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Introduction

1 Introduction

1.1 T cell repertoire and precursor frequency

Cluster of differentiation 8 positive (CD8*) T cells play a key part in killing virally infected or
cancerous cells. Immunotherapeutic approaches targeting CD8* T cells like immune
checkpoint inhibitors or adoptive T cell therapy have already shown great clinical success
(Li et al., 2019). As part of the adaptive immune system, T cells are not a homogeneous
cell population, but all bear a unique T cell receptor (TCR). A better understanding of how
T cell fate is regulated by the TCR will be of great importance for improving clinical
application.

The main cellular components of the adaptive immune system are T cells and B
cells. T cells confer only cell-mediated immunity, whereas B cells are also involved in the
humoral immune response (Kenneth Murphy, 2016). One of the hallmarks of the adaptive
immune system is its antigen specificity. An antigen-specific response is rendered possible
by a highly diverse repertoire of receptors that provides robust recognition of a plethora of
potential pathogens. This huge spectrum of antigen specificities is created by the processes
of genetic recombination (VDJ rearrangement) and random insertion or deletion of
nucleotides within the genes that encode the antigen receptors (Kenneth, 2013). For T cells,
combinatorial and junctional diversity during TCR gene rearrangement would theoretically
allow for assembly of up to 10%° unique TCR (Laydon, Bangham, & Asquith, 2015;
Zarnitsyna, Evavold, Schoettle, Blattman, & Antia, 2013). Since the processes governing
somatic recombination are not entirely random and T cells have to undergo thymic positive
and negative selection, the actual number of unique TCRs present in a human individual is
dramatically lower, approximately in the range of 108 (Miles, Douek, & Price, 2011; Ouyang
et al., 2003; Qi et al., 2014; Quigley et al., 2010; Venturi et al., 2006). The total naive (that
is, antigen-unexperienced) T cell repertoire in the mouse is estimated to contain about
2x10° separate clones of ten cells each (Casrouge et al., 2000).

The frequency of naive T cells specific for one epitope is the so-called precursor

frequency. By adoptive transfer of titrated amounts of TCR-transgenic cells Rafi Ahmed’s
1
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group estimated the precursor frequency for one lymphocytic choriomeningitis virus (LCMV)
epitope to be one in 2x10°%, which would translate to 100—200 epitope-specific cells in an
uninfected mouse (Blattman et al., 2002). Using major histocompatibility complex (MHC)
multimer and magnetic-bead technology the total number of precursor cells for different
epitopes was shown to be in the range of 80 to 1200 cells per mouse (Obar, Khanna, &
Lefrangois, 2008). Precursor frequencies for different epitopes vary in size substantially.
This was partly explained by the fact that the amino acid sequence of some peptides is
more suited to interact with TCRs than others (Chu, Moon, Kruse, Pepper, & Jenkins, 2010;
Jenkins, Chu, McLachlan, & Moon, 2010; Turner et al., 2005). Despite the fact that random
processes are involved in the generation of the TCR repertoire, the precursor frequency for
a defined epitope is remarkably conserved between different individuals (Alanio, Lemaitre,
Law, Hasan, & Albert, 2010).

The naive T cell precursor pool for a given epitope is not a homogeneous entity but
consists of T cells that have different TCRs. These differences in the amino acid sequence
of the TCR translate to differences in the strength of interaction between the TCR and its
peptide major histocompatibility complex (pbMHC). The strength of interaction has a major
impact on the outcome of a T cell response and next, different methods of measuring it are

presented.

1.2 T cell avidity

T cell avidity (functional or structural) and T cell affinity are terms used inconsistently and
oftentimes interchangeable in the literature. For the understanding of this project the

terminological differences are crucial and will be elaborated below (see also Figure 1).
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Figure 1. T cell avidity: Differences between functional avidity, structural avidity and TCR affinity.
Schematic illustration of the key elements of functional avidity, structural avidity and TCR affinity. Functional avidity
describes the sensitivity of a T cell to antigen. Readouts include proliferation capacity, cytotoxic activity and cytokine
production upon stimulation with titrated amounts of antigen. T cell affinity is defined as the biophysical strength of
interaction between one pMHC molecule and one TCR. T cell structural avidity describes the biophysical strength of
interaction between the TCR to pMHC together with co-receptor binding via CD8 or CD4 (Vigano et al., 2012).

1.2.1 T cell affinity

T cell affinity describes a monomeric binding event. It is defined as the biophysical strength
of interaction between one pMHC molecule and one TCR (Stone, Chervin, & Kranz, 2009;
Vigano et al., 2012) (see Figure 1). The gold standard for determining T cell affinity is
surface plasmon resonance (SPR) (Alam et al.,, 1996). SPR makes use of the optical
phenomenon of total internal reflection of light at a metal film-liquid. Both components of the
interaction, the TCR and the pMHC, are purified. One is immobilized on a bio-specific
interface, while the other is flowed over it in solution (Fagerstam, Frostell-Karlsson, Karlsson,

Persson, & Rénnberg, 1992). By this method, the dissociation constant (kq) can be derived

from the on-rate (kon) and off-rate (kof) of the receptor-ligand equilibrium (k; = %) (Merwe

on

& Davis, 2003).

SPR measurements are performed in three dimensions and investigate protein
interactions in their simplest form with no influence from other forces. However,
physiologically the interaction between the TCR and the pMHC takes place on two opposing

cell membranes. In this cellular context additional factors become relevant that are not

3
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accounted for by SPR (Martinez & Evavold, 2015). Also, since SPR uses purified ligands,
it requires recombinant expression of both TCR and pMHC, making the analysis time

consuming and not suitable for fast and high-throughput ex vivo analysis.

1.2.2 T cell structural avidity and the TCR-ligand ko#-rate assay

The term avidity in general relates to the strength of multimeric interactions. T cell structural
avidity more specifically describes the biophysical strength of interaction between the TCR
to pMHC together with co-receptor binding via CD8 or CD4 (see Figure 1; Nauerth et al.,
2013). First assays determining T cell structural avidity in the most rudimental form became
possible with the availability of recombinant pMHC multimers (Altman et al., 1996). Since
the strength of interaction between the TCR and a pMHC is weak, only the multimerization
of the pMHCs via a backbone allowed stable labelling of epitope-specific T cells. The
fluorescence intensity of cell surface bound, fluorochrome labelled pMHC multimers was
taken as measure for structural avidity, sometimes in combination with a titration of the
pMHC multimer reagent (Crawford, Kozono, White, Marrack, & Kappler, 1998; Slifka &
Whitton, 2001). Other groups, however, have found only weak correlation between pMHC
multimer staining intensity and functional avidity, making sole staining intensity a
questionable readout (Echchakir et al., 2002; Lawson et al., 2001; Palermo et al., 2001). A
great progress in readouts for structural avidity was the development of dissociation
experiments using pMHC multimers (D H Busch & Pamer, 1999; Holmberg, Mariathasan,
Onhteki, Ohashi, & Gascoigne, 2003; Savage, Boniface, & Davis, 1999; Wang & Altman,
2003). Here, high temperature or blocking agents (e.g. anti-MHC antibodies, unlabeled
MHC multimers or antigen-binding fragment (Fab) fragments) were used to facilitate the
dissociation of pMHC multimers. The dissociation rates or half-life times (t1,2) were taken as
estimators for structural avidity. However, the dissociation of one pMHC multimer requires
the disruption of multiple TCR-pMHC interactions. Rebinding events have to be considered
and are hard to predict, and therefore higher order dissociation kinetics can occur. Also,

dissociation kinetics can be influenced by the concentration of blocking agents or the degree

4
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of multimerization (Wang & Altman, 2003). The great advantage of pMHC multimer
dissociation experiments in comparison to SPR is that they can be performed directly ex
vivo. Nonetheless they are susceptible to some degree of variability due to the multimeric

nature of the dissociation and the use of blocking reagents.

A e o B C
® o D-Biotin
. ..
®
[ Strep-Tactin ]

"y

Figure 2. Principle of the TCR-ligand kosi-rate assay. (A) A CD8* T cell is stably labelled with a Streptamer
consisting of pMHCs multimerized by a Strep-Tactin backbone. Both the pMHC and the Strep-Tactin are conjugated with
a fluorochrome (Alexa Fluor 488 and allophycocyanin (APC) respectively). (B) Upon addition of D-biotin the Streptamer
complex gets disrupted leaving monomeric pMHCs bound on the TCRs. (C) Dissociation of pMHC: Dissociation rate kof is
depended on T cell avidity; Adapted from (Nauerth et al., 2013).

In contrast, the TCR-ligand koi-rate assay assesses structural avidity by the dissociation of
truly monomeric pMHCs (Knall, 2007; Nauerth, 2012; Nauerth et al., 2013; Weillbrich, 2015).
Its key element is a reversible pMHC multimer staining, a so called Streptamer staining
(Knabel et al., 2002, Figure 2). The Streptamer consists of two parts: recombinant MHC |
molecules loaded with the specific peptide of interest and a Strep-Tactin backbone which
multimerizes the pMHC molecules via binding to their Strep-tag Il region. Both the pMHC
molecules and the Strep-Tactin backbone are conjugated with a fluorochrome allowing
stable labelling of living epitope-specific T cells. The Streptamer complex can be disrupted
in a controlled manner by the addition of D-biotin, which has a higher affinity to the Strep-
tag binding sites on Strep-Tactin. Consequently, monomeric pMHC are left bound to the
TCRs expressed on the T cell surface. Since pMHC monomers do not stably bind to the
TCR, their dissociation can be monitored as a gradual decrease in fluorescence intensity.
By plotting the fluorescence intensity values over time, the dissociation rate (ko-rate) and

t12 of the dissociation can be calculated. Due to the dissociation's monomeric nature and
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the expendability of blocking reagents, TCR-ligand kerate measurements are highly
reproducible compared to conventional pMHC multimer dissociations. First studies
indicated a good correlation between the measured dissociation rate, functional avidity and
in vivo protectivity (Nauerth et al., 2013), which demonstrated the predictive power of the
assay for in vivo outcomes. How robustly these parameters indeed correlate, will need to
be addressed in large-scale and systematic future studies. Overall, however, the TCR-
ligand koi-rate represents the assay that most efficiently combines high-throughput
assessment of structural avidity and reliability.

Two versions of the TCR-ligand kos-rate assay have been established so far: the
microscopic kor-rate assay and the flow cytometry-based kqs-rate assay (Nauerth et al.,
2016, 2013). The kos-rate of individual T cells can be measured by the microscopic kos-rate
assay (see Figure 3). This single-cell resolution is of particular interest for analyzing
polyclonal T cell population by revealing the repertoire composition and heterogeneity of
the population in terms of structural avidity. Indeed it could be shown for human
cytomegalovirus (hCMV) positive blood donors, that the spectrum of structural avidities of
epitope-specific T cell populations can be remarkable broad for one individual, while being
narrow for another (Nauerth et al., 2013). Modifications of the assay rendered it applicable
for flow cytometry (see Figure 4). Here, the assay measures the average kox-rate of an
epitope-specific T cell population, which for monoclonal populations should in theory
coincide with the kqs-rate obtained for individual cells by the microscopic assay. By using a
second non-reversible multimer staining specific for the same epitope the assay can also
be performed in the presence of non-specific T cells without the need for prior epitope-
specific cell sorting. By this sort-free approach, fast and high-throughput structural avidity

measurements became feasible which renders potential clinical applications within reach.



Introduction

A Alexa 488 channel APC channel bright field

e pe ""‘-.;‘:"mf;-‘? }‘
z»“"

‘\hr‘f”

400s 700s 1000s

APC Strep-Tactin MHC Alexa 488

(=3
2 8 2 g
o [ = 8 n
2 o)
c 8 | €
g 3 £
8 8 g
a 8| c <
o o [5)
(%] = (7]
o L 8
o o -
2 &1 ERR

o - o -

T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
time[sec] time[sec]
k= 0.036 ; T/2= 19.519 k= 0.007 ; T/2= 105.692
Figure 3. The microscopic TRC-ligand kost-rate assay. (A) Sorted Streptamer+ cells are placed onto a

confocal laser scanning microscope. Field of view (different channels) show cells before addition of D-biotin. (B) Section
of the Alexa Fluor 488 channel in (A) shows three cells at different time points after addition of D-biotin. (C) Fluorescence
intensity values of the cell marked with a green circle in (B) are plotted over time. Light blue and light red dots depict
background fluorescence intensity of the respective channel. Grey dots depict fluorescence intensity before addition of D-
biotin.
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Figure 4. Flow cytometry-based TCR ligand kof-rate assay: a sort-free approach using double

multimer staining. (A) Schematic illustration of a T cell stained with a double multimer staining, consisting of a reversible
Streptamer staining and a non-reversible multimer staining. (B) Upon addition of D-biotin the Streptamer complex is
disrupted allowing the observation of the dissociation of monomeric pMHCs. The non-reversible multimer stays stably
attached to the T cell. (C) Pseudocolor plot of flow cytometry-based kof-rate dissociation; left graph pre-gated on
lymphocytes, singlets, living CD19- and CD8*. Middle and right graph further gated on the gate in left graph (D) Dot plot of
flow cytometry-based kor-rate dissociation. A one-phase exponential decay curve (green line) is fitted. Note that fitting is
started after complete Strep-Tactin APC dissociation.

1.2.3 Functional avidity

Functional avidity describes the sensitivity of a T cell to antigen, meaning the ability to exert
effector functions in response to limited amounts of antigen. Read-outs of functional avidity

include proliferation capacity, cytotoxic activity and cytokine production upon stimulation
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with titrated amounts of antigen (see Figure 1). The peptide concentration that elicits half-
maximum effector-functions (EC50) is determined. High functional avidity corresponds to a
low ECso. Structural avidity (see 1.2.2) has a major impact on functional avidity indicated by
a strong correlation of both parameters (Yee, Savage, Lee, Davis, & Greenberg, 1999). This
is highlighted by the observation that T cells maintained their functional avidity even after
transgenic expression (Johnson et al., 2006). But the interaction between the TCR and the
pMHC is not the only factor influencing a functional outcome: other factors are co-receptors
and co-stimulatory/co-inhibitory molecules, the phenotype of the cell, the efficacy of
intracellular signaling or the level of TCR expression (Scherer, Noest, & de Boer, 2004). For
example, a T cell with a high structural avidity could still show a weak response to antigen
stimulation due to the expression of inhibitory receptors. As functional avidity shows the
functional outcome of stimulation, it is no surprise that it also correlates well with in vivo

functionality (Zeh, Perry-Lalley, Dudley, Rosenberg, & Yang, 1999).

1.3 T cell activation

T cell activation needs to be tightly regulated to allow an efficient and targeted response
against pathogens on the one hand and avoid autoimmunity or allergy on the other hand.
The strength of interaction between the TCR and a pMHC is the main determinant of T cell
activation and different models have been proposed to explain the exact relationship (Lever,
Maini, van der Merwe, & Dushek, 2014). Currently, the kinetic proofreading with limited
signaling model is best supported by experimental data. The kinetic proofreading model
implies that the dissociation time of the TCR-pMHC interaction must be long enough for the
TCR to achieve a signaling-competent state, in other words that there is a threshold for
structural avidity to allow T cell activation. A modification of the model with limited signaling
includes serial triggering. It proposes that the rate of forming signaling-competent TCRs is
proportional to T cell activation. This means there is an optimum for the dissociation time
and that very high structural avidities corresponding to dissociation times beyond that

optimum will lead to impaired activation (Irving et al., 2012).

9
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1.4 T cell immune response against non-persistent pathogens

During an infection with a non-persistent pathogen naive epitope-specific CD8* T cells are
activated and undergo a characteristic kinetic sequence of rapid expansion, subsequent
contraction and formation of memory cells (Buchholz et al., 2013; Williams & Bevan, 2007).
All T cells originating from one naive precursor T cell bear the same TCR and form a so-
called T cell clone (clonal selection theory: Burnet, 1959). The naive TCR repertoire for a
given epitope contains a wide spectrum of different structural avidities and for stochastic
reasons the majority of TCRs is believed to be of low structural avidity (Arstila et al., 1999;
Hombrink et al., 2013). Using OT-l T cells and SIINFEKL altered peptide ligand (APL)
expressing Listeria monocytogenes, Dietmar Zehn and Michael Bevan could show that
above a certain structural avidity threshold even very low structural avidity T cells get
activated and recruited into an acute T cell response (Zehn, Lee, & Bevan, 2009). Unlike B
cells, T cells cannot undergo avidity maturation through somatic hypermutation. Instead, it
has been shown that secondary/recall responses against non-persistent pathogens or after
immunization consist of T cells with higher structural avidity than the primary response due
to selective expansion of high avidity T cells (D H Busch & Pamer, 1999; Savage et al.,
1999; Figure 5). As an additional adaption mechanism, individual T cells can increase their
functional avidity during the primary response, a process called functional avidity maturation

(Slifka & Whitton, 2001; Zehn et al., 2009).
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Figure 5. Structural avidity maturation through selective expansion of high avidity T cells. T cells

with different structural avidities are recruited during primary infection. During primary and especially during
recall/secondary infection high avidity T cells are preferentially enriched, thereby increasing the population’s average
structural avidity.

1.5 T cell immune response against CMV

Cytomegalovirus (CMV) is a large deoxyribonucleic acid (DNA) virus and member of the B-
subfamily of herpesviruses. More than 60 % of the adult population (in developing countries
almost 100 %) are CMV-seropositive (P. Griffiths, Baraniak, & Reeves, 2015). Through
millions of years of co-evolution with its host, CMV has mastered immune defense and
evasion strategies and usually establishes a lifelong chronic latent infection in its host
(Loewendorf & Benedict, 2010; McGeoch, Cook, Dolan, Jamieson, & Telford, 1995).
Primary infection is generally accompanied by only mild general symptoms and the
subsequent chronic infection stays asymptomatic and unnoticed by healthy individuals.
CMV is, however, a major cause of morbidity and mortality for immunocompromised
individuals. Congenital CMV infection can lead to microcephaly, hepatosplenomegaly and
sensorineural hearing loss. Immunosuppressed patients like organ transplant recipients,
bone marrow transplant recipients or acquired immune deficiency syndrome (AIDS) patients
can develop end-organ disease, such as gastrointestinal ulceration, hepatitis, pneumonitis

or retinitis (P. Griffiths et al., 2015).
11



Introduction

First evidence that CMV might play a role in immunosenescence in immunocompetent
individuals came from two Swedish longitudinal studies performed on non-institutionalized
octogenarians and nonagenarians, respectively. They identified an immune risk phenotype
(IRP) predictive of mortality, which correlated with CMV seropositivity (Hadrup et al., 2006;
Wikby, Maxson, Olsson, Johansson, & Ferguson, 1998). IRP was characterized by an
inverted CD4/CDS8 ratio, poor proliferative response, and an accumulation of CD28-CD8
T cells. Murine cytomegalovirus (mMCMV) in old mice also led to an increase of CD8* cells,
reduced numbers of naive T cells and weaker response to superinfection (Cicin-Sain et al.,

2012).

1.5.1 Memory inflation

After lytic primary infection, during which infectious virions are shed, CMV enters a phase
of chronic latent infection with only occasional episodes of minor reactivation (P. Griffiths et
al., 2015). However, controlling CMV requires continuous immune surveillance, especially
a T cell mediated cellular immune response (Klenerman & Oxenius, 2016). Epitope
expression changes from acute to chronic latent infection, which is reflected in the CMV-
specific T cell response. The T cell response can be divided into two groups (see Figure 6):
non-inflationary T cell populations are mostly directed against epitopes expressed during
acute infection (primary infection, reactivation). Population size kinetics are reminiscent of
T cell responses against non-persistent pathogens like expansion during acute infection,
then contraction and maintenance as small resting memory populations. Inflationary T cell
populations, on the other hand, are mostly directed against epitopes expressed during
latency. They increase in size over the course of the infection, a phenomenon called
memory inflation (Khan et al., 2007; Munks et al., 2006; O’Hara, Welten, Klenerman, &
Arens, 2012). In the following, "inflationary T cell response-inducing epitopes" will be
referred to simplistically as "inflationary epitopes", and infections that induce an inflationary
T cell response will be referred to as "inflationary infections". Although also described for

other viruses (e.g. Epstein—Barr virus (EBV)), memory inflation is most pronounced in CMV
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infection. For some individuals, the population size of T cells specific for one inflationary

epitope can reach even more than 50 % of all CD8* T cells (Karrer et al., 2003).

A Inflationary T cells

- -

CMV specific T cell frequency

CMV viral load

time p.i.

Figure 6. Memory inflation occurs during chronic latent CMV infection. After primary infection, viral
load usually stays at undetectable levels with only occasional episodes of minor reactivation. Accordingly, non-inflationary
T cells also contract after primary infection and are maintained as small resting memory populations. In contrast, inflationary
T cells continuously expand during latency, a phenomenon termed memory inflation. Figure adapted from (O’Hara et al.,
2012).

Since CMV has a high species tropism, human CMV cannot be used in animal models. The
natural mouse pathogen mCMV, however, shows striking similarity in the host-pathogen
interaction also inducing memory inflation. mCMV is therefore widely used as a model
system for the human counterpart allowing more systematic research (Krmpotic, Bubic,
Polic, Lucin, & Jonijic, 2003; Smith, Turula, & Snyder, 2014).

Although T cell responses against CMV can be directed towards a broad and
complex repertoire of antigens, large screenings with peptide pools derived from different
CMV genes identified two antigens as major T cell targets for human CMV (Elkington et al.,
2003; Sylwester et al., 2016): The major tegument protein pp65 (UL83), which is only
expressed during viral replication, and the transcription factor immediate early 1 (IE1;

UL123), which is expressed during latency and elicits T cell memory inflation. For mCMV in
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C57BL/6 mice the most prominent epitopes are the non-inflationary M45 and M57 and the

inflationary M38, M139 and IE3 (Munks et al., 2006; Snyder, 2011).

1.5.2 TCR repertoire changes

During latency, not only the population size of CMV-specific T cells changes, but also the
composition of T cell clones participating in the immune response. Increasing oligoclonality
over time, in the sense of a more restricted TCRB-chain usage compared to a polyclonal
repertoire at primary infection, was shown for inflationary T cell populations during mCMV
infection (Karrer et al., 2003). Longitudinal studies covering such a large part of the
individual’s lifespan have barely been performed for hCMV. However clonal focusing has
been reported to occur during primary infection for T cells specific for the non-inflationary
epitope pp65 (Day et al., 2007). Restricted TCRB3-chain usage for pp65-specific T cells was
especially found in patients undergoing reactivation or chronic inflammation (Trautmann et
al., 2005) or following allogeneic stem cell transplantation (Link et al., 2016). The loss of
TCR diversity was suggested to be the result of selection of certain T cell clones, but the
mechanisms governing this process are still unclear. Some groups have proposed the
selection of high avidity T cells as the key driver of oligoclonality (Day et al., 2007; Price,
2005; Trautmann et al., 2005), potentially in analogy to avidity maturation (Figure 5) seen
in non-persistent infections.

The avidity assessments performed in these studies were based on functional
avidity measurements or tetramer binding/dissociation assays which have several
downsides for avidity-based repertoire analysis (see 1.2). Moreover, few of these studies
looked at inflationary T cell populations, for which different factors might need to be
considered in shaping the TCR repertoire. Unlike conventional resting memory cells, which
are maintained in the absence of antigen, memory inflation is sustained by low level antigen
exposure (Lang, Brien, & Nikolich-Zugich, 2009; O’Hara et al., 2012). Somatic cells cannot
divide infinitely due to a cell-intrinsic phenomenon known as the Hayflick limit (L Hayflick &

Moorhead, 1961; Leonard Hayflick, 1980). Constant stimulation and antigen driven
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proliferation can therefore lead to proliferation-associated or replicative senescence.
Replicative senescence is well described for T cells, both in vitro and in vivo (reviewed in
(Chou & Effros, 2013) and has also been suggested as a driver of TCR repertoire changes
during chronic latent infection (Buchholz, Neuenhahn, & Busch, 2011): According to the
model of clonal changing of the guard, T cells of high structural avidity receive the strongest
TCR-mediated signal, proliferate the most and therefore dominate the early phase of
chronic infection. Over time, however, they will become replication senescent, leading to a
successive handover of dominance to T cells with lower avidity (see also Figure 7).
Experimental evidence supporting a similar model (senescence model of clonal succession)
was found for EBV, for which TCR repertoire and avidity data suggest a gradual loss of high
avidity cells (Annels, Callan, Tan, & Rickinson, 2000; Davenport, Fazou, McMichael, &
Callan, 2002). Also, oligoclonality of CMV-specific T cell populations was found accentuated
by old age (Khan et al., 2002) and in contrast to the reported selection of high avidity T cells
during primary infection and early latency (see above) CMV-specific T cells of elderly
individuals were found to be of low avidity (S. J. Griffiths et al., 2017; Khan, Cobbold,

Cummerson, & Moss, 2010; Ouyang et al., 2003, 2004).
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Figure 7. Reverse TCR repertoire evolution: clonal succession through replicative senescence

of high avidity T cells during chronic latent infection. T cells of high structural avidity receive the strongest TCR-
mediated signal, proliferate the most and therefore dominate the early phase of chronic infection. Over time however, they
will become replication senescent leading to a successive handover of dominance to T cells with lower avidity. The T cell
population increases in size over time (memory inflation) potentially to compensate for lower avidity. Adapted from:
(Buchholz et al., 2011; Davenport et al., 2002).
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2 Aims and objectives of this thesis

CD8*T cells are of particular importance for the control of chronic latent viral infections. The
strength of interaction between the TCR plus co-receptor and pMHC (structural avidity)
determines activation and recruitment of naive T cells into the immune response. T cell
immune responses against CMV are initially diverse, consisting of many different T cell
clones. Driven by repetitive antigen exposure, a certain group of CMV-specific T cells
increases in size over time (memory inflation) and becomes progressively oligoclonal. If and
how this repertoire focusing reflects selection based on structural avidity of T cells is

currently unknown. In principle, several options are conceivable (see 1.5.2):

1. Repertoire focusing is independent of structural avidity.

2. T cells with high structural avidity are preferentially selected, a process called structural
avidity maturation, which has been shown to occur for T cell responses against non-
persistent pathogens.

3. T cells with high structural avidity are initially preferentially selected, but due to repetitive
stimulation and proliferation throughout a lifetime of latent infection, high avidity T cells
undergo replicative senescence. Clonal succession then leads to a gradual decrease of
the population’s average structural avidity.

The aim of this thesis was to investigate this fundamental process of how T cells are

selected in the context of chronic latent infection. For this purpose, TCR-ligand kes-rate

measurements, which provide a good surrogate for structural avidity, were performed for
human hCMV* blood donors and at different time points after infection using the mCMV
model system. In another set of experiments, T cells with different known structural avidity
were adoptively transferred and their in vivo recruitment into the immune response was

monitored during mCMYV infection.
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3 Material and Methods

3.1 Material

3.1.1 Consumable material

Plastics

Falcon Tube CELLSTARR (15 ml, 50 ml)

Supplier

Greiner bio-one, Kremsmunster, Austria

70 pm Nylon Cell Strainer

Corning, Corning, USA

Minisart Syringe Filters (0,45 pm)

Sartorius, Gottingen, Germany

Discofix-3 (three-way valve)

Braun, Melsungen, Germany

Eppendorf tubes (1,5 ml, 2 ml)

Eppendorf, Hamburg, Germany

Fluorescence-activated cell sorting
(FACS) tubes 1,2 ml

Starlab, Hamburg, Germany

FACS tubes 5 mi

Corning, Corning, USA

Filter tips (10 pl, 20 pl, 200 pl, 1000 pl)

Starlab, Hamburg, Germany

Sterican Cannulae (Gr. 18, 20)

Braun, Melsungen, Germany

Syringes (1 ml, 5 ml, 10 ml, 20 ml)

Braun, Melsungen, Germany

Syringe 1 ml Sub-Q

BD, Franklin Lakes, USA

6-, 24-, 48- and 96-well plates (U-bottom,
flat-bottom)

Corning, Corning, USA

96-well plates FACS (V-bottom, non-sterile)

Josef Peske GmbH & Co. KG, Aindfing-
Arnhofen, Germany

Petri-dish 60 mm

Corning, Corning, USA

Serological pipettes
(2 ml, 5 ml, 10 ml, 25 ml)

Greiner Bio-one, Frickenhausen, Germany
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3.1.2 Chemicals and Reagents

Chemicals/Reagents

Alexa Fluor 488 maleimide

Material and Methods

Supplier

Molecular Probes, Leiden, The Netherlands

Ammonium chloride (NH4CI)

Sigma, Taufkirchen, Germany

Atipamezole

EuroVet, Bladel, Netherlands

B-Mercaptoethanol

Sigma, Taufkirchen, Germany

BCA assay reagents

Interchim, Montlucon, France

Bepanthen eye and nose ointment

Bayer Vital GmbH, Leverkusen, Germany

Biocoll Ficoll solution

Biochrom, Berlin, Germany

Bovine serum albumin (BSA)

Sigma, Taufkirchen, Germany

Cytofix/Cytoperm

BD Biosciences, Heidelberg, Germany

D-biotin

Sigma, Taufkirchen, Germany

Dimethyl sulfoxide (DMSO)

Sigma, Taufkirchen, Germany

Ethanol

Klinikum rechts der Isar, Munich, Germany

Ethidium monazide bromide (EMA)

Molecular Probes, Leiden, The Netherlands

Fentanyl

EuroVet, Bladel, Netherlands

Fetal calf serum (FCS)

Biochrom, Berlin, Germany

Flumazenil Hexal, Holzkirchen, Germany
Gentamycin GibcoBRL, Karlsruhe, Germany
L-Glutamine GibcoBRL, Karlsruhe, Germany
Golgi-Plug BD Biosciences, Heidelberg, Germany
HCI Roth, Karlsruhe, Germany

HEPES GibcoBRL, Karlsruhe, Germany
Leupeptin Sigma, Taufkirchen, Germany

Interleukin 2 (IL-2)

Peprotech, New Jersey, USA

lonomycin (IONO)

Sigma, Taufkirchen, Germany

Medetomidine

Orion Pharma, Hamburg, Germany
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Supplier
Chemicals/Reagents uppll

Midazolam Hexal, Holzkirchen, Germany
Naloxone B.Braun, Melsungen, Germany
NaOH Roth, Karlsruhe, Germany
Penicillin Roth, Karlsruhe, Germany
Pepstatin Sigma, Taufkirchen, Germany
Perm Wash BD Biosciences, Heidelberg, Germany
Phosphate buffered saline (PBS) Biochrom, Berlin, Germany
Phorbol 12-myristate 13-acetate (PMA) Sigma, Taufkirchen, Germany
Propidium iodide (PI) Molecular Probes, Invitrogen, UK
RPMI 1640 GibcoBRL, Karlsruhe, Germany
Sodiumazide (NaN3) Sigma, Taufkirchen, Germany
Sodium chloride (NaCl) Roth, Karlsruhe, Germany
Sodium ethylenediaminetetraacetic acid

(Na-EDTA) Sigma, Taufkirchen, Germany
Strep-Tactin-Allophycocyanin (APC) IBA, Gottingen, Germany
Streptavidin-Phycoerythrin (PE) IBA, Géttingen, Germany
Streptomycin Sigma, Taufkirchen, Germany
Tris-hydrochloride (Tris-HCI) Roth, Karlsruhe, Germany
Trypan Blue solution Sigma, Taufkirchen, Germany
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3.1.3 Buffers and Media

Buffers and Media Sl ‘
0,17 M NH.CI
Ammonium chloride Tris (ACT) 0,3M Tris-HCI, pH 7,5
10 % (v/v) FCS
Complete freezing medium (CFM) DMSO
D-biotin
D-biotin 10 M stock solution 2443149 H20,
ad 100 ml pH was brought to pH 11 to facilitate solution of D-
biotin, then back to pH 7
1x PBS
FACS buffer 0.5 % (wh) BSA
1.65 % (viv) NaN3
pH 7,45
1x RPMI 1640
RP10* cell culture medium 10 % (viv) FCS
5% (viv) Sct
1ml B-Mercaptoethanol
Supplement complete (SC*)in1L | 20 ml Gentamicin
RPMI-1640 23.83 ¢ HEPES
49 L-Glutamine
200 ml Penicillin/Streptomycin

3.1.4 Human blood samples

Written informed consent was obtained from the donors and use of the blood samples was
approved according to national law by the local Institutional Review Board
(Ethikkommission der Medizinischen Fakultat der Technischen Universitat Minchen).
Peripheral blood was obtained from healthy adult donors of both sexes, diluted in PBS and
peripheral blood mononuclear cells (PBMCs) were purified over a Ficoll gradient. PBMCs
were frozen in CFM, stored in liquid nitrogen and thawed before analysis (performed by AG

Neuenhahn).
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3.1.5 Viruses

Virus

wild type (wt) mCMV

Manufacturer

Luka Cicin-Sain, Braunschweig

Material and Methods

M45-SIINFEKL mCMV

Luka Cicin-Sain, Braunschweig

IE2-SIINFEKL mCMV (N4)

Luka Cicin-Sain, Braunschweig

IE2-SIITFEKL mCMV (T4)

Luka Cicin-Sain, Braunschweig

IE2-SIIVFEKL mCMV (V4)

Luka Cicin-Sain, Braunschweig

3.1.6 Antibody

Dilution as specified by the manufactures were titrated for optimal staining intensity.

Murine Antibody ‘ Clone Manufacturer ‘
a CD8a fluorescein isothiocyanate

(FITC) 53-6.7 eBioscience, San Diego, USA
aCD44 FITC IM7 eBioscience, San Diego, USA

a CD45.1 FITC A20 eBioscience, San Diego, USA
aCD45.2 FITC 104 eBioscience, San Diego, USA
aThy1.1 FITC OX7 BD Bioscience, Heidelberg, Germany
aPD-1FITC J43 eBioscience, San Diego, USA

a CD4 PE H129.19 BD Bioscience, Heidelberg, Germany
a CD8a PE 53-6.7 eBioscience, San Diego, USA

alL2 PE JES6-5H4 eBioscience, San Diego, USA

a CD27 PE LG7.F9 eBioscience, San Diego, USA
aCD44 PE IM7 eBioscience, San Diego, USA

a CD19 PE-CF594 1D3 BD Bioscience, Heidelberg, Germany
a CD4 peridinin-chlorophylI-

protein complex (PerCP)-Cy5.5 RM4-5 eBioscience, San Diego, USA

a CD8a PerCP-Cy5.5 53-6.7 eBioscience, San Diego, USA

a CD45.2 PerCP-Cy5.5 104 eBioscience, San Diego, USA

a CD45.1 PerCP-Cy5.5 A20 eBioscience, San Diego, USA

a CD3e PE-Cy7 145-2C11 eBioscience, San Diego, USA
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Murine Antibod ‘ Clone Manufacturer ‘
a CD62L PE-Cy7 MEL-14 eBioscience, San Diego, USA
aCD27 PE-Cy7 LG.7F9 eBioscience, San Diego, USA

a CD8a PE-Cy7 5H10 Invitrogen, Carlsbad, USA

a CD8a eF450 53-6.7 eBioscience, San Diego, USA

a CD8a Pacific Blue 5H10 Invitrogen, Carlsbad, USA

a CD8a Pacific Orange 5H10 Invitrogen, Carlsbad, USA

aCD8a APC 5H10 Invitrogen, Carlsbad, USA

alFNy APC XGM1.2 eBioscience, San Diego, USA

a TCRp chain APC H57-597 Biolegend, San Diego, USA

CD27 APC LG7F9 eBioscience, San Diego, USA
aThy1.1 APCeF780 HIS51 eBioscience, San Diego, USA

a Thy1.2 APCeF780 53-2.1 eBioscience, San Diego, USA

a CD45.2 APC eF780 104 eBioscience, San Diego, USA
human Antibod Clone Manufacturer

aCD8a FITC B9.11 Immunotech, Monrovia, USA
aCD8aPE 3B5 Invitrogen, Carlsbad, USA

a CD19 ECD J3-119 Beckman Coulter, Brea, USA

a CD8a PE Cy7 OKT8 eBioscience, San Diego, USA

a CD45 Pacific Blue T29/33 BD Bioscience, Heidelberg, Germany
a CD45 Pacific Orange HI30 Agilent Technologies, Santa Clara, USA
aCD4 PE H129.19 Exbio, Vestec, Czech Republic

a CD8a APC RPA-T8 BioLegend, San Diego, USA
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3.1.7 MHC molecules for Streptamer and multimer staining

Streptamers:

H2-Kb Strep-taglll/mpB2m cys67 Alexa 488/ OVA257-264-Strep-Tactin-APC

H2-Kb Strep-taglll/mp2m cys67 Alexa 488/ M38316-323-Strep-Tactin-APC

B8/hB2m/IE1199-207x Streplll tub tag functionalized with Atto488-Strep-Tactin-APC

Multimers:

H2-Kb/mB2m/Ova257-264 Streptavidin-PE/APC

H2-Kb/mB2m/M38316-323 Streptavidin-PE/APC

H2-Db/mB2m/M45985-993 Streptavidin-PE/APC

B8/hB2m/IE1199-207k Streptavidin-PE

3.1.8 Equipment

Equipment iiodel

Flow cytometer

CyAn ADP

Manufacturer

Beckman Coulter, Fullerton

MoFlo Legacy Cell Sorter

Beckman Coulter, Fullerton

FACSAria lll BD Bioscience, Heidelberg
Microscope Axiovert S100 Carl Zeiss, Jena

Leica SP 5 Leica, Bensheim
Centrifuges Biofuge fresco Heraeus, Hanau

Multifuge 3 S-R Heraeus, Hanau

Sorvall® RC 26 Plus Heraeus, Hanau

Varifuge 3.0RS Heraeus, Hanau

Biofuge stratos Heraeus, Hanau
Incubators Cytoperm 2 Heraeus, Hanau

Minitron Infors, Bottmingen

BE 500 Memmert, Schwabach
Flow cytometry-based k.q-rate Qutools, Munich
Laminar flow hood HERA safe Heraeus, Hanau
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Hemocytometer Neubauer chamber Schubert, Miinchen
Photometer BioPhotometer Eppendorf, Hamburg
Stainless Water Bath LAUDA ecoline 019 Lauda, Konigshofen
bench pH/mV meter MultiCal® pH 526 WTW, Weilheim
Precision weighting balance CP 124 S Sartorius, Géttingen

3.1.9 Software

FlowJo V10 Treestar, Ashland, USA

Microsoft Office 2019, Microsoft, Redmond, USA

MetaMorph, Online Molecular Devices, Downingtown, USA
Analyzer.nt, Sebastian Nauerth, Department of Physics, LMU Minchen
GraphPad Prism 5 and 7, GraphPad Software, La Jolla, USA

Inkscape 0.92.2, Oregon, USA

Summit™ Software System, Cytomation Bioinstruments GmbH, Freiburg
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3.2 Methods

3.2.1 Procedures performed on laboratory animal

Animal studies were approved by local authorities (Regierung von Oberbayern). Mice were
housed under specific pathogen free (SPF) conditions at the Institute of Medical
Microbiology, Immunology and Hygiene at the Technical University Munich. Wild-type
C57BL/6 mice were purchased from Envigo (Rossdorf, Germany). Recombination
activating gene 1/((Rag1+), Rag2”-, OT-l RAG"- and congenic matrix Rag”- donor mice were
all bred in house on C57BL/6 background (Buchholz et al., 2013). If not stated otherwise,

C57BL/6 mice were used for experiments.

3.2.1.1 Infection of mice with mCMV
Sex-matched mice were infected with mCMV at the age of six to eight weeks. Animals were

held with a restraining grip and intra-peritoneal (i.p.) injection was performed on the lower
left abdomen using a 28-gauge needle (for wt C57BL/6: 5x10° plague-forming unit (PFU);

for Rag™: 5x10* PFU in 200 pl PBS).

3.2.1.2 Collection of cell samples

Blood samples were collected via facial vein bleeding. Mice were restrained with one hand
and puncture of the facial vein was performed with a 5-mm lancet. No more than 200 pl of
blood was taken at a time. To prevent clotting blood samples were immediately mixed with
heparinized PBS (1:10, 100 ul total volume). For the collection of organs mice were

sacrificed by cervical dislocation.

3.2.1.3 Thymectomy
Thymectomies were performed in cooperation with Kilian Schober, Lorenz Mihatsch and
Joel Eggert. The operation was conducted at four weeks of age (pre-adult thymectomy). 18

hours before surgery the mice received pre-emptive analgesia (Meloxicam: 1 mg/kg). The
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mice were anaesthetized by i.p. injection (Medetomidine: 0,5 mg/kg, Midazolam: 5 mg/kg,
Fentanyl: 0,05 mg/kg) and fixated in a supine position using rubber bands. Cervical
extension was achieved by placing a pipette tip underneath the neck. Eye ointment
(Bepanthen Eye and Nose Ointment) was applied to prevent corneal dryness. The incision
site was wiped with ethanol for disinfection and adequate anesthesia was assured by
pinching the front paws. A first 2 mm superficial skin cut was performed horizontally at the
cranial third of the sternomental distance, then extended by a 2 cm long median incision
towards the sternum. The superficial cervical fascia and muscles were gently pushed
laterally by blunt dissection exposing the trachea. After vertical tracing of the pretracheal
fascia the superior mediastinum was opened, and the thymus became visible attached to
the posterior surface of the sternum. The thymus was then aspirated using a curved Pasteur
pipette. After total removal of the thymus a quick external thoracic compression was applied
to reduce the induced pneumomediastinum. Wound closure was achieved by staples and
anesthesia was antagonized by subcutaneous injection (Atipamezole: 2,5 mg/kg,
Flumazenil: 0,5 mg/kg, Naloxone: 1,2 mg/kg). For postoperative analgesia, the mice
received oral Meloxicam (1 mg/kg) daily for two days. Wound healing and recovery were

monitored daily for 14 days. Staples were removed ten days postoperatively.

3.2.2 Preparation of leukocytes from different organs

3.2.2.1 Blood

Red blood cell lysis was performed using ACT-buffer at room temperature. 10 ml of ACT-
buffer was added to blood samples followed by a 10-min incubation. Then the samples were
centrifuged at 1500 revolutions per minute (rpm) for 6 min. Supernatant was discarded and
the pellet was resuspended with 5 ml of ACT. After 5 min the lysis was stopped by addition
of 5 ml of RP10* or FACS buffer, followed by another centrifugation at 1500 rpm for 6 min.
The supernatant was discarded, and the cells were transferred to a 96-well V-bottom plate,

then washed once in 200 ul of FACS bulffer.
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3.2.2.2 Spleen

Spleens were transferred to a sterile cell strainer (70 um pore size) placed in petri dish (3
cm diameter) that contained 5 ml of RP10*. Using the plunger of a 2 ml syringe spleens
were mashed through the cell strainer. The thereby created single-cell suspension was
transferred into a 15 ml falcon tube. To minimize cell loss the petri dish was washed with 5
ml of RP10* and this suspension was added into the falcon tube. After centrifugation at 1500
rpm for 6 min the pellet was resuspended with 5 ml of ACT buffer for red blood cell lysis (5
min at room temperature). Lysis was stopped with 5 ml of RP10* and after another
centrifugation cycle (1500 rpm, 6 min) cells were resuspended in 10 ml of FACS buffer. To
determine the total splenocytes count a 10 ul aliquot was stained with Trypan Blue solution
and living cells were counted using a microscope and a hemocytometer (Neubauer

chamber).

3.2.2.3 Lymph node
Leukocyte preparation was performed the same way as spleen preparation (see 3.2.2.2)
except, due to the low frequency of erythrocytes in lymph node samples, no red blood cell

lysis was performed.

3.2.3 Antibody staining of surface antigens

All following staining or washing steps were conducted in the dark at 4 °C if not specified
otherwise. After preparation of leucocytes (see 3.2.2) the cells were transferred to a 96-well
V-bottom plate and incubated with a master mix of monoclonal antibodies directed at the
surface antigens of interest for 20 min (antibody concentrations were titrated for optimal
staining intensity; master mix was prepared in 50 ul of FACS buffer per well). For live/dead
staining Pl was added (1:100) 5 min before the end of the staining period. After staining the
cells were washed in FACS buffer 2,5 times (centrifugation at 1500 rpm for 3 min, washing

volume of 200 pl/well). Before FACS analysis cells were filtrated using a nylon mesh.
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3.2.4 Non-reversible multimer staining

Non-reversible multimers consisting of biotinylated pMHC molecules bound to a
Streptavidin backbone were used for identification of antigen-specific CD8* T cells.
Biotinylated pMHC molecules were generated according to established protocols in
cooperation with Anna Hochholzer, Bianca WeiRbrich and Manuel Effenberger (Dirk H
Busch, Pilip, Vijh, & Pamer, 1998). After preparation of leucocytes (see 3.2.2) cells were
counted and rested at 4 °C for 30 min. A multimer mix, consisting of 0,4 ug of the respective

biotinylated pMHC | molecule, 0,5 pg of Streptavidin-PE or Streptavidin-APC and 50 pl of

FACS buffer for every 5x10%cells, was preincubated for at least 30 min for multimerization.
Cells were transferred to a 96-well plate and incubated with the multimer solution for 30 min.
20 min before the end of the staining period antibodies for the staining of surface antigens
were added. PI for live/dead staining was added 5 min before the end of the staining period.
After staining cells were washed in FACS buffer 2,5 times (centrifugation at 1500 rpm for
3 min, washing volume of 200ul/well). Before FACS analysis cells were filirated using a

nylon mesh.

3.2.5 Streptamer staining

A Streptamer staining, which is a reversible multimer staining, was used for TCR-ligand ko-
rate experiments. Staining was performed according to established protocols with some
minor variations (Nauerth et al., 2016, 2013). After preparation of leucocytes (see 3.2.2)
cells were counted and rested at 4 °C for 30 min. A multimer mix, consisting of 1 ug of the

respective Alexa Fluor 488-conjugated pMHC | molecule (Strep-taglll/mB2m cys67), 0,75

Mg of Strep-Tactin-APC and 50 pl of FACS buffer for every 5x108cells, was preincubated
for at least 30 min for multimerization. Cells were then transferred to a 96-well plate or 15
ml falcon tubes depending on the cell number being stained and incubated with the multimer
mix for 45 min. 20 min before the end of the staining period antibodies for the staining of

surface antigens were added. Pl for live/dead staining was added 5 min before the end of
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the staining period. After staining cells were washed in FACS buffer 2,5 times. Before FACS
analysis cells were filtrated using a nylon mesh. Absolute cells numbers of Streptamer* cells
per spleen were estimated using the following simple rule of three (total splenocyte count
was determined by hemocytometer):

Streptamer” cells [FACS]

Streptamer” cells per spleen = splenocytes [FACS]

x total splenocyte count

3.2.6 Peptide titration and intracellular interferon gamma (IFNy) staining of

SIINFEKL-specific T cells

To prepare solutions of different peptide concentrations the lyophilized SIINFEKL peptide

was dissolved in DMSO followed by serial dilution with RP10*. Spleen preparation was

performed as described in 3.2.2.2 and splenocytes (2><106/well) were transferred to a
flat-bottom tissue culture plate together with the respective peptide solution plus negative
(RP10* only) and positive controls (PMA: 1:4000 and lonomycin: 1:250). Samples were then
incubated at 37 °C for five hours all together, after one hour 2 ug/well of Golgi Plug was
added without resuspension. After incubation, samples were transferred to a 96-well
V-bottom plate and all following staining steps were done at 4 °C. EMA/Fc-block staining
(EMA 1:1000, Fc-Block 1:400) was performed for 20 min with exposure to light followed by
the staining of surface antigens (CD8-pacific blue (PB), CD19-ECD; see 3.2.3). To allow
intracellular cytokine staining fixation and permeabilization of cells were performed using
Cytofix/Cytoperm (20 min incubation period). After washing 2,5 times in Perm/Wash buffer
cells were stained with an anti-IFNy antibody for 30 min. Cells were then washed 2x in

Perm/Wash buffer and 1x in FACS buffer before suspension in 1 % PFA.

3.2.7 Microscopic TCR-ligand k.«-rate assay

Microscopic kos-rate measurements allow for the assessment of structural avidity of epitope-

specific T cells at the single-cell level. Measurements were performed according
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established protocols with some minor variations (Knall, 2007; Nauerth, 2012; Nauerth et
al., 2013; Weilibrich, 2015). After preparation of leucocytes (see 3.2.2) a Streptamer
staining was performed (see 3.2.5). Epitope-specific T cells were then sorted on a MoFlo
Legacy cell sorter gating on living, CD19-, CD8*, Streptamer* cells (double positive for the
Strep-Tactin-APC backbone and the pMHC Alexa Fluor 488; see Supplementary Figure 1).
Sorted cells were collected in a 15 ml Falcon tube filled with 1 ml of filtered FCS on ice.
After washing 2,5 x in FACS buffer and transferal to a 96-well plate cells were resuspended
in 5-10 yIl FACS buffer and kept on ice protected from light. Microscopic kox-rate
measurements were conducted on a Leica SP5 confocal laser scanning microscope. The
experimental setup of the microscopic koi-rate assay was as follows: As the kox-rate
dissociation kinetics are temperature dependent and higher temperatures can lead to
internalization of the MHC molecules, measurement at constant and low temperatures was
assured by connecting a Peltier cooler (water cooling device) to the buffer reservoir (set
temperature: 4 °C; actual temperature in buffer reservoir according to measurements by
Bianca Weiltbrich: 10 °C). Usually about 1 ul of the cell suspension was pipetted into the
buffer reservoir which consisted of a customized metal insert that fitted into the Peltier cooler
and a glass cover slip that could be attached to the bottom side of the metal insert using a
hydrophobic pen. To prevent excessive cell movement during dissociation cells were
covered with a polycarbonate membrane and a small metal shim on top of the membrane
for fixation. After addition of 600 ul of FACS buffer the cells were focused. To record the
fluorescence intensity of the Strep-Tactin APC backbone and the MHC-Alexa Fluor 488
signal over time images were taken every 10 s. The dissociation was started by addition of
600 ul of D-biotin after the first image had been recorded and was subsequently observed
until the fluorescence intensity of all cells had dropped to levels of auto fluorescence of
unstained cells (about 15 min depending on the dissociation kinetics). Usually at least three
dissociations of each sample were recorded as technical replicates.

Since the cells were exposed to the laser beam for an extended period of time photo

bleaching which is a photochemical alteration of the dye resulting in impaired fluorescence
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had to be accounted for. To calculate this bleaching constant kyieach for either Strep-Tactin—
coated beads (multimerized with Alexa Fluor 488-conjugated MHC molecules) or
Streptamer stained T cells a kos-rate measurement was performed without addition of D-
biotin but otherwise identical settings. At least one bleaching movie was recorded for every
experimental day. kpeach turned out to be quite stable throughout all microscopic kes-rate
experiments (mean = 0,00052; standard deviation (SD) = 0,00011; see Supplementary
Figure 3).

Data analysis was performed using the MetaMorph Online Molecular Devices
software. Only cells that showed only minor movement during the dissociation could be
analyzed. For each cell, a gate was drawn containing the cell and the integrated
fluorescence intensity of that gate was calculated for every image of the dissociation. To
account for changes in the background fluorescence intensity a gate of same size and
shape was placed in close proximity to the cell (but not containing the cell or any other cell)
and its integrated fluorescence intensity was acquired for all time points. The intensity
values for the gate containing the cell and the background gate for every image of the
dissociation were transferred to Microsoft Excel. Using the “Analyzer nt software”
(developed by S. Nauerth) kos-rate values and the corresponding ti2 could be calculated
automatically. For every time point individual background fluorescence intensity was
subtracted from the cell’s fluorescence intensity. Start and endpoint of the dissociation were
defined manually. The starting point of MHC-dissociation was set as the time point when
Strep-Tactin APC dissociation was completed (when APC fluorescence intensity was at
auto fluorescence levels) which usually coincided with an MHC-Alexa Fluor 488
fluorescence intensity of approximately 80 % of the initial value. The endpoint of the
dissociation was set as the last point of the plateau of the fitted curve. These raw values of
kot and t12 were then corrected for the influence of photo bleaching by subtracting Kpieach
from raw Kor values and recalculating ti2. The kpeach Value was determined by plotting the
fluorescence intensity values of the bleaching movie in GraphPad Prism 5 (mean Kpjeach Of

about 10 kpeach Values analyzed). Dead cells or cells with internalized Streptamers were
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excluded from the analysis (cells with relatively high initial fluorescence intensity but no
substantial decrease over time except for photo bleaching and a ti2 in the range of

photobleaching).

3.2.8 Flow cytometry-based TCR-ligand k.«-rate assay

The flow cytometry-based TCR-ligand kqs-rate assay follows the same principles as the
microscopic Koi-rate assay. However instead of determining the kos-rate on the single-cell
level, the average or mean kew-rate of an epitope-specific population is measured.
Measurements were performed according to established protocols with some minor
variations (Nauerth et al.,, 2016; WeilRbrich, 2015). After preparation of leucocytes
(see 3.2.2) a Streptamer staining was performed (see 3.2.5), followed by a non-reversible
multimer staining of the same specificity for 10 min (see 3.2.4). This non-reversible multimer
staining allowed a sort-free approach even for samples not only containing epitope-specific
cells by making it possible to stably gate on the epitope-specific population and observe
Streptamer dissociation at the same.

Dissociations were conducted inside a kos-rate tube which is a modification of a
regular polypropylene FACS sample tube. It allowed the addition of D-biotin into the tube
without discontinuation of sample acquisition thereby making it possible to also observe the
critical start of dissociation directly after D-biotin addition. To this goal the FACS tube was
pierced at its lower quarter by a 20 G canula and the entry site was sealed airtight using
silicon. The canula was then connected to a 3-way-valve which in turn could be connected
to a 1 ml syringe containing D-biotin. A Peltier-controlled cooling device encasing the ko-
rate tube was used to ensure measurement at constant and low temperature comparable
to the microscopic assay (T =5,5°C). Experiments were performed on Cyan FACS
machines and for each sample at least two replicates were recorded. After transfer of the
sample into the kos-rate tube (sample volume: 1 ml) the tube was placed into the cooling
device and inserted into the FACS machine. Acquisition was started and the initial

Streptamer staining intensity was recorded for 30 s. Then 1 ml of D-biotin (2 mM) was
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injected into the kqs-rate tube via the canula and the dissociation was observed for the
remainder of 15 min.

Color-coding, which was mainly established by Manuel Effenberger, allowed
simultaneous measurements of multiple kew-rates. Samples were labelled with a unique
combination of surface antibodies directed at the ubiquitous leucocyte/lymphocyte surface
marker CD45.2 or CD90.2. The use of different fluorochromes generated distinct
combinations and therefore allowed simultaneous measurements at the same time (number
of possible combinations C: C = 2"; n: number of different fluorochromes used for color
coding). The color code staining was performed together with the standard surface staining
against CD8 and CD19. After staining the samples were pooled into one kos-rate tube and
Kof-rate measurements were run as usual.

FlowJo was used for flow cytometry data analysis. Samples were gated on
lymphocytes, singlets, living CD19-, CD8*, color code and non-reversible multimer. After
gating on the specific population, for every cell within that gate the computed time value
and intensity values for Alexa Fluor 488 and Strep-Tactin-APC were exported to MS Excel.
Using the “single cell Flow Analysis” app programmed by Philipp Lickemeier data could
then be transferred to Graph Pad Prism creating dot plots of the fluorescence decay over
time. kof-rate values and t1,2 could then be calculated by fitting one-phase exponential decay
curves to the dot plot. To eliminate the interference of the Strep-Tactin-APC dissociation
with the MHC-Alexa Fluor 488 dissociation, for fitting of the MHC-Alexa Fluor 488
exponential decay curve only data points after complete Strep-Tactin dissociation were
considered.

Constrained fitting (developed by Philipp Lickemeier) was applied for dissociations
with steep initial decay, where normal fitting could lead to long ti» by mistake. Here, the
mean of MHC-intensity before the start of dissociation was calculated and taken as

y-intercept (y0), thereby forcing the one-phase exponential decay curve to include this point.
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3.2.9 Invivo competition of epitope-specific T cells of known structural avidity via

co-transfer and mCMYV infection

For in vivo competition experiments defined numbers of different T cells of known structural
avidity towards the model epitope SIINFEKL were transferred to recipient animals.
Recipients were infected with IE2-SIINFEKL mCMV on the day after cell transfer and the
number of transferred cells was monitored over time by repeated blood screenings. TCR
retrogenic mice which served as donors for the T cell transfer were generated as follows:

In a first step SIINFEKL-specific TCRs were isolated (performed by Kilian Schober
with support of Thomas Miller and Simon Grassmann): C57/BL6 mice were infected with
IE2-SIINFEKL mCMV and splenocytes were harvested during acute infection (d15 post
infectionem (p.i.)) or during late chronic infection. A single-cell sort of CD8*, CD19- and
Streptamer* cells was performed which was followed by a single-cell polymerase chain
reaction (PCR) of the TCR and Sanger sequencing (according to an adapted protocol of
(Dossinger et al., 2013)). This led to the identification of several full af TCRs.

Next retrogenic mice were generated according to the protocol described in (Bettini,
Bettini, Nakayama, Guy, & Vignali, 2013; Holst et al., 2006) with some minor variations
(Generation was performed by Simon Grassmann, Kilian Schober, Justin Leube). Bone
marrow of RAG1- mice on a distinct congenic marker background (Buchholz et al., 2013)
was retrovirally transduced with the constructs of interest. Before bone marrow transfer
mice received sublethal irradiation (2 x 4,5 Gy for C57BI/6 recipients and 1 x 4,5 Gy for

RAG™ recipients).
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4 Results

4.1 Validation of the TCR-ligand kosi-rate assay

The TCR-ligand kes-rate assay allows the precise acquisition of an important part of the
structural avidity of the TCR, the kes-rate. It combines reversible MHC multimer technology
with real-time microscopy or flow cytometry. Development and initial validation of the assay
was mainly performed by Magdalena Nauerth, Bianca Weil3brich, Robert Knall and others
(Knall, 2007; Nauerth, 2012; Nauerth et al., 2016, 2013; Weil3brich, 2015). The following
experiments address some additional questions of the validation process, namely the
influence of a surface antibody staining against CD8 or CD45.2/CD90.2 on the kex-rate and

the maintenance of the kqsrate in vivo over time.

4.1.1 Influence of CD8 antibody staining on TCR-ligand k.i-rate assay

CD8 is a transmembrane glycoprotein that serves as a co-receptor for the TCR. It
specifically binds to the MHC | molecule and is the defining marker of cytotoxic T cells.
Including CD8 in the staining panel for the identification of antigen-specific cytotoxic T cells
increases the specificity of the panel by eliminating unspecific Streptamer/multimer binding
cells of other cell types. But due to the close interaction of the CD8 receptor with the TCR,
an influence of CD8 antibody staining on the kq-rate needed to be taken into consideration.

In a first experiment, blood samples of OT-19"9 mice, which are TCR transgenic mice
that exclusively express a defined TCR specific for the ovalbumin residue SIINFEKL, were
stained with SIINFEKL-Streptamer and different monoclonal CD8 antibodies (see Figure 8).
Flow cytometry-based TCR-ligand kq«-rate assay showed that CD8 antibody clone 53.67
more than doubled dissociation t1» compared to no CD8 staining, whereas clone 5H10 did
not show any significant influence. Also, the choice of fluorochrome of the CD8 antibody

(PB vs. PE) did not show any influence on the kqs-rate.
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Figure 8. Type of clone but not fluorochrome of the CD8 antibody influences

dissociation ti2 of OT-l T cells. Blood samples of OT-199 were stained with SIINFEKL-Streptamer and different
CD8 antibody clones or fluorochromes: no CD8 antibody, CD8-PB-clone 5H10, CD8-PE-clone 5H10 and CD8-PB-clone
53.67. TCR- kof-rate half-life time (t12) was measured by the flow cytometry-based TCR-ligand kor-rate assay. Data are
shown as mean + standard error of mean (SEM). Statistical analysis was performed using one-way analysis of variance
(ANOVA) and Tukey's multiple comparisons test. ns, non-significant. **** P < 0,0001.

In a next experiment, the CD8-PB clone 5H10, which did not show any influence on the kos-
rate tiofor OT-I T cells, was tested in the setting of staining an endogenous T cell response
against mCMV (see Figure 9). SIINFEKL-specific splenocytes of an IE2-SIINFEKL mCMV
infected mouse were stained either with CD8-PB clone 5H10 or not, and microscopic TCR-
ligand kos-rate measurements were performed. The single-cell Kos-rate measurements
revealed a great diversity of ke-rate ti2 for this polyclonal T cell population. Nonetheless,
the staining of CD8-PB clone 5H10 did not show a significant influence on the mean kos-rate

or the ty2 distribution.
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Figure 9. CD8 antibody clone 5H10 does not influence kof-rate t12 of endogenous SIINFEKL-
mCMV-specific T cells. Splenocytes of an IE2-SIINFEKL mCMYV infected C57BL/6 mouse were stained with SIINFEKL-
Streptamers, a monoclonal antibody directed at CD19 and a live/dead dye (PI). Additionally, the sample was split in half
and either stained with CD4-PE clone H129.19 or CD8 antibody CD8-PB-clone 5H10. CD4 stained cells were sorted for
CD19,, CD4- and Streptamer* cells; CD8 stained cells were sorted for CD19-, CD8"*, Streptamer* cells. TCR- kof-rate half-
life time (t1/2) of sorted cells were measured by the microscopic TCR-ligand kor-rate assay. Each dot represents one cell.
Red lines indicate geometric mean. Significance was assessed by unpaired two-tailed Student t test (p = 0,8748). ns, non-
significant.

In the setting of the microscopic TCR-ligand kex-rate assay, Pacific Blue (PB) is preferable
to Phycoerythrin (PE) since it does not have an emission overspill into the Alexa Fluor 488
detection channel of the Streptamer. Therefore, all following microscopic TCR-ligand ko~
rate experiments and for consistency reasons also all murine flow cytometry-based TCR-
ligand Kkq-rate experiments were conducted using the CD8-PB clone 5H10 antibody (except
for the first couple of microscopic kqi-rate experiments for which the CD8-PB clone 5H10

was unavailable and CD8-PE clone 5H10 was used instead).

4.1.2 Flow cytometry-based ko¢-rate dissociations of multiple murine samples can

be analyzed simultaneously using color coding

Dissociations of the flow cytometry-based kox-rate assay are recorded for 15 min and at
least two replicates per sample are desirable as a standard of quality. To save time and
allow high-throughput kes-rate measurements, our laboratory developed a combinatorial
labelling system (“color coding”), making it feasible to perform flow cytometry-based kos-rate

dissociations of multiple samples simultaneously. It was first tested and validated for human
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samples using a staining against human CD45 on different fluorophores, but for the purpose
of this project color coding was tested using murine CD45.2 and CD90.2 (number of
possible combinations C: C =2"; n: number of different fluorochromes used for color
coding). Since the additional antibodies also bind to the T cell surface, potential interference
with the dissociation of the Streptamer's pMHCs had to be examined. To test for the
influence of color coding on the kos-rate ti2, measurements of the same sample were
performed under the following conditions: all four combinations of the color code and also
a classical single-sample dissociation without any color code (see Figure 10). The
additional antibody staining of CD45.2 and CD90.2 did not alter the dissociations ti

compared to the same sample measured without a color code.
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Figure 10. Color-code directed against murine CD45.2 and CD90.2 does not influence t12. Different

combinations of CD45.2 and CD90.2 antibodies were tested for interference with kof-rate dissociation. Splenocytes of a wt
mCMV infected mouse (d 202 p.i.) were stained with M38-Streptamer, non-reversible M38-multimer and surface antibodies
against CD8 and CD19. The sample was split into four and the following color code was applied: cc 0: no additional
antibody, cc 1: CD45.2-PerCP-Cy5.5, cc 2: CD90.2 APC-Cy7, cc 1+2: CD45.2-PerCP-Cy5.5 and CD90.2 APC-Cy7. After
staining the four samples were pooled and analyzed at the same time. As a control a classical single-sample dissociation
without any color code was performed of the same specimen. (A) pseudocolor FACS-plot of flow cytometry-based kof-rate
assay of color-coded samples cc 0, cc 1, cc 2 and cc 1+2; pre-gated on lymphocytes, singlets, living non-B cells, CD8".
(B) dot plot of flow cytometry-based kof-rate dissociation of cc 1 (see (A)) (C) ti2 of single-sample dissociation (normal)
and multiple-sample dissociation using color coding. Statistical testing was performed using one-way ANOVA. ns, not
significant.

39



Results

4.1.3 TCR-ligand kos-rate is a stable characteristic of T cells

Unlike B cells, T cells cannot undergo classical affinity maturation, a process by which the

antigen receptor can increase its affinity towards an epitope through somatic hypermutation

and clonal selection. Therefore, TCR structural avidity is a stable parameter of T cells,

largely independent of the cell’'s phenotype, activation status or proliferative history (as

discussed above, the phenotype can in principle change the avidity — in contrast to the

affinity — but for simplification purposes and in general reality, the structural avidity is

“hardwired” in the TCR sequence). If the TCR-ligand ko-rate was to be considered a valid

surrogate for TCR avidity, it should in principle also be independent of the afore mentioned

parameters. Indeed, Nauerth et al. could show that the kos-rate was independent of the

activation status of T cells and did not change after transgenic expression in Jurkat76 cells

(Nauerth et al., 2013). To investigate if prolonged in vivo persistence and proliferation would

influence the kos-rate, naive OT-I T cells were transferred into a wildtype C57/BL6 mouse

infected with IE2-SIINFEKL mCMV. 390 days after transfer, kor-rate measurements of the

transferred OT-I T cells were performed in comparison to naive OT-I T cells. Half-life time

(ti2) did not show any significant change even after more than one-year of in vivo
persistence (see Figure 11).
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4.2 Analysis of human inflationary CMV-specific T cell
populations suggests non-linear inverse correlation between

population size and structural avidity

Great interindividual variability has been shown for population sizes of CD8* T cells specific
for CMV (both hCMV and mCMV), with some inflationary epitope-specific populations
comprising more than 30 % of all CD8* T cells (see 1.5.1). During the course of infection,
inflationary populations increase over time and large populations are more common in elder
individuals (Klenerman & Oxenius, 2016). Previous microscopic kes-rate experiments of
blood samples from human leukocyte antigen (HLA) B8+ hCMV* healthy donors had shown
an inverse correlation between population size and structural avidity (Schober et al., 2020;
experiments performed by Bianca Weil3brich; sample acquisition and storage performed by
AG Neuenhahn).

To expand the dataset, all suitable samples stored in the AG Neuenhahn facility
were analyzed using the flow cytometry-based koi-rate assay (some of the samples used
for the microscopic assay were reanalyzed: blood donors were anonymous and repeated
donations were allowed). Population size for the HLA-B8 restricted inflationary epitope
IE1199-207«m Showed a wide interindividual range from 0,21 % up to over 35 % of living CD19-
lymphocytes (exemplary depiction: see Figure 12 A). Flow cytometry-based kox-rate
measurements suggested a non-linear inverse correlation between population size and ti,

(see Figure 12 B and C).
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Figure 12. Human inflationary CMV-specific T cell populations show inverse correlation between

population size and structural avidity. Kos-rate analysis of human inflationary HLA-B8/IE1199-207km-specific T cell
populations of healthy CMV positive blood donors. (A) Exemplary pseudocolor plots of non-reversible multimer staining for
the HLA-B8/IE1199-207km epitope. Pre-gated on living CD19- lymphocytes. Numbers next to the gate show population size
of multimer* cells of living CD19- lymphocytes. (B) Exemplary dot plots of flow cytometry-based kof-rate dissociation of
multimer* cells seen in (A). At least two dissociations were performed for each sample. (C) Nonlinear fit (one-phase
exponential decay curve) of t12 and population size (N = 6). Dissociation curves were fitted using constrained fit.

4.3 The SIINFEKL mCMV model for the study of avidity dependent

evolution of the TCR repertoire during chronic viral infection

During chronic latent viral infections like CMV, the antiviral T cell response undergoes
tremendous changes in terms of size (memory inflation; see 1.5.1) and clonality (repertoire
focusing; see 1.5.2).

The aim of this project was to study if and how repertoire focusing reflects selection
based on structural avidity of T cells. Different kinetics of T cell responses (inflationary or
non-inflationary) were investigated to study the role of antigen expression. To eliminate a
putative influence of the epitope itself on the repertoire composition and T cell avidity, two
recombinant mCMV viruses expressing the same model epitope (SIINFEKL) either under

an inflationary (IE2) or a non-inflationary (M45) promotor were used (Dekhtiarenko, Jarvis,
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Ruzsics, & Cigin-Sain, 2013). This approach allowed the study of T cell populations directed

against the same epitope and therefore also recruited out of a similar naive repertoire.

4.3.1 |E2-SIINFEKL-specific T cell populations show phenomenon of memory

inflation at late time points of mCMV infection

To see if the recombinant mMCMYV viruses could indeed induce inflationary or non-inflationary
T cell responses, population sizes of IE2- and M45-SIINFEKL mCMV infected mice was
assessed at different time points after infection.

The relative population size of sorted Streptamer* cells was quantified as
percentage of CD8* cells. Cells were considered Streptamer* when double positive for the
Streptamer backbone Strep-Tactin-APC and the Streptamer MHC-Alexa Fluor 488. M45-
SIINFEKL induced populations were maintained as relatively small populations at all time
points of the infection. In contrast IE2-SIINFEKL induced populations massively
accumulated over time and in some mice composed more than thirty percent of all CD8*
T cells at late time points (see Figure 13 A and B).

Changes in relative population size do not necessarily translate to changes in
absolute cell numbers of a specific populations per organ. For example, changes in organ
size or the size of the CD8* compartment could have a substantial effect on the absolute
cell number while not affecting relative population size. To determine the absolute number
of Streptamer* cells per spleen, the total splenocyte count was estimated via a
hemocytometer and relative frequencies of Streptamer* cells and splenocytes was
assessed via FACS (see 3.2.5 and Figure 13 C). Absolute numbers of Streptamer* cells for
M45-SIINFEKL mCMYV infected mice slightly decreased after acute infection and were
maintained thereafter. In contrast, absolute numbers of Streptamer* cells for IE2-SIINFEKL
mCMYV infected mice increased continuously over the course of the infection. For the late
d200+ time point the number of Streptamer* cells per spleen had more than quintupled
compared to d8. Thus, changes in relative population size of antigen-specific CD8* T cells

paralleled those in absolute cell number.
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Figure 13. Memory inflation: Population size for inflationary epitope IE2-SIINFEKL increases over

the course of mCMV infection. Mice were infected i.p. with recombinant IE2-SIINFEKL mCMV or M45-SIINFEKL
mCMV and sacrificed at the indicated time points. Splenocytes were FACS-sorted for CD8*, CD19-, SIINFEKL-Streptamer*
cells. (A) Representative pseudocolor FACS plots show relative population size of SIINFEKL-Streptamer* T cells in the
spleen for IE2- and M45-SIINFEKL mCMYV infection at different time points. Plots are pre-gated on lymphocytes, singlets,
living CD19-and CD8" cells. (B) Mean percentage of SIINFEKL-Streptamer* T cells of CD8* cells in the spleen for IE2- and
M45-SIINFEKL mCMV derived populations at different time points. (C) Mean number of SIINFEKL-Streptamer* T cells per
spleen is calculated by estimating the total splenocytes count per spleen via hemocytometer and using relative frequencies
of Streptamer* cells and splenocytes determined via FACS. Data are mean + SEM of N = 2-7 mice at each time point.

4.3.2 In-depth TCR repertoire analysis reveals decreasing diversity and clonal

succession during inflationary IE2-SIINFEKL mCMYV infection

Clonal focusing has been described to occur during chronic CMV infection (both in hCMV
and mCMV; see 1.5.2). To decipher the role of population dynamics (inflationary vs.
non-inflationary), in-depth TCR repertoire analysis was performed for IE2-SIINFEKL and

M45-SIINFEKL mCMV infection (experiments mainly performed by Kilian Schober and
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Thomas Miiller). Analysis of the TRBV usage using TCR Vf staining and flow cytometry
revealed progressive oligoclonality during inflationary IE2-SIINFEKL mCMV infection.
During M45-SIINFEKL mCMYV infection however only some repertoire focusing occurred
early on, but it remained stable thereafter (Schober, Voit, et al.,, 2020). Single-cell
sequencing of TCR a and B chains using TCR SCAN (Ddssinger et al., 2013) further
showed highly comparable results in terms of TRBV usage. Longitudinal sequencing of TCR
CDR3 a and CDR3 B of IE2-SIINFEKL-specific T cell populations throughout the course of
infection again showed decreasing diversity over time. Interestingly, when looking at the ten
most abundant clonotypes within individual mice over time, the dominators changed several
times over the course of the infection, suggestive of clonal succession (Schober, Voit, et al.,
2020). In line with these findings, decreasing diversity was also observed for inflationary
M38-specific T cell populations during wildtype mCMV infection and lowering the precursor
frequencies through thymectomy appeared to accelerate this process. Again, longitudinal

data revealed clonal succession over time (Schober, Voit, et al., 2020).

4.3.3 Microscopic koi-rate measurements of inflationary T cell populations reveal
dominance of low avidity T cells at late time points of IE2-SIINFEKL mCMV

infection

The massive increase in size and especially the increased oligoclonality of inflationary
mCMV-specific T cell populations at late time points of infection raised the question if the
changes in the composition of the repertoire reflected changes based at least partly on TCR
avidity. To answer this question, repeated measurements of TCR avidity at different time
points of the infection were performed. Both TCR avidity data of inflationary mCMV-specific
T cell populations and as a control also of non-inflationary mCMV-specific T cell populations
were gathered. As a surrogate for TCR avidity the kosrate was assessed using the
microscopic TCR koi-rate assay.

When looking at exemplary TCR-ligand keoi-rate measurements of IE2-SIINFEKL

mCMYV infected mice at the peak of acute infection at d15, T cell populations covered a wide
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spectrum of TCR avidities (see Figure 14 A). Half-lives ranged between slightly below 10 s
up to 500 s with no apparent clustering. At the late phase of chronic infection (d200+) the
distribution of t12 had narrowed substantially with ti» usually confined to only one or two
sectors of the ti2 spectrum (see Figure 14 B). Based on the TCR repertoire data, we

hypothesize that the “ti» sector groups” represent T cell clones with distinct structural

avidities.
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Figure 14. Microscopic kofi-rate measurements reveal wide initial TCR avidity spectrum that

narrows at late time points for IE2-SIINFEKL mCMYV infected mice. Half-life time (t12) of exemplary kof-rate
measurements of IE2-SIINFEKL mCMV infected mice at d15 and d200+ p.i. Splenocytes were FACS sorted for CD8*,
CD19, SIINFEKL-Streptamer* cells and microscopic kof-rate measurements were performed. (A) Half-life time (t1,2) of
individual cells of mice at d15 p.i. (B) Half-life time (t1,2) of individual cells of mice at d200+ p.i.; Each dot represents one
cell. Each column (#) represents one mouse. Red lines show geometric mean of t1,2 for each mouse.

Ko-rate measurements like the ones exemplified in Figure 14 were conducted for multiple
time points and for both the inflationary IE2- and the non-inflationary M45-SIINFEKL mCMV
group. To compare the results of these measurements to one another, one way is to reduce
the single-cell t12 data for each mouse to one value best capturing the typical ti». For this
purpose, the geometric mean seemed most appropriate. It is less affected by outliers than
the arithmetic mean, yet unlike the median does not completely ignore extreme values that

might have physiological significance.
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Measurements for the non-inflationary M45-SIINFEKL mCMYV infection showed constant
geometric mean t12 values of around 60 s for all time points except for one d60 sample with
a particularly long ti2 (see Figure 15 A). The IE2-SIINFEKL group on the other hand
displayed an interesting progression. At d15 p.i. ti2 was very diverse not only within
specimens but also in between specimens. Nonetheless, on average, long t1» and therefore
high avidity T cells were most abundant at this time point. At late time points of infection
(d200+), however, T cells with very short t12 dominated the responses in most cases. The
overall t12 significantly decreased from d15 to d200+ (see Figure 15 A).

Using the geometric mean to summarize the acquired kos-rate data provides a good
overview. Nonetheless a lot of information about the distribution of single-cell data points is
lost that way. As an attempt to illustrate the whole data set and keep the single-cell
resolution, a cell number adjusted pooled sample approach was performed
(see Figure 15 B). The number of cells analyzed for each mouse varied substantially due
to experimental conditions. In order to pool the single-cell data from different mice for one
time point and make sure that each mouse is accounted for equally, representative draws
were conducted to equalize cell numbers. Serial random draws of samples with more cells
were performed until a draw that matched the original population in terms of geometric mean
and coefficient of variation was obtained. Then all representative samples of each time point
were pooled. For IE2-SIINFEKL this depiction showed the diversity of TCR avidity and the
abundance of high avidity T cells at d15. Subsequently there was a progression towards
lower avidity in the chronic phase of infection, which coincided with a loss of TCR avidity
diversity in terms of evenness of distribution due to the focusing on lower avidity. M45-
SIINFEKL infected mice on the other hand maintained their diverse distribution of TCR
avidity with a medium to high average avidity.

T cells with a t1,2 of over 100 s in the microscopic koi-rate assay can be considered
to be of high avidity (Nauerth et al., 2013). The fraction of cells with that property was
calculated for every individual mouse (see Figure 15 C). For the M45-SIINFEKL group this

percentage amounted to somewhat over 20 % on average for all time points examined. For

47



Results

the IE2-SIINFEKL group this fraction increased during acute infection from d8 to d15.
Thereafter the percentage decreased continuously, accounting for less than 10 % of cells
analyzed in most of the d200+ mice.

Taken together, for inflationary IE2-SIINFEKL mCMV-specific T cell populations the
overall TCR avidity decreased after acute infection. At late time points of the chronic
infection, low avidity T cells dominated while the fraction of high avidity T cells became

increasingly scarce.
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Figure 15. Dominance of low avidity T cells at late time points of inflationary IE2-SIINFEKL mCMV

infection. Mice were infected i.p. with recombinant IE2-SIINFEKL mCMV or M45-SIINFEKL mCMV and sacrificed at the
indicated time points. Splenocytes were FACS sorted for CD8*, CD19-, SIINFEKL-Streptamer* cells and microscopic Kof-
rate measurements were performed. (A) Geometric means of ti;2; each dot represents the geometric mean of t12 of all cells
analyzed for one mouse. Red lines and numbers noted above show the mean of the geometric mean of t12 for each time
point, the value is depicted at the top. (B) Pooled single-cell data of t1,2: to adjust for differences in the cell number analyzed
per mouse, representative draws reduced cell number to the lowest of each time point. Adjusted samples were then pooled
for each time point; each dot represents one cell. Red lines indicate geometric mean. (C) Percentage of T cells with ti2 <
100 s was computed for each mouse; On average N =70 cells were analyzed for each mouse (see Supplementary
Figure 2). Error bars indicate SEM. Statistical analysis was performed using one-way ANOVA and Tukey's multiple
comparisons test. ns, non-significant. * P < 0,05. N = 2-7 mice per time point.

The observed relative decrease in T cells with a t12 of over 100 s during chronic inflationary
IE2-SIINFEKL mCMYV infection raised the question of the fate of these high avidity T cells.

All previous kqs-rate measurements were conducted with spleen samples. One possible
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explanation of the disappearance of high avidity T cells at late time points in the spleen
would be preferential homing of those cells to other organs. So, in a next experiment, kos-
rate measurements for an IE2-SIINFEKL mCMV infected d200+ mouse were also
performed for a blood and lymph node sample (see Figure 16). Population size of
Streptamer* cells differed considerably in the different organs (see Figure 16 A). In the
lymph node sample, Streptamer* cells only accounted for about 3 % of CD8* cells, whereas
in the blood, memory inflation was even more pronounced than in the spleen with
Streptamer* cells reaching almost 50 % of CD8* cells. Although population size differed
greatly, kos-rate t12 was not significantly different for all organs tested. In fact, in all organs
the overall TCR avidity was equally low and the fraction of high avidity was equally small as
in the spleen (see Figure 16 B). In addition, comparative kes-rate measurements were
performed in bone marrow and liver samples (at d200+ after IE2-SIINFEKL mCMV
infection), which also showed no significant difference compared to the spleen sample

(Schober et al., 2020; experiment performed by Joel Eggert).
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Figure 16. At late time point of IE2-SIINFEKL mCMV infection low avidity T cell populations

dominate in different organs. An IE2-SIINFEKL mCMYV infected mouse was sacrificed at d404 p.i. Peripheral blood
(PB), spleen (SP) and lymph nodes (LN) were FACS sorted for CD8*, CD19-, Streptamer* cells and microscopic koff-rate
measurements were performed. (A) Frequency of SIINFEKL-Streptamer* cells of CD8" cells. (B) Microscopic TCR-ligand
ti2 values of SIINFEKL-Streptamer* cells of different organs; each dot represents one cell. Red lines indicate geometric
mean and SEM. Statistical analysis was performed using one-way ANOVA. ns, not significant.
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4.3.4 Longitudinal flow cytometry-based TCR-ligand ko«-rate measurements
confirm dominance of low avidity T cells during late IE2-SIINFEKL mCMV

infection — influence of thymectomy

To formally show that significant changes of TCR avidity occur for inflationary IE2-SIINFEKL
mCMV-specific T cell populations, longitudinal kes-rate measurements in the same
individuals need to be performed. These longitudinal experiments were performed using the
flow cytometry-based TCR-ligand koi-rate assay because of the following advantages: The
cell number required for kqi-rate measurements is lower for the flow cytometry-based assay,
making longitudinal measurements of murine blood samples possible. Furthermore, the
performance and especially data analysis are a lot faster making high-throughput analysis
and therefore bigger test groups feasible.

To further explore the influence of thymic output on the evolution of TCR avidity,
pre-adult thymectomy was performed (see Figure 17 A). The population size of SIINFEKL-
specific T cells was slightly bigger in the thymectomized group at all time points, although
these differences were not significant (see Figure 17 B). Cross-sectional microscopic Ko-
rate measurements had revealed a maximum ty, for d15 and decreasing ti; for later time
points (see Figure 15). A similar pattern was observed in longitudinal measurements of
individual non-thymectomized mice (see Figure 17 C and D wt). Mean ti2 of all 12 mice
showed a significant decrease between d15 and d170, confirming the results of the previous
cross-sectional measurements (see Figure 17 E wt). Kos-rate measurements of
thymectomized mice revealed high intra- and interindividual diversity. Half-life times began
to decrease even earlier than in the non-thymectomized group, but changes over time were

not significant overall (see Figure 17 D thy and E thy).
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Figure 17. Longitudinal kof-rate measurements confirm decrease of TCR avidity during

inflationary IE2-SIINFEKL mCMV infection. (A) Experimental setup for the longitudinal measurements; (B)
Population size displayed as percentage of SIINFEKL-Streptamer* T cells (Multimer*) of CD8" cells in peripheral blood; (C)
Exemplary dot plots of flow cytometry-based kos-rate dissociation of one individual non-thymectomized mouse at d15 and
d170 (D) Exemplary longitudinal t12 of three individual mice per group. Data represent mean of two dissociations per mouse
and time point. (E) Longitudinal mean ti2 for non-thymectomized (left) and thymectomized (right) group. thy:
thymectomized; non-thy: non-thymectomized; data in (B) and (E) display mean and SEM; dissociation curves were fitted
using constrained fit; Statistical analysis in (E) was performed using one-way ANOVA. * P < 0,05. ns, not significant. N = 12
mice per group.
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The analysis of the thymectomized group in particular was hampered by the occasional
occurrence of “two-band dissociations” potentially skewing the result (exemplary data see
Figure 18), likely reflecting selection of two clones with very high and very low structural

avidities (also see 5.5).
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Figure 18. Two-band dissociations occasionally occurred at late time points of infection,

especially in the thymectomized group. Exemplary depiction of two-band dissociation. Data show dissociation of
one thymectomized mouse at d170 p.i. with IE2-SIINFEKL mCMV (see Figure 17). (A) Pseudocolor plot of flow cytometry-
based kof-rate assay, pre-gated on SIINFEKL-multimer positive. (B) dot plot of dissociation shown in (A). Green curve
shows regular one-phase exponential decay curve. In addition, decay curves were calculated separately for upper (blue)
and lower (red) band.

4.3.5 Functional avidity of inflationary or non-inflationary SIINFEKL mCMV-

specific T cells does not decrease between acute and late chronic infection

Inflationary 1IE2- and non-inflationary M45-SIINFEKL mCMV-specific T cell populations
were examined for their functional avidity at different phases of infection. Functional avidity
can be assessed by incubating T cells with different amounts of their cognate antigen and
measuring their cytokine response. T cells with high functional avidity will respond to lower
amounts of antigen. Here IFN-y production of splenocytes was determined after incubation
with SIINFEKL peptide (see Figure 19). For M45-SIINFEKL mCMV infected mice, functional
avidity did not decrease from acute infection at d15 to late chronic infection at d200+ (in
fact, a small but significant increase was observed), consistent with measurements of their
structural avidity (see Figure 15). Despite showing a significantly lower structural avidity
(see Figure 15, Figure 17), IE2-SIINFEKL mCMV infected mice did not exhibit lower

functional avidity at late time points of chronic infection at d200+ than at d15.
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Figure 19. Functional avidity of inflationary or non-inflationary SIINFEKL mCMV-specific T cells

does not decrease between acute and late chronic infection. Mice were infected i.p. with recombinant IE2- or
M45-SIINFEKL mCMV and sacrificed at d15 or d200+ p.i. Splenocytes were incubated with indicated amounts of SIINFEKL
peptide and IFN-y production was analyzed by intracellular cytokine staining. (A) Exemplary FACS plots show IFN-y
production upon stimulation with indicated amounts of SIINFEKL peptide. Numbers above gate indicate percentage of IFN-
y* cells. Pre-gated on CD8*. PMA/IONO represents positive control. (B) Values of (A) were normalized to maximal IFN- y
production, and the ECso was calculated by nonlinear regression. (C) ECso values of IE2 d15, IE2 d200+, M45 d15 and
M45 d200+; Note that smaller numbers (bigger negative exponent) signify higher sensitivity to peptide. Each dot represents
one mouse. Lines show the mean + SEM for each group. Statistical testing for all four groups was performed by one-way
ANOVA (p = 0,13). Statistical testing for the IE2 and M45 groups separately was conducted by a two-tailed unpaired
Student’s t-tests. *P < 0,05. N = 6 for each group.

4.4 Avidity measurements of thymectomized and non-

thymectomized mice during wt mCMYV infection

So far, all mMCMV experiments had been performed using recombinant IE2- and M45-
SIINFEKL mCMYV strains. This had the major advantage of enabling measurement of Kof-
rates of inflationary and non-inflationary T cell population under very controlled and well-
defined conditions. Both had the same epitope specificity and therefore were also recruited
out of a similar naive repertoire. Furthermore, the same Streptamer reagents could be used
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for all experiments. Having observed the gradual loss of high avidity T cells over time for
IE2-SIINFEKL mCMYV derived T cell populations, the question was if a similar progression
could also be observed for the more physiological and general case of wt mCMV infection.
To this end, TCR ko-rate measurements of T cell populations specific for the inflationary wt

mCMV epitope M38 were conducted.

4.41 Memory inflation is more pronounced in thymectomized mice than in non-

thymectomized mice for inflationary M38 epitope

For wt mCMV infection, memory inflation is a well described phenomenon for some epitopes.
To check if thymectomy would influence the extent of memory inflation, relative population
sizes of T cells specific for one inflationary mCMV epitope (M38) and one non-inflationary
mCMV epitope (M45) were determined at different time points after infection. Acute infection
was dominated in both groups by M45-specific T cell populations to a similar degree (see

Figure 20). Also, M38-specific T cell populations were initially similar in size in both groups.

During chronic infection, although M38-specific T cell populations dominated in both groups
and increased in size over time, they did so even more in the group of thymectomized mice.
To control for unspecific effects of the thymectomy operation, an additional group of mice
received sham thymectomy. The population size of sham-thymectomized mice behaved

similarly to those of non-thymectomized mice and did not show enhanced memory inflation.
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Figure 20. Memory inflation is more pronounced in thymectomized mice than in non-

thymectomized mice for inflationary wt mCMV epitope. At four weeks of age mice were either thymectomized
(thy), sham operated (sham) or not operated at all (non-thy). After three weeks of recovery mice were infected i.p. with wt
mCMV and sacrificed at the indicated time points. A non-reversible multimer blood staining was performed for the
inflationary H2Kb-M38 and the non-inflationary H2Db-M45 epitope for each mouse. Fraction of multimer* of CD8* is depicted
for different time points. Data are mean + SEM of N = 8-18 mice at each time point and group (except sham group: N = 6
mice).

4.4.2 Decrease of structural avidity of inflationary M38-specific T cell populations

during wt mCMV infection

Microscopic kos-rate measurements of inflationary M38-specific T cell populations of wt
mCMV infected mice were performed as described previously (see 4.3.3). Consistent with
results obtained using the IE2-SIINFEKL mCMV model, inflationary M38-specific T cell
populations of wt mMCMV infected mice showed a significant decrease in structural avidity

over time (see Figure 21).
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Figure 21. Microscopic kofi-rate measurements reveal decrease of structural avidity of inflationary
M38-specific T cell populations during wt mCMYV infection. Microscopic kof-rate t1/2 of inflationary M38-specific
T cell populations of wt mCMV infected mice at different time points after infection. C57/BL6 mice were infected i.p. with
wildtype mCMV and sacrificed at the indicated time points (early: d8-d15; late: d177-d350). Splenocytes were used for Kof--
rate measurements. Each dot represents geometric mean ti2 of < 13 replicates per mouse. Lines show mean with SEM.
Statistical analysis was performed using a two-tailed unpaired t-test. *P < 0,05. N = 6 per group.

4.4.3 Half-life time of M38-specific T cell populations of thymectomized and non-
thymectomized mice increases at late time points of chronic wt mCMV

infection

Flow cytometry-based TCR-ligand kew-rate assay measurements were performed for
inflationary wt mCMV epitope M38-specific T cell populations for thymectomized and non-
thymectomized groups. The ti2. measurements revealed remarkably high interindividual
variability for both groups at all time points. Additionally, both groups showed a surprising
triphasic ti2 pattern over time (see Figure 22). Both groups showed an increase of mean
t12 during acute infection. Mean t1; decreased thereafter until d60 (for the thymectomized
group ti2 had already decreased after d10, for the non-thymectomized group ti» only
decreased after d15). After d60 however, the overall 12 increased gradually for both groups,
which coincided with the more frequent occurrence of two-band-dissociations (see
Figure 18). Currently, no final explanation for this surprising phenomenon can be offered

(see 5.5).

57



Results

-o~ non-thy M38

500+
° -0~ thy M38
400+ o ©
< ° [ ]
o 300 -
~ €]
< [ ]
= 2004
z [ ]
o
100 + o) °
0 L] L] L] : : T L] L]
0 20 40 60 200 300 400
day p.i.
Figure 22. Half-life time of M38-specific T cell populations of thymectomized and non-

thymectomized mice increases at late time points of chronic wt mCMV infection. Flow cytometry-based kofr-
rate t12 of inflationary M38-specific T cell populations of thymectomized or non-thymectomized wt mCMV infected mice at
different time points after infection. At three weeks of age mice were either thymectomized (thy) or not operated (non-thy).
After three weeks of recovery mice were then infected i.p. with wt mCMV and sacrificed at the indicated time points.
Splenocytes were used for ko-rate measurements. Each dot represents mean t12 of < 2 replicates per mouse. Lines
connect means of each time point. N = 3-6 mice per time point and group.

4.5 In vivo competition of epitope-specific T cells of different

avidities — prospective adoptive transfer experiments

The previous experiments suggested a significant decrease of the overall avidity over time
and dominance of low avidity T cells at late time points of the inflationary IE2-SIINFEKL
mCMYV infection (see 4.3). To validate this hypothesis in a prospective manner, adoptive
transfer experiments were performed to observe in vivo competition of epitope-specific T-

cells of different avidities.

4.51 In vivo competition of adoptively transferred OT-l T cells during infection

with altered peptide ligand (APL) variants of IE2-SIINFEKL mCMV

APL variants are generated by single amino acid replacements in the sequence of an
immunogenic epitope. APL variants of the native SIINFEKL epitope (N4) differ in their
potency of stimulating OT-I T cells. SIITFEKL (T4) has been described to mark the avidity
threshold between positive and negative selection of OT-I T cells (Enouz, Carrié, Merkler,
Bevan, & Zehn, 2012). The potency of SIIVFEKL (V4) has been described to be even less

(about 700-fold lower than N4) (Zehn et al., 2009).
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Adoptive transfer of 100 naive CD44low OT-I T cells into C57BL/6 mice and subsequent
infection with APL variants of IE2-SIINFEKL mCMV were performed. In the setting of N4-
infection OT-1 T cells can be viewed as high avidity T cells, in the setting of T4- or V4-
infection they resemble low avidity cells. Population size of transferred cells in peripheral
blood was monitored longitudinally.

In N4-infected mice transferred OT-l1 T cells expanded vigorously, reaching
approximately 10 % of the CD8 T cell compartment at d200. At late time points, the
population slightly contracted (see Figure 23 B). The large OT-I T cell population together
with a strong endogenous N4-specific response (data not shown) led to suppression of the
endogenous M38-specific response (in comparison with T4 or V4 infected mice; see
Figure 23 A). At early time points in T4- and V4-infected mice the population size of
transferred OT-I T cells was at the limit of detection. Only at very late time points of infection
(< d300 p.i.) they expanded significantly to form small but robustly detectable populations,
potentially suggesting late recruitment.

The OT-I-APL experimental system, however, has the following limitations:
competition of a defined set of high and low avidity T cells cannot be observed within the
same host, but rather they compete separately against a polyclonal endogenous response.
The use of OT-I T cells is also problematic given their unusually fast kes-rate in relation to
their high overall affinity (Nauerth et al., 2013; Rosette et al., 2001). Also, the affinity of
individual APLs to the MHC complex itself may differ, which would represent a confounding

effect.
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Figure 23. In vivo competition of adoptively transferred OT-l T cells during infection with APL

variants of IE2-SIINFEKL mCMV. 100 CD45.1+ OT-l T cells were adoptively transferred into C57BL/6 mice and
infected with APL variants of IE2-SIINFEKL mCMV one day later. Population size of endogenous M38-specific T cells (via
multimer staining) and transferred OT-I T cells (via congenic marker staining) were tracked longitudinally. (A) Percentage
of M38* cells of CD8" cells. (B) Percentage of transferred OT-I T cells of CD8* cells. Data represent mean and SEM. Lines
connect mean of each time point. The dashed horizontal line at the bottom indicated zero percent. N = 3 per group.

4.5.2 TCR library for H2K°-SIINFEKL

In order to build up a library containing TCRs covering a wide spectrum of avidities for H2Kb-
SIINFEKL to choose from for transfer experiments, TCRs were isolated at different time
points of IE2-SIINFEKL mCMYV infection. Using TCR SCAN single-cell PCR (Déssinger et
al., 2013), 15 different fully paired o TCRs were identified. After re-expression in retrogenic
mice functional testing of the TCRs revealed full functionality: stainability with SIINFEKL
multimer, antigen-specific proliferation in vivo and dose-dependent cytokine release upon
antigen-specific stimulation in vitro (Schober, Voit, et al., 2020). The TCRs differed
substantially in their ti» determined by the flow cytometry-based ko«-rate assay, indeed
showing coverage of a wide spectrum of avidities (see Figure 24). The experiments
described above were performed by Kilian Schober with support by Simon Grassmann,

Thomas Miiller, Joel Eggert and Sebastian Jarosch.
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Figure 24. TCR library for H2Kb-SIINFEKL covers wide spectrum of structural avidities. Half-life
time (t12) of 15 SIINFEKL-specific TCRs color coded according to their structural avidity determined by flow cytometry-
based kof-rate assay. Every dot represents one measurement with two technical replicates, lines depict mean and SEM.
Figure adapted from (Schober, Voit, et al., 2020).

4.5.3 In vivo competition of co-transferred SIINFEKL-specific T cells of different
avidities

4.5.3.1 Determination of physiological cell number of transferred cells
The number of cells that should be adoptively transferred needs to be chosen carefully,
because it can have a big effect on the outcome of the experiment. Transfer of excessive
numbers would lead to saturation effects preventing competition to occur. For this reason,
RAG-- mice were used as recipients to prevent the endogenous response from “buffering
the system”. On the other hand, for transfers of less than about 50 cells, large stochastic
effects would be expected (Buchholz et al., 2013). Furthermore, to recreate physiological
conditions as closely as possible, the total cell number of transferred cells should resemble
the precursor number of a given epitope in the naive repertoire. For the SIINFEKL epitope
the precursor number is estimated to be in the range of a few hundred cells per mouse

(Obar et al., 2008).
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Expansion capacity of high avidity TCR 33 during IE2-SIINFEKL mCMYV infection was tested
in comparison to endogenous response in C57BL/6 mice. A cell number of 100, 300 or 1000
naive, CD44"" was transferred and the population size of transferred cells (via congenic
marker staining) and endogenous SIINKFEKL-specific cells (via multimer staining) was
monitored longitudinally in peripheral blood. Transfer of at least 300 cells elicited an
expansion size of a similar magnitude compared to the endogenous response (see

Figure 25; see also (Schober, Voit, et al., 2020)).
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=t TCR33 Figure 25. Competition of transferred TCR 33 with
i endogenous SIINKFEKL-specific response. 100, 300 or 1000
41 == OVAendogenous naive, CD44% CD 45.1* cells of TCR 33 were transferred into
. C57BI/6 recipients which were infected with IE2-SIINFEKL mCMV
8 34 subsequently. Population size of transferred and endogenous
o SIINFEKL-specific cells was tracked longitudinally in peripheral
G 24 blood. Bar graphs show population size as percentage of CD8" cells
X on d8 Data represent mean and SEM. N = 3 per group.
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4.5.3.2 Longitudinal tracking of co-transferred SIINFEKL-specific T cells of different
avidities
TCRs of different avidities were re-expressed in retrogenic donor mice (see 4.5.2), also
expressing the congenic markers CD45.1 and/or CD90.1 in a homo- or heterozygous
fashion, to allow discrimination of cells after transfer (Buchholz et al., 2013). Rag” mice
served as recipients to eliminate “buffering effects” of the endogenous response. Different
combinations of TCRs were tested for transfer experiments (only a representative selection
of the experiments that were performed in a collaborative effort are shown in this thesis).
The following experiment shows co-transfer of high avidity TCR 33 (ti2 =647s),
intermediate avidity TCR 9 (t12-122s) and low avidity TCR 28 (t12 =50s) (100 naive
CD44l1°v CD8* T cells each; see Figure 26 A and B). Infection with IE2-SIINFEKL mCMV
was performed the following day. Population size and phenotype of transferred cells was

tracked over time in peripheral blood (see Figure 26 C). All three TCRs were recruited into
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the immune response with domination of high avidity TCR 33 at early time points of infection
(see Figure 26 D). Over time, however, intermediate TCR 9 became more prominent,
matching TCR 33 in size at around d100. Even later, low avidity TCR 28 began to increase
in size continuously, making up a relative share of almost 20 % at around d300. Relative
changes in the compartment of transferred cells were accompanied by similar kinetics in
relation to the population of living lymphocytes (see Figure 26 E). Phenotypic analysis
revealed an increasing proportion of central memory T cells (Tcm) over time, and
interestingly a greater proportion of Tcms for lower avidity TCRs compared to a more

effector-differentiated phenotype of the higher avidity TCR (see Figure 26 F).
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Figure 26. Co-transfer of high, intermediate and low avidity TCRs shows dynamic changes of

progeny size during chronic IE2-SIINFEKL mCMYV infection. 100 CD44/°¥ CD8* T cells of each TCR shown in
(A) (see also Figure 24) were co-transferred into RAG™ recipients which were infected with IE2-SIINFEKL mCMV one day
later (B). Population size of transferred cells was tracked longitudinally in peripheral blood. TCRs were distinguishable by
different congenic marker expression (CD45.1, CD90.1). (C) Pseudocolor and color dot plots show representative gating
strategy; legend above plot shows gating history. (D) Population size of different transferred cells shown as percentage of
total transferred cells. (E) Population size of different transferred cells shown as percentage of living lymphocytes. (F)
Phenotype gating: representative dot plot shows CD27 and CD62L staining, pre-gated on TCR33 (top graph); graph below
shows percentage of central memory cells (CD27*, CD62L") of all transferred TCRs over time.; Data represent mean and
SEM; n.d.: not defined; N = 3 mice.

To see if a further reduction of the initial transfer cell number would reinforce the expansion

of low avidity T cells, the following experiment focused on the transfer of TCR 33
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(t12 = 647s) and TCR 28 (t12 = 50s) only (the rest of the experimental setup was unchanged
(see Figure 27 A and B). Again, both TCRs were recruited into the immune response with
early domination of high avidity TCR 33 (see Figure 27 C). After around d30 p.i., however,
the relative shares of both TCRs (as percentage of transferred cells) began to converge
over time with even a temporary change of dominance at around d200. Similar kinetics were
observed in relation to the population of living lymphocytes. Phenotypic analysis revealed
an increasing proportion of central memory cells (Tcm) over time and again a greater

proportion Tcms for the lower avidity TCR (see Figure 26 F and Figure 27 E).
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Figure 27. Co-transfer of high and low avidity TCRs reveals late expansion of low avidity T cells.

100 CD44I°% CD8* T cells of high avidity TCR33 and low avidity TCR9 (see (A)) were co-transferred into RAG™- recipients
which were infected with IE2-SIINFEKL mCMV one day later (B). Population size of transferred cells was tracked
longitudinally in peripheral blood. TCRs were distinguishable by different congenic marker expression (CD45.1, CD90.1).
(C) Population size of different transferred cells shown as percentage of total transferred cells. (D) Population size of
different transferred cells shown as percentage of living lymphocytes. (E) Percentage of central memory cells (CD27%,
CD62L") of different transferred TCRs over time.; Data represent mean and SEM. N = 3 mice.

In order to examine the transcriptional signatures associated with the change of dominance,
T cells of both TCRs were sorted to perform ribonucleic acid (RNA) sequencing before the
change of dominance had occurred (d103 p.i.) (Schober, Voit, et al., 2020). Low avidity TCR

28 T cells were found to be enriched for gene clusters related to “naive and late memory”
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or “memory precursors” whereas high avidity TCR 33 T cells were enriched for genes
related to a highly differentiated, senescent phenotype (data not shown; RNA sequencing

experiments and analysis performed by Kilian Schober and further colleagues).
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5 Discussion

5.1 Validation of the TCR-ligand kos-rate assay

Development and main validation of the TCR-ligand kos-rate assay was mainly performed
by Nauerth, Weillbrich, Knall and others (Knall, 2007; Nauerth, 2012; Nauerth et al., 2016,
2013; Weillbrich, 2015). For the application of the assay for this project, some additional
validation issues had to be addressed.

Including the cytotoxic T cell marker CD8 in the staining/sorting panel of kq-rate
experiments increases the specificity of the panel by eliminating unspecific
Streptamer/multimer binding cells of other cell types. But due to close interaction of CD8
with the TCR, a potential influence of a CD8 antibody staining on the kos-rate dissociation
needed to be taken into consideration. Indeed, CD8 clone 53.6-7 turned out to have a
tremendous influence on the kqs-rate ti2 and should therefore not be used for kot-rate
experiments (see 4.1.1). Clone 5H10, however, did not show any influence on the kqt-rate
tiz both in the setting of monoclonal OT-I T cells and polyclonal endogenous T cells
compared to no CD8 staining. The choice of fluorochrome did not show any influence on
the kos-rate. Nonetheless for the microscopic ko-rate assay PB is preferable to PE since it
does not have an emission overspill into the Alexa Fluor 488 detection channel. Thus, for
murine kos-rate experiments CD8-PB clone 5H10 should be the antibody of choice.

The newly developed combinatorial labelling system “color coding” made it possible
to perform flow cytometry-based kos-rate dissociations of multiple samples simultaneously.
Again, an influence of an additional surface antibody staining (here CD45.2 and CD90.2)
on the ko-rate had to be excluded. As no significant influence could be detected (see 4.1.2)
color coding for murine samples can be applied using the presented antibody combination.

TCR avidity is an overall fairly stable parameter of T cell functionality. If the TCR-
ligand kes-rate was to be considered a valid surrogate for TCR avidity it should at best be
largely independent from the cell's phenotype, activation status or proliferative history.
Indeed, Nauerth et al. could show that the kor-rate was independent of the activation status

of T cells and did not change after transgenic expression in Jurkat76 cells (Nauerth et al.,
67



Discussion

2013). As this project focused on T cell fate after prolonged in vivo proliferation it was of
particular importance to check if the proliferative history of a cell in this particular infection
setting would influence its kos-rate. It could be shown that even after adoptive transfer,
mCMYV infection and more than one year of in vivo proliferation, kos-rate t12 had not changed
significantly compared to naive T cells (see 4.1.3) thereby again confirming the validity of

the kos-rate as a surrogate for T cell structural avidity.

5.2 Inverse correlation between population size and structural

avidity in human inflationary CMV-specific T cell populations

The population size of inflationary T cell populations increases continuously over time
(memory inflation), thus big populations are more frequent at late time points after infection.
Koi-rate measurements of inflationary T cell populations of human HLA B8* hCMV* healthy
blood donors revealed an inverse correlation between population size and tiz (see 4.2).
Even though age and time point of infection of donors were unknown and sample size was
small, these finding argue against avidity maturation (see 1.4) and are more compatible with

decreasing avidity over the course of infection.

5.3 The SIINFEKL mCMV model

The aim of this thesis was to investigate the role of structural avidity on the evolution of the
T cell repertoire during chronic latent CMV infection. The processes governing naive
repertoire generation, T cell recruitment and maintenance of epitope-specific T cells during
infection are highly complex and many factors may influence repertoire evolution. Thus, for
an in-depth study of one influencing factor a reductionistic model system with well-defined
conditions is advantageous.

In contrast to the study of T cell responses in human subjects, a mouse model
system not only allows to control the time of infection, viral inoculum dose and genetic

background, but also makes targeted interventions feasible. mCMV, which closely
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resembles its human counterpart, is a well-established model for a chronic latent infection.
Two different types of T cell responses against mMCMV can be distinguished (see Figure 6):
non-inflationary T cell populations, most prominent during acute infection (primary infection,
reactivation), and inflationary T cell populations, accumulating throughout latency (memory
inflation). Those groups show vastly different expansion kinetics, thus their comparative
repertoire analysis both in terms of diversity and structural avidity seemed particularly
interesting. In wt mCMV different viral epitopes are responsible for the induction of
inflationary and non-inflationary T cell populations, which makes their comparative
assessment of T cell avidity problematic. To eliminate the influence of the epitope itself, two
recombinant mCMV viruses expressing the same model epitope (SIINFEKL) either under
an inflationary (IE2) or a non-inflationary (M45) promotor were used. Infection with either of
the viral recombinants induced a SIINFEKL-specific T cell response readily detectible by
multimer staining. Depending on the promotor used indeed either an inflationary or a

non-inflationary T cell response was observed in a robust manner (see Figure 13).

5.4 Avidity changes during chronic SIINFEKL mCMV infection

favor model of clonal succession

Analysis of the TRBV usage and single-cell sequencing of TCR a and 8 chains showed
decreasing diversity over the course of the infection for inflationary T cell populations in IE2-
SIINFEKL mCMYV infection as well as in wt mCMYV infection. For non-inflationary populations,
repertoire changes were only mild. Additionally, longitudinal experiments of inflationary
populations revealed clonal succession of the dominating clonotypes over time (see 4.3.2).

This begs the question if and how changes in the repertoire during chronic mCMV
infection are determined by structural avidity. Due to the lack of adequate methods to
assess structural avidity, this question had previously not been answered in a conclusive
manner (see 1.5). Using the SIINFEKL mCMV model (see 5.3) structural avidity of
inflationary (IE2) and non-inflationary (M45) T cell responses was assessed at different time

points of infection (see 4.3.3 and 4.3.4) Microscopic ker-rate measurements, which offer
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single-cell resolution, revealed insights about the composition of inflationary T cell
populations in terms of avidity. At early time points of infection populations covered a wide
spectrum of ti2 with no apparent clustering. At the late phase of chronic infection (d200+)
the distribution of t12 had narrowed substantially with t1,2 usually confined to only one or two
sectors of the t12 spectrum (see Figure 14) thus reflecting the changes observed by TRBV
or next generation sequencing (NGS) analysis (see also Schober et al., 2020).

Not only had the distribution of t1» narrowed at late time points for inflationary T cell
population, also the overall TCR avidity decreased continuously after acute infection. At late
time points of the chronic infection low avidity T cells dominated while the fraction of high
avidity T cells became increasingly scarce. Of note, this was not observed for M45-
SIINFEKL mCMV-specific resting memory T cell population which maintained an
intermediate to high overall structural avidity. This is in line with M45 being transcribed only
during the acute phase of infection, and therefore not eliciting a continuous change in the
responding TCR repertoire during CMV latency.

To demonstrate that the differences in avidity at different time points truly reflect
changes within individual mice, longitudinal measurements in peripheral blood were
performed (see 4.3.4). The pattern of initial increase and subsequent decrease of avidity
observed by the cross-sectional microscopic measurements was confirmed by the
longitudinal flow cytometry-based measurements (see Figure 17).

Of note, the marked decrease in structural avidity for inflationary T cell populations
was not accompanied by a decrease in functional avidity (see 4.3.5). This is in line with
findings from Synder and others, who showed that mCMV-specific T cells, despite a
phenotype that suggests extensive antigen-driven differentiation, remain functional and do
not show classic features of exhaustion (Klenerman & Oxenius, 2016; Snyder et al., 2009;
Wherry, 2011). One might speculate that functionality is maintained by compensatory

adjustments in cell phenotype or TCR expression levels.
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5.5 Avidity changes during chronic wt mCMYV infection

Microscopic koi-rate measurements of inflationary M38-specific T cell populations of wt
mCMYV showed a significant decrease in structural avidity over time, consistent with results
in the SIINFEKL setting (see 4.4.2).

Flow cytometry-based kqs-rate measurements during wt mCMYV infection, however,
revealed a surprising triphasic ti2 pattern over time (see 4.4.3). After an initial increase
during acute infection, ti» decreased during early chronic infection, reminiscent of the
pattern observed for IE2-SIINFEKL mCMV. At late time point of chronic infection (d200+)
ti2 began to gradually increase again. Currently, no final explanation for this surprising
phenomenon can be offered. One aspect might be the concurrent occurrence of “two-band
dissociations” for some samples, which were also occasionally observed at late time points
of IE2-SIINFEKL mCMV (see Figure 18). Two-band-dissociations complicate fitting the one-
phase exponential decay curve, cause greater technical variability and generally lead to
longer ti2 due to the presence of the upper band. If the impaired dissociation of the upper
band truly reflects “super-high” avidity T cells is unclear. Interestingly, by reanalyzing a two-
band dissociation sample after 60 min, Sebastian Jarosch could show that fluorescence
intensity of the upper band could return to background levels (unpublished data). This is in
line with an actual long dissociation and argues against an intrinsically higher signal for
example caused by auto-fluorescence. However, even if that was the case, the functionality
of these “super-high” avidity T cells is unclear. Supraphysiologically long TCR dissociation
have been shown to correlate with decreased T cell functionality (Irving et al., 2012). Along
these lines, TRC 39, the TCR with the longest t1,2 of our TCR library for H2Kb-SIINFEKL
showed the poorest functionality (data not shown; see 4.5.2). However, more TCRs with

such a behavior would need to be observed to corroborate this line of thinking.

5.6 Influence of thymectomy

At late time points of the inflationary IE2-SIINFEKL mCMYV infection, mice showed a lower

overall structural avidity and relative reduction of high avidity T cells (see 4.3.3). One
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possible explanation of this phenomenon would be a higher proliferative rate of high avidity
T cells leading to their replicative senescence over time (see Figure 7). If that was the case,
then decreasing the naive T cell pool before infection by thymectomy (thereby reducing the
initial total number of T cells and proportionally also the number of high avidity T cells
recruited into the immune response) should accelerate the process of replicative
senescence of high avidity T cells.

Indeed, during wt mCMV infection, TRBV usage showed an accelerated loss of
diversity upon thymectomy, and memory inflation was more pronounced than in non-
thymectomized mice (see 4.3.2 and 4.4.1). Additionally, both in the setting of IE2-SIINFEKL
and wt mCMV peak structural avidity and the decrease thereafter occurred earlier in the
thymectomized group than in the non-thymectomized group, again arguing for an
accelerated clonal changing due to reduced precursor frequencies (see 4.3.4 and 4.4.3). It
is interesting to speculate if earlier thymectomy would accentuate the effects described
above.

Of note, it is worth noting that even at late time points of infection, thymectomized
mice did not show any signs of uncontrolled mCMV infection (e.g. weight loss or increased
mortality; data not shown), which argues against an essential role of constant replenishment
of the T cell pool by thymic output for mCMV control. By performing extensive longitudinal
repertoire sequencing of inflationary T cell populations of thymectomized and non-
thymectomized individuals during IE2-SIINFEKL mCMYV infection, Kilian Schober et al.
could show a remarkable stabilization of the repertoire at late time points in both groups in
the sense of a plateau of cumulative unique CDR3 sequences over time, which argues
against major nourishment of the antigen-specific pool from novel thymic emigrants
(Schober, Fuchs, et al., 2020). Along these lines, Snyder et al. have shown that, although
naive T cells can be recruited into the immune response during chronic mCMV infection,
maintenance of the antigen-specific T cell pool is dependent mainly on memory precursor

cells primed early in infection (Snyder et al., 2008).
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5.7 Probing the model by prospective co-transfer experiments

The previous findings (see 4.3 and 4.4) supported the hypothesis of reverse TCR repertoire
evolution, possibly through clonal succession due to replicative senescence of high avidity
T cells. To validate this hypothesis in a prospective manner adoptive transfer experiments
were performed to observe in vivo competition of epitope-specific T-cells of different
avidities. A library containing TCRs that cover a wide spectrum of avidities for H2K"-
SIINFEKL was created and co-transfers of TCRs of different avidities were performed (see
4.5). Different experiments revealed early domination of high avidity TCR T cells followed
by late expansion of the low avidity TCR T cells. Furthermore, RNA sequencing showed
that low avidity T cells were enriched for gene clusters related to “naive and late memory”
or “memory precursors” whereas high avidity T cells were enriched for genes related to a

highly differentiated, senescent phenotype.

5.8 Clonal succession through replicative senescence of high

avidity T cells

T cell immune responses against non-persistent pathogens have been shown to undergo
structural avidity maturation through selective expansion of high avidity T cells (see 1.4; D
H Busch & Pamer, 1999). However, by performing extensive kqs-rate measurements both
in humans and in mouse models of CMV, evidence for decreasing avidity over the course
of chronic viral infection (see 4.2, 4.3 and 4.4) was found. The decrease in avidity was
accompanied by a loss of diversity and clonal succession on a genetic level (see 4.3.2).
Rebuilding an in vivo T cell response by transfer of TCRs of known avidity revealed early
dominance of high avidity T cells, which was lost over time. The loss of dominance of high
avidity T cells was preceded by relative senescence in their RNA profile. These data argue
against progressive avidity maturation during chronic latent infection and are rather
compatible with the model of clonal succession through replicative senescence of high

avidity T cells (see Figure 7). In this respect the phenomenon of memory inflation might be
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a compensatory mechanism for the decreasing avidity of inflationary T cell populations over
time. One could also conjecture that the domination of low avidity T cells resemble an
“evolutionary compromise” to avoid immunopathology in a setting, in which viral clearance
is not possible (Schober, Voit, et al., 2020).

However, the high interindividual diversity of the avidity distribution of epitope-
specific T cell populations suggests that avidity is not the only determinant of repertoire
evolution. The naive precursor number for a given epitope, which only lies in the range of a
few hundred per mouse (Obar et al., 2008), is believed to contain only a low number of high
avidity T cells (Arstila et al., 1999; Hombrink et al., 2013). It can therefore be assumed that
the expansion kinetics of the few high avidity T cells are in part established by stochasticity,
as experiments by Buchholz showed for monoclonal populations in an acute infection

(Buchholz et al., 2013) and an mCMV setting (Grassmann et al., 2020).

5.9 Clinical Implications

In recent years, T cell immunotherapy has made tremendous advances in treatment of
infections and especially cancer. Immune checkpoint inhibitors have revolutionized
treatment for melanoma, non-small-cell lung carcinoma (NSCLC), renal cell carcinoma and
others (Dine, Gordon, Shames, Kasler, & Barton-Burke, 2017; Shih, Arkenau, & Infante,
2014). Adoptive T cell therapy is now available in the form of chimeric antigen receptor
(CAR) T cells and in development for TCR-engineered T cells for the treatment of B cell
malignancies and has recently yielded very promising results (Ping, Liu, & Zhang, 2018;
Wilkins, Keeler, & Flotte, 2017). In the case of persistent CMV infections after allogeneic
hematopoietic stem cell transplantation adoptive transfer of CMV-specific donor derived
T cells showed promising virological response rates (Neuenhahn et al., 2017; Riddell et al.,
1992; Walter et al., 1995).

Clinical success of these therapies greatly relies on T cell functionality and
persistence in vivo. However, it remains unclear what kind of T cells best provides these

characteristics. In the case of TCR-engineered T cells a big challenge is to isolate TCRs
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with optimal structural avidity. The findings presented here suggest directing this search to
situations where long-term antigen exposure has not occurred, in order to isolate TCRs from
a diverse repertoire with a broad spectrum of different avidities.

Optimal avidity does not necessarily mean TCRs of the highest structural avidity.
Indeed, although high avidity T cells are generally viewed as functionally superior to low
avidity T cells, the loss of dominance during chronic CMV infection however raises
questions about their long-term persistence (see 4.5.3 and 5.7). Additionally high avidity
T cells can be more susceptible to apoptosis and tolerance (Brentville, Metheringham, Gunn,
& Durrant, 2012) and concerns have also be raised about their specificity and induction of
autoimmunity (Hurwitz, Cuss, Stagliano, & Zhu, 2014).

The findings presented here suggest that in immunotherapeutic approaches, where
target elimination is not possible, transfer of low avidity T cells could represent the more

physiological and durable option.
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6 Summary

The aim of this thesis was to investigate if and how repertoire focusing of epitope-specific

T cells during chronic viral infection reflects selection based on structural avidity. To this

end, extensive kor-rate measurements both in humans and in mouse models of CMV were

performed, accompanied by in-depth repertoire analysis. Furthermore, in vivo T cell

responses were rebuilt by transfer of T cells of known avidity, and the resulting artificial

repertoires were monitored over time.

The following conclusions can be drawn from the presented data:

1. During the acute phase of the infection, the TCR repertoire of inflationary mCMV-
specific T cell populations is diverse and high avidity T cells are preferentially recruited.

2. Structural avidity gradually decreases during chronic infection and is associated with
expansion of low avidity T cells.

3. Loss of immunodominance of high avidity T cells is most likely caused by replicative
senescence. Clonal succession towards lower avidity TCRs would in turn explain the

observed reverse TCR repertoire evolution.
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7 Supplement

Enrichment of SIINFEKL-Streptamer positive T cells via high purity FACS sorting

To efficiently perform the microscopic TCR-ligand kes-rate assay for ex vivo T cell
populations only comprising a small fraction of the sample’s leucocytes sorting those T cells
prior to kos-rate analysis is prerequisite. For the microscopic koi-rate measurements of
Figure 11, Figure 14, Figure 15 and Figure 16 staining and sorting was performed as
follows: Preparation of leucocytes was conducted as described in 3.2.2 and for 5x10" cells
a Streptamer staining was performed (described in 3.2.5). Streptamer positive cells were
then sorted on a MoFlo Legacy cell sorter using the sorting strategy displayed in
Supplementary Figure 1 A. A high sort purity of over 95 % was achieved (see

Supplementary Figure 1 B).
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Supplementary Figure 1. Streptamer staining allows high purity sort of SIINFEKL-specific cells.

Splenocytes of IE2-SIINFEKL mCMV or M45-SIINFEKL mCMV infected C57BL/6 mice were stained with a SIINFEKL-
Streptamer staining, a monoclonal antibody staining directed at CD19 and CD8 and a live/dead dye (PI). (A) Pseudocolor
plots show a representative sorting strategy for the sort of SIINFEKL-Streptamer* cells. From left to right: Sorting of
lymphocytes, singlets (elimination of doublets), living non-B cells, CD8" cells and cells double positive for both Streptamer
fluorochromes. (B) sort purity control: Sorted cells were reanalyzed to assess sort purity.
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Microscopic kos-rate assay: cell number analyzed per sample and bleaching constant

Microscopic ker-rate measurements of polyclonal endogenous T cell populations require a

large number of single-cell measurements to reliably determine the populations average ti,

and the distribution of t1. Therefore, on average more than 70 cells were analyzed per

mouse (see Supplementary Figure 2).

1000+

1004

number of cells analysed per mouse

_—
o

Supplementary Figure 2. Microscopic kof-rate measurements
of IE2-SIINFEKL mCMV or M45-SIINFEKL mCMV infected mice:
Number of cells analyzed per mouse. Mice were infected i.p. with
recombinant [E2-SIINFEKL mCMV or M45-SIINFEKL mCMV. Splenocytes
were FACS sorted for CD8*, CD19, Streptamer* cells and microscopic
koff-rate measurements were performed. Each dot represents number of
cells analyzed for one mouse. Red line indicates mean. Number of cells
analyzed per mouse: Mean = 70,93 (red); Error bars indicate SEM (black
lines), N = 41.

To correct for the influence of photo bleaching on microscopic kex-rate values a bleaching

constant kpieach Was measured for every experimental day (see 1.2.2 and 3.2.7). Mean Kpjeach

of all microscopic kes-rate experimental days was roughly 0,00052.

0.0010

0.0008

0.0006
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0.0004

0.0002

0.0000

Supplementary Figure 3. Bleaching constant kbieach corrects
effect of photo bleaching. kuieach Was measured every experimental day
for microscopic kof-rate measurements. At least one kor-rate dissociation for
either Strep-Tactin—coated beads multimerized with Alexa Fluor 488-
conjugated MHC molecules or Streptamer stained T cells was performed
without addition of D-biotin but otherwise identical settings. Photobleaching
caused loss of intensity in a logarithmic manner. One-phase exponential
decay curves were fitted using GraphPad Prism; Dots represent mean of at
least five events measured for one experimental day. Lines are mean and
SEM (red). N = 30.
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