoptive T cell therapy

During this PhD work, a kg-rate assay for human cells could be developed that
proved to produce reliable and reproducible data. But what is the significance of
the kog-rate for T cell quality? Could the k.g-rate be an important parameter for
the choice of optimal T cells for adoptive transfer? A clear correlation between the
kog-rate and the protective capacity of a T cell could be shown in T cell trans-
fer experiments in preclinical mouse models [164]. This strongly indicates that the
kog-rate could also be an important parameter for quality of human T cells. Four
different ex vivo T cell populations with specificities for different CMV epitopes were
analyzed. A wide range of k.g-rate was calculated, which demonstrated that the
populations differed significantly concerning their ko g-rates. Functional assays that
were performed with the ex vivo populations and in addition with T cell clones,
revealed a correlation between the k,g-rate and the functional avidity of the ana-
lyzed cells. These data indicate that CMV specific T cell populations differ in their
functionality and thus most probably in their suitability for adoptive T cell trans-
fer. The kqg-rate is strongly correlated to the functionality and therefore provides
important information on the quality of the T cell populations. Interestingly, we see
the tendency that in the case of chronic the population size is negatively correlated
with the ko g-rate. If the kog-rate and the population size are correlated or if other
factors like epitope specificities contribute to this phenotype is object of current
investigations. However, there are hints that immune senescence might play an im-
portant role. The analyzed ex vivo populations originate from three individuals aged
26, 31 and 45. The faster ko g-rate and the increasing population size follows an age
related pattern. Busch and colleagues propose the following model to explain the
change in TCR avidity in an ongoing CMV infection. In the early phase of a CMV
infection, T cells with high avidity TCRs receive the strongest signal to proliferate
and thus provide the dominant population to control viral replication. With ongoing
infection, antigen-driven proliferation results in proliferation associated senescence
and dysfunctionality of the high avidity T cells. Recurrence of viral replication in-
duces then antigen driven proliferation in T cell clonotypes with the next highest
avidity, starting the cycle of proliferation and senescence again. At the late phase
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of CMV infection in elderly people, new naive thymic emigrants are missing and no
further T cell clones are available to replace the dysfunctional ones. This results in
expansion of the last T cell clone to compensate for its dysfunctionality [211]. The
knowledge of CMV and immune senescence is important for the choice of suitable
T cell populations for adoptive transfers, as big populations might provide a high
number of transferable T cells but with possibly low functionality.

The main goal, however, remains to identify T cells with optimal k.g-rate and thus
optimal avidity for adoptive T cell therapy. As this project is still basic research
and not involved in clinical studies, experimental transfer of T cells with different
kog-rates in humans is obviously not possible. However, we are in close collabora-
tion with the group of Dr. Neuenhahn that is involved in an authorized phase I/11
adoptive T cell transfer study. In this study, highly immunocompromised patients
after allogeneic hematopoietic stem cell transplantation that suffer from CMV com-
plications are treated by ez vivo isolated CMV-specific CD8' T cells. CMV-specific
T cells are monitored before, during and after T cell transfer. Through the collabo-
ration, we have the chance to get some patients material and measure an aliquot of
the kog-rate of T cells that are going to be transferred. In a retrospective analysis,
the kog-rate can be correlated to the clinical outcome after T cell transfer, measured
as reduction of viral load and persistence of the T cells. This offers a great opportu-
nity to analyze the in vivo functionality of T cells with different k,g-rates in humans.
But it could also be useful to go in parallel back to the preclinical mouse models to
determine optimal T cell avidity for adoptive transfer directly. So far, T cell lines
with two different k.g-rate rates were transferred into previously infected mice and
protective capacity of the T cell was analyzed. Thereby, a clear correlation between
a slower kqg-rate and a better protectivity could be demonstrated. At this point,
however, it would be interesting to go to extremes and test T cell with very low or
very high kg-rate and see, wheater the previously found correlation is still valid or
if an optimal kyg-rate can be identified.

5.4 Applications and further perspectives

In the last section, the significance of kg-rate measurements of specific T cell pop-
ulations for adoptive T cell transfer was discussed. However, a T cell population
is mostly a mix of T cells with different avidities. Even a population with a high
mean half-life time and thus slow mean k.g-rate will contain also T cells with faster
kog-rates. Therefore, we aim to develop a single cell platform to isolate and am-
plify T cells with optimal avidity. The first step would be the performance of the
kog-rate assay with single trapped T cells and the subsequent sorting of T cells with
defined avidities. As shortly mentioned in section 5.1, the Evotec Cytocon400 sys-
tem offers the possibility to trap single cells under microscopic control, add d-biotin
and perform the k,g-rate assay and subsequently direct the analyzed T cell out of
the chip. Figure 5.3 shows the core element of this system, the Evotec Cytocon
Loader chip. This microchannel flow through device is equipped with electrodes
that allow for contact free cell guidance and trapping via negative dielectrophore-
sis. Through a detection window in the middle part of the chip, the cell can be
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Figure 5.3: The Evotec Cytocon cell sorter chip: Picture of the complete cell sorter
chip (left) and close-up to the channels and electrodes contained in the microfluidic chip
(right). The spots at the top pf the chip, where tubes to the different pumps can be
connected, are indicated. The fine dark lines in the chip represent the electrodes that can
be software controlled.

directed and trapped under microscopic control. The different channels in the chip
are connected to syringe pumps that allow for the addition and flow through of
buffer, cells and reagents as d-biotin. To perform the k,g-rate assay in the Evotec
system, Streptamer stained T cells are added to the buffer flow and guided through
the chip. A single cell is trapped in the middle of the chip by switching on the eight
cage electrodes. Analogous to the described kg-rate assay, a time series of pictures
taken every 10 seconds is started and d-biotin is added after the first picture. After
complete MHC-dissociation, the cell is released from the cage and directed to the
sort channel of the chip. The cell is released in a small droplet of buffer and can
be taken up with a pipette. Here we reach the next step in our single cell plat-
form, the amplification of the T cell with defined avidity. This amplification can
achieved either by clonal expansion of the T cell or by identification and sequencing
of the TCR with single cell PCR to genetically generate high avidity T cells. The
isolation and amplification of T cells with optimal high avidity is reasonable, if the
transfer of mixed populations containing high and low avidity T cells would bear
any disadvantages. It could be observed that low avidity T cells are able to displace
high avidity T cells, in addition they are competing for the same survival factors in
the host. However, the described process of the single cell platform is quite time
consuming and difficult to realize for each patient individually. This hurdle could be
overcome by the generation of TCR data bases, where T cells with optimal avidity
for different HLA-peptide combinations could be stored. MHC matched T cells with
optimal avidity for adoptive transfer could be individually chosen and transferred
into patients.

Beside rating of T cell quality for adoptive transfer, further applications of kg-rate
measurements could focus on diagnostic purposes. Thereby, k.g-rate measurements
could serve to estimate the quality of existing or induced T cell immunity after
vaccination. At the moment, such diagnostic procedures are available for the de-
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tection of high avidity antibodies, which are clinically correlated with the quality of
antibody-mediated immune responses. For T cell responses, such diagnostic mea-
surements have so far not been possible. Analysis of specific T cell with reversible
Streptamers allow for the quantification of the T cell immunity, subsequent k.g-rate
measurements would allow in addition to estimate the quality and perhaps even the
further development of those T cells.

Furthermore, the k.g-rate assay is also applicable for the measurements of other
interactions than TCR-pMHC binding. Virtually, all receptor-ligand interactions
with low affinity could be analyzed. The precondition to perform kqg-rate measure-
ments is that one of the interaction partners has to be recombinantly expressed and
linked to Strep-tag III that contains a dye-conjugation site. Analogous to recom-
binant MHC molecules, the recombinant molecule can be subsequently conjugated
with Atto565 and multimerized on Strep-Tactin to form dichromatic Streptamers.
Preliminary experiments are started with an chimeric antigen receptor (CAR) de-
veloped from an anti-ROR1 mAB. RORI1 is an oncofetal tyrosine kinase receptor
that is uniformly expressed on chronic lymphocytic leukemia (CLL) and mantle cell
lymphoma (MCL). It could be shown that the anti-ROR1 mAb is able to confer
specific recognition of malignant, but not mature normal B cells when expressed in
CD8T T cells [212]. ROR1 has now been recombinantly expressed and conjugated
with Atto565 to measure the interaction with different ROR1 specific CARs and
thereby rate the efficiency of the CAR-transduced T cells.

The kyg-rate assay for both murine and human T cells has been found to be a reliable
method the measure an important part of T cell avidity and reproducible data can
be generated with this assay. However, there are several points that could improve
the technique. First, the introduction of an internal bleaching control would help
to standardize the k.g-rate assay and allow for internal quality control during the
determination of MHC dissociation. In the ideal setup, photobleaching would be cal-
culated individually for each dissociation experiment. To achieve this, beads coated
with Attob565 spiked to the T cells could be used. The beads could be discriminated
by their shape and size and would be exposed to exactly the same conditions con-
cerning laser power and further microscope setup as the stained T cells. However,
one problem arises with this setup. Preliminary experiments showed that the fluo-
rescence intensity of those dye-coupled beads is often by a multitude stronger than
the fluorescence intensity of Streptamer stained T cells. To perform the kg-rate
assay, the detection range of the microscope has to be adjusted to the darkest and
the brightest values in the picture to assure optimal resolution and quality of the
detection range. If the fluorescence intensity of beads and T cells is very different,
the investigator has two possibilities: first, adjust the upper limit of the detection
range to the beads, but this would result in less contrast and less amplification of the
staining intensity of the T cell and thus hamper the analysis. Second, the upper limit
could be adjusted to the intensity of the T cells, providing optimal conditions for
the observation of the dissociation, but the staining intensity of the beads would be
above the detection range. In this case, changes in the fluorescence intensity would
not be detectable until the fluorescence intensity declines to the detection range.
Consequently, photobleaching of the beads could not be monitored in this range. To
overcome these hurdles, it could be a possibility to conjugate beads with titrated
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amounts of fluorescent dye and thus generate beads with different fluorescence in-
tensities. For every k.g-rate experiment, beads with the convenient fluorescence
intensity could be chosen, which would allow to perform bleaching measurements in
a microscope setup optimized for the Streptamer stained T cells.

A second and also very important aspect for further improvements is the reduction
of the cell number needed for the k.g-rate assay. At the moment, about 10% cells
are needed to perform one MHC dissociation assay. However, only a small part of
the cells can be observed and other cells that lie out of the field of view are lost for
further experiments. The reservoir that is currently used to mount the cell under the
microscope has a very big diameter compared to the size of the observation field.
Thus, a possible improvement could be the reduction the width of this reservoir.
This would be useful in combination with smaller membranes, as the diameter of
the membrane determines the spreading of the droplet on the glass surface containing
the cells. There might be also different chips available to observe cells under the
microscope. Many of them make it possible to analyze very limited amounts of
T cells. However, cells have to be both locally immobilized and constantly cooled to
perform reliable kog-rate measurements. No chip fulfilling these conditions could be
found yet, but it has to be examined if modifications of existing chips would make
kog-rate measurements possible.

Finally, further automation of data analysis would improve the data though-put.
Manuel gating of the cells is quite time consuming, especially when cells move and
the gates have to be adjusted for every picture in the dissociation. A possibility
could be the integration of a tracking software that detects single cells based on
their stronger fluorescence intensity compared to the background. This software
could follow these cells automatically through the dissociation. Of course, strict
controlling of the resulting curves would be necessary to rule out wrong gates caused
e.g. by the interference of two overlapping cells in the same gate.

In conclusion, the established k,g-rate assay for human T cells offers a broad range of
different applications for the analysis TCR-MHC interaction, but also for the analy-
sis of other molecules. Further improvements of the assay could help to standardize,
simplify and accelerate the measurement of different receptor-ligand interactions.



Chapter 6

Summary

In higher vertebrates, the adaptive immune system serves to combat microbial
pathogens in a very specific manner and results in many cases in life long pro-
tection against reinfection. While antibodies of the humoral immunity directly bind
intact antigen fragments of the antigen have to be processed and presented in the
context of MHC molecules to be recognized by T cells of the cellular immunity. The
T cell antigen receptor (or simply T cell receptor (TCR)) detects foreign peptides,
derived from intracellular pathogens, or abnormal proteins by binding both to the
peptide and to the MHC molecule presenting the peptide. In addition, several TCR
associated molecules as the coreceptors CD3 and CD8 or CD4, and other costimu-
latory molecules take part in this interaction, creating the immunological synapse.
Based on the interactions in this synapse, signaling events are induced, triggering
T cell effector functions like lysis of the target cell. The in vivo efficacy of a CD8"
T cell, e.g. the ability to clear viral infections, is strongly influenced by the quality
of the T cell. The term T cell avidity is often used to describe this quality. The
so called ”functional avidity” is measured by determining the amount of peptide
needed for a T cell to reach maximal effector function or proliferation and is in-
fluenced by many factors like expression of the TCR, costimulatory molecules or
efficiency of downstream signaling. The binding strength between the TCR, pMHC
and the coreceptors is combined in the term ”structural avidity”. Remarkably, it
could be shown, that by transferring a specific TCR, also the high functional avidity
was transferred to newly generated T cells, emphasizing the influence of structural
avidity on T cell functionality.

A recently developed method in our laboratory allows for the calculation of an
important component of the structural avidity, the kog-rate. This novel technique
is based on the binding of reversible pMHC multimers, so called Streptamers, to
TCRs on the T cell surface. The addition of d-biotin results in detachment of the
multimerizing backbone, leaving monomeric MHC-molecules bound to the T cell.
Using pMHCs conjugated to a fluorescent dye allows to observe the dissociation of
the monomeric pMHCs from the TCRs by realtime microscopy and thereby assess
the kog-rate. The k,g-rate assay was established with murine T cells and revealed a
strong correlation between the kog-rate and the functional avidity of a T cell. Most
importantly, in adoptive T cell transfer experiments, only T cells with a slow k,g-rate
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were able to confer protection to mice after infection. This led to the assumption that
the kog-rate might also provide an important parameter for the quality of human
T cells chosen for adoptive transfer. Hence, the k. g-rate assay setup was transferred
to human molecules to allow for the measurement of human T cells. To achieve this,
dye conjugated human pMHC I molecules had to be generated and tested for the
ability to form functional Streptamers suited for the assay under the microscope.
Due to high structural similarities of human and murine MHC I molecules, the
conjugation site for the fluorescent dye was chosen analogous to the murine setup
on the B2 microglobuline. However, even though it could be shown that the dye
conjugation on this site was successful and highly specific, no stable staining could
be achieved with Streptamers generated from these conjugated pMHC. Experiments
with chimeric MHC molecules revealed that dye conjugation on human or murine (5o
microglobuline in a human heavy chain interfered with stable binding to the TCR.
As the dye conjugation of the MHC I molecule is an essential requirement for the
performance of the kog-rate assay, a suitable conjugation site in the human MHC I
molecule had to be found. To prevent interference with TCR binding, three different
conjugation sites in the Strep-tag sequence at the C-term of the recombinant MHC I
molecule were tested. Two of these conjugation sites could be successfully generated
with mutagenesis PCR and stable Streptamer staining could be achieved with the
dye conjugated MHCs. However, the fluorescent dye Alexa488 that was used for the
murine assay turned out not to be bright enough to perform k.g-rate assays with
this setup. Therefore, a new dye had to be found which had to be small enough
to prevent any interference with TCR or Strep-Tactin binding, sufficiently bright
and resistant to photobleaching. After testing different dyes, Atto565-conjugated
MHCs multimerized on an APC-conjugated Strep-Tactin backbone turned out to
be best suited for the use in kg-rate assays. Fluorescence energy transfer (FRET)
of the two dyes, caused by their close proximity and their overlapping spectra,
helped to determine the time point at which the APC backbone is detached and
the dissociation of the pMHC can be analyzed. First human k.g-rate assays were
performed with CMV specific T cells, as these cells can be easily obtained from
healthy individuals. In addition, it is interesting to examine CMV specific T cells
in more detail, as they are used for adoptive T cell therapy of immunocompromised
patients with CMV complications. Examination of three populations specific for
different CMV epitopes revealed a remarkable difference in the ko g-rates. The kog-
rates of T cell clones generated by single cell dilution, were found to be in the
range of the kqg-rates from the originating ex vivo populations, demonstrating the
reliability of data generated with the k.g-rate assay. T cell transfer experiments,
performed in collaboration with Bianca Weiflbrich and Georg Déssinger, revealed
that the k.g-rate was maintained after transfer of the TCR to non-specific Jurkat
cells. This strongly indicated that the measured kqg-rate is hard wired within the
structure of the TCR.

In conclusion, a new kqg-rate assay setup was established for the accurate measure-
ment of human T cells. This assay allows for the exact determination of the MHC
kog-rate from surface. This offers the possibility to define a new parameter of T cell
functionality on a single cell level, which might be of importance for the choice of
best suited T cells for adoptive transfer.
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