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Abstract

The immune system protects an organism in a multitude of different ways. The T lym-
phocytes, with their respective T Cell Receptor (TCR), bear a grave role by binding
foreign antigens and initiating the adaptive immune response. Even though the TCR
and its associated proteins, CD3 and (, are long known to execute this vital task, much
remains to be elucidated. The ( chain represents an essential part of the complex for
assembly and membrane association, as well as for accurate signal initiation. Most
studies on the TCR/CD3/¢ complex were made by rather indirect methods, such as
co-immunoprecipitation. However, with the recent progress made in light microscopy,
enabling single molecule observations, more direct experiments can be done. In this
work, single molecule tracking experiments were performed to get information on the
diffusional behaviour of some of the involved proteins, i.e. TCRS and ¢. Furthermore,
two-color PALM was used to examine possible clustering of TCRS and ( in resting and
stimulated primary mouse T cells. The utilized algorithms for localization and tracking
were evaluated before use and found to be adequate for densities and SNRs in the range
of the actual experiments. The potency of the used murine T cells to induce Ca?t flux
by pMHC binding was confirmed. Interestingly, the diffusional behaviour of { was found
to differ from the one of TCRJ, highlighting the possibility of TCR/CD3-free ¢ within
the membrane. These diffusional differences between ¢ and TCR/ indicate less stable
interactions within the TCR/CD3/¢ complex, than identified by biochemical methods.
Furthermore, hints on spatial clustering of both proteins were identified. However, cru-
cial pit-falls within a commonly used data analysis on PALM images, i.e. Ripley’s K

function, were shown.



Kurzfassung

Das Immunsystem beschiitzt Organismen durch eine Vielzahl verschiedener Mechanis-
men. Die darin vorkommenden T-Lymphozyten, mit den jeweiligen T-Zell-Rezeptoren
(TCR) tragen hierbei eine schwerwiegende Rolle durch das Binden von Peptiden und
dem Einleiten der Immunantwort. Obwohl lange bekannt ist, dass der TCR, mit den
ihm assoziierten Proteinen CD3 und (, diese Aufgabe erfiillt, existieren weiterhin einige
grundlegenden Fragen. Die (-Kette stellt einen wichtigen Bindungspartner des TCR dar,
und ermdglicht den Zusammenbau des TCR/CD3/(-Komplexes und dessen Transport
in die Zellmembran. Auch innerhalb der Immunantwort tibernimmt die (-Kette wichtige
Aufgaben. Die meisten frithen Studien des TCR/CD3/(-Komplexes basieren auf indi-
rekten, biochemischen Methoden, wie der Co-Immunoprézipitation. Grofe Fortschritte
in der Lichtmikroskopie erméglichten die Analyse einzelner Molekiile und dadurch direk-
tere Beobachtungen. In der vorliegenden Arbeit wurden Einzel-Molekiil-Tracking Exper-
imente durchgefithrt, um Information iiber die Diffusion einiger am Komplex beteiligter
Proteine (TCRS und () zu erhalten. Weiters wurde 2-Farb PALM durchgefiihrt, um In-
formationen iiber eventuelles Clustering von TCRS und ¢ in ruhenden und aktivierten
priméren Maus-T-Zellen zu erhalten. Die in der Analyse verwendeten Algorithmen zur
Lokalisierung und zum Tracken einzelner Signale wurden evaluiert und als adaquat zur
Anwendung an den vorliegenden Bildersequenzen befunden. Die Fahigkeit der ver-
wendeten T-Lymphozyten, durch pMHC-Bindung Ca?*-Fluss zu initialisieren, wurde
{iberpriift und bestétigt. Uberraschenderweise offenbarte die Diffusionsanalyse Unter-
schiede in der Diffusion von TCRS und . Dies weist auf die mogliche Existenz von
TCR/CD3-Komplex unabhéngigem, Membran-gebundenem ¢, und eine weniger stabile
Assoziation des TCR-CD3/(-Komplexes als bisher angenommen hin. Weiters wurden
Hinweise auf Clustering der beiden untersuchten Proteine gefunden. Wahrend dieser
Cluster-Analyse wurden bedeutsame Nachteile der Verwendung von PALM zu quanti-

tativen Analysen, v.a. durch die Ripley’s K Funktion untersucht.
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Chapter 1

Introduction

1.1 Immunological Background

The study of the defensive mechanisms

of organisms - immunology - is a com- Diphthera

paratively young field. Although refer- 1Y ro—
ences are found within the work of ancient
Greek historian Thukydides, mentioning
people being resistant against the Plague

of Athens in 430BC, the real beginnings of 01
gth 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

immunology can be dated to the late 1

century. It was in 1798, when the English  Figure 1: Reported Diphtheria cases per 100.000
people since 1900, demonstrating the impact of the

physician Edward Jenner successfully ap- o
vaccination. Image taken from [1].

plied vaccination against smallpox for the

first time.

Almost a century later, further advances in the field of infectious diseases could be pro-
claimed. Amongst them, the classification of pathogens - causes of infectious diseases -
by Robert Koch, as well as Louis Pasteur’s vaccination against cholera, have to be em-
phasized. Furthermore, the discovery of so called anti-toxins - now known as antibodies
- in blood by Emil Adolf von Behring and Shibasaburo Kitasato in 1890, and their ef-
fective application to treat diphtheria denotes another finding, which paved the way for
modern immunology and got von Behring the Nobel Prize in medicine and physiology
in 1901.

With regard to all the manifold diseases emerging from smallest alterations or defects

within this protective system, the importance of an organism’s intact immune system



becomes clear. The most prominent example might be the Acquired Immune Deficiency
Syndrome (AIDS), triggered by the Human Immunodeficiency Virus (HIV) and result-
ing in a significantly reduced strength of an organism’s immune response, transforming
typically harmless pathogens into fatal hazards. But not only the absence of partic-
ular parts of the immunological machinery contributes to such diseases. Autoimmune
diseases, where ones defensive mechanisms against the own immune systems fail, such
as Diabetes Type 1, Rheumatoid Arthritis or Multiple Sclerosis - are amongst the ten
leading causes of death for women up to 65 years [2].

Within the immune system two different types of responses exist, the innate and the
adaptive ones. Innate responses are very fast and thereby enable a successful first de-
fence against an infection without yielding a long-lasting immunity to the respective
pathogen. This form of immunity is wide spread over all types of living organisms.
However, there are pathogens which cannot be fought by the innate system and the
adaptive system comes into play. These responses are developed over an organism’s
lifetime. Furthermore, this acquired system may develop a memory function, providing
a faster and more efficient response for a recurring infection. This system is highly spe-

cialised and only found in vertebrates.

1.1.1 The Immune System and Involved Cell Types
Innate versus Adaptive Immune Responses

The innate immune system is able to respond to pathogens immediately, whereas adap-
tive immunity requires hours to days to get activated. The efficiency of the adaptive
system, however, is very high in contrast to innate immunity. This is caused by different
mechanisms of pathogen-recognition in these two systems. The identification by the
innate system occurs via pathogen-associated molecular patterns (PAMPs), which are
widespread and commonly found molecules in many pathogens (e.g. within the bacterial
cell wall), but are absent in the host organism.

The adaptive system, on the contrary, offers a high specificity for pathogens. In the
case of initial infection, when the encountering pathogen is unknown, a vast variety of
specific receptors has to exist and be ready to be triggered. This is ensured by a mecha-

nism called gene rearrangement, which creates a diverse repertoire of pathogen receptors.



Selected Cell Types of the Immune System

The cells of the immune system are called leuko-
cytes, or white blood cells, and are derived from
pluripotent hematopoietic stem cells in the bone
marrow. Within the adaptive system, the class of
antigen-specific lymphocytes, i.e. B and T lym-
phocytes, is involved in almost all actions and is
derived from a common lymphoid progenitor cell.
The two types of lymphocytes are named after
the organ where they mature; B lymphocytes de-

velop within the bone marrow, while T lympho-

cytes travel as precursors from the bone marrow

Figure 2: A cytotoxic T cell (red)
interacting with a target cell (blue) after
activated, i.e. naive, state, both cell types circulate establishing an immunological synapse in
their interaction surface. Taken from

video in [3].

to the thymus and mature there. In their non-

within the blood and lymphatic system. The initi-
ation of immune responses, however, always occurs
in peripheral lymphoid organs comprised of lymph nodes, the spleen and mucosal lym-
phoid tissues.

The B lymphocytes bind antigens via a specific B Cell Receptor (BCR). Once activated,
the cells differentiate to plasma cells and secret their BCRs as antibodies, also known
as Immunoglobulins (Ig). T lymphocytes recognize antigens via TCRs which are closely
related to Igs regarding their structure. When activated, they can differentiate to several
different sub-cell types. Upon encountering their specific antigen, T lymphocytes alter
significantly. Their appearance is changed, with an increased cytoplasmic and nucleic
volume and a whole set of new mRNAs and proteins. The cells are then called lym-
phoblasts and differentiate to varying effector T cells. Those effector lymphocytes either
stay in the lymphoid tissue or migrate directly to sites of infection. One type of effector
cells are cytotoxic T cells, which kill virally infected cells. There are several different
types of helper T cells, e.g. the Ty cells, which help macrophages to increase their re-
jection against vesicle-enclosed, intracellular bacteria. However, the term "helper’ T cell
originated from the task of supporting B lymphocytes, which is in fact facilitated by the
follicular helper cells. Further types of effector cells include the regulatory T cells, which
play a crucial role within the adjustment of immune responses, and the memory T cells,
which persist after complete extinction of the particular antigen and hence constitute

the basis of the immunological memory.



Another important cell type, originally being part of the innate system, are dendritic
cells. As mentioned before, the innate system is the first to take action. Whenever these
actions are not enough, the adaptive system gets activated. For this purpose, the den-
dritic cells facilitate the communication between the two distinct immune systems. This
is carried out by taking up pathogens, degrading them, and presenting the respective
antigens on the cellular surface. Only then, T lymphocytes can recognize those antigens,
get activated and initiate the adaptive immune response. For this reason, dendritic cells

are also called antigen-presenting cells (APCs).

1.1.2 The TCR/CD3/( Complex
Structure of Antibodies

For a better understanding of the T cell

variable
region

receptor and some methods used within A

this work, the structure of antibodies is .

now presented more in detail. disulfide

bons
disulfide
The BCR, in its membrane bound form on poncs

constant
region

heavy
chain

B lymphocytes, and in the secreted form

as antibody, comprises of a variable (V)

Figure 3: A) The structure of an IgG with the
constant region (C) in blue, and the variable region
ure 3A. The V region is responsible for (V) in red. In B) the same structure is shown, but
with the heavy chain (H) in green, and the light

chain (L) in yellow. Image modified from [1]

and a constant region (C) as shown in Fig-

the great variety amongst antibodies and
their high specificity, whereas the C region
is only found in five different forms. The purpose of the C region is to perceive the differ-
ent effector functions in antibodies, while in the BCR, the end of this region is inserted
into the membrane. Hence, the BCR has to be associated within the C region with other
signalling proteins taking over the initiation of the effector function on antigen binding.
One of the five groups is group G (IgG), which represents the largest population of Igs
in the body with about 80%.

IgGs are Y-shaped molecules consisting of two heavy (H) and two light chains (L) as
shown in Figure 3B. The two H chains, as well as the two L chains are identical within
each IgG. In total, the molecular weight adds up to about 150 kDa which corresponds to
2 H chains of 50 kDa each and 2 L chains of 25 kDa each. Both H chains are connected
by a disulphide bond, as is one H chain to one L chain, respectively.

The disulphide bonds of IgGs can be cleaved by proteases. Papain, for example, cleaves

the bonds between the two heavy chains on the amino-terminal ends, yielding two frag-
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ments containing the antigen binding sites on the V region (Fab), and one crystallizing
fragment (Fc).

The construction of different Ig-related molecules is enabled by genetic engineering, such
as the single-chain variable fragment (scFv) which consists of the V region of an anti-
body only. As there is no regular linkage between the two parts of the V region in vivo,
the scFv has to be obtained artificially. The most important benefit of these molecules
is their small size, which makes them attractive for different forms of tumour therapy

and also makes them, if labelled with a fluorophore, an appropriate fluorescent tracer.

T Cell Receptor

The structure of antibodies is not only of inter-
est for the production and usage of scFvs and
as general labelling and cross-linking molecule,
but also, because it resembles the structure of
the TCR, which essentially equals a Fab frag- o B
ment, as well comprising a V and C region.
The two distinct chains are termed a and S
chain, instead of heavy and light chain; the V
region of the complete hetero-dimeric TCRaf

is responsible for the high specificity of T lym-

phocytes against antigens.
Figure 4: Left) the structure of an IgG, with

the same colors as in Figure 3. Right) the

different polypeptide chains resembling the structure of the TCR, revealing many shared
features. Modified from [1].

Some T cells develop a TCR consisting of two

structure of o and . Those receptors, called
TCR~d, have modified properties in antigen
recognition, different functions and are limited in number. Within the presented work,
the term TCR, however, corresponds to the af-form.

An important aspect distinguishing the TCR from the antibody structure is the trans-
membrane region. In this domain, three basic residues can be found - two in the o chain
and one in the $ chain. Those residues undoubtedly play the foremost role in associating

with a protein complex called Cluster of Differentiation (CD) 3.
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Antigen Binding of T Lymphocytes

B and T lymphocytes differ in their mech-
Antibodies

and BCRs recognize only small parts of

anism of binding antigens.

pathogens termed epitopes via antigen-
binding sites by reversible non-covalent in-
teractions.

The TCR recognizes amino acid se-
quences, which are often hidden within a
protein structure and much shorter than
the epitopes recognized by antibodies.
This is a reason why the above mentioned
APCs are necessary: The dendritic cells
internalize pathogens by phagocytosis or
endocytosis, break them down by diges-
tive enzymes, and transport them via Ma-
jor Histocompatibility Complex (MHC)
proteins to the membrane. Depending on
the origin of peptide digestion (cytosol or
vesicular system) the respective class (I or
IT) of MHCs take over this task. Those
peptide-MHCs (pMHC) present the pep-
tide on the outer membrane of the APCs,
which enables recognition by a TCR and
hence binding of the peptide and initia-

CD4 CD8

MHC-II MHC-I

U

Figure 5: Left) the schematic structure of the
co-receptor CD4, present on helper T cells. By its
binding to the MHC class II molecule on APCs,
such as dendritic cells, B lymphocytes or

phagocytes, it facilitates binding of the TCR to the

pMHC. Right) the co-receptor CD8 expressed on
cytotoxic T cells. It enables the binding of the
TCR to the peptide, presented by MHC class I
molecules. The MHC-I is expressed on all
nucleated cells. Figure modified from [1].

tion of further actions. Class I and class II MHCs are very similar in their structure,

with the major differences within the peptide-binding cleft.

There are two different types of co-receptors in T lymphocytes which enhance the re-

sponse to the binding of pathogenic peptides. They are called CD4 and CD8 (see Figure

5); their expression defines the two major classes of T lymphocytes: CD8 is found on
cytotoxic T cells, CD4 on helper T cells. Notably, only CD8*" T cells recognize and bind
to pMHC-I molecules, whereas CD4" cells link to pMHCs of class II.

Further molecules, which play crucial roles during the interaction of APCs and T lym-
phocytes, are the intercellular adhesion molecules (ICAMs) and B7-1 (CD80). All T
lymphocytes express an integrin called leukocyte functional antigen-1 (LFA-1), which fa-

12



cilitates the cellular migration out of the blood and is important for establishing cell-cell
contact. ICAM-1, which is expressed on APCs, binds LFA-1, and thereby strengthens
the contact between the cells. B7-1 is a co-stimulatory molecule found on dendritic cells
and expressed upon activation via other pathogenic receptors, such as Toll-Like Recep-
tors. By binding to CD28, which is expressed by all naive T cells, B7-1 supports the
activation of T lymphocytes.

Gene Rearrangement, Clonal Selection and T Lymphocyte Development

The great variety of TCRs

is provided during lympho- — Figure 6: Clonal Selection
) ) Theory: Starting from the
cyte development via a mecha- — 4 \‘\\‘. top, the different stages of
nism called gene rearrangement, O QQ Q ()| clonal selection are shown.
. ff Hl/ First, a single lymphoid
where different separated gene progenitor cell develops into
segments are randomly recom- 000 many different T
. \O)QQ O' lymphocytes with different
bined. For a TCRaf V re- . s specificities. The
gion, multiple copies of three (V, self antigens self-reactive T cells are then
< = eliminated by clonal
D, J) gene segments can con- - deletion, yielding mature,
tribute. In total about six mil- Q‘j’@ naive T cells. When
. . = encountering their specific
lion different TCRs can be pro- foreign antigen antigen, the T cell
duced via this gene rearrange- % proliferates and
differentiates. This is then
ment mechanism. An additional @@@@@ called the clonal expansion.
. . . . — — - = = .
mechanism called junctional di- @ & & & @ Modified from [1].

versity - the very inaccurate pro-
cess of connecting the different
gene segments - enables the production of another 10! versions of the TCR, yielding a
variety of 10'® TCRs.

In a next step, the pathogen-specific antibodies have to be identified and kept, while
the non-specific or self-reactive ones have to be depleted. This is performed by clonal
selection as shown in Figure 6, where the self-reactive pre-mature lymphocytes are elim-
inated. The cells recognizing an antigen are selected and enriched via clonal expansion.
Importantly, all cells arising from such a selected lymphocyte carry structurally identical
receptors, and have thus identical antigen-specificity.

There are three main markers for the developmental stage of T lymphocytes: i) the re-
arrangement of the genes for the o and /3 chains of the TCR, ii) the surface expression of
the TCR itself, and iii) the expression of the previously mentioned CD4, CD8 and CD3,

13



which enables the TCRs signalling functionality. When the progenitor T cells reach the
thymus, neither are their genes rearranged nor is TCR/CD3, CD4 or CD8 expressed on
their surface. Due to the lack of CD4 and CD8 expression, these cells are called dou-
ble negative. In this stage, the genes of the TCRp3-chain are rearranged. The (-chain
then assembles with a prea-chain to the preTCR complex, which is, together with CD3,
expressed on the cellular surface. Notably, a dimerization of the preTCR complexes
was reported [4]. When the preTCRs are successfully expressed on the membrane, the
(B-gene rearrangement stops, and CD4 as well as CDS8 start to be expressed. This stage
is therefore called double positive, and the majority of T lymphocytes within the thymus
are in this state. Finally, the genes for the a-chain start to be rearranged, and low levels
of TCR are expressed. Most of those cells, however, fail the positive selection, where
non-reactive lymphocytes are eliminated. In case of overcoming this, and the following
negative selection, the expression of either CD4 or CD8 stops, the cells become single
positives and are ready to be exported. The whole maturation process is estimated to

take approximately 3 weeks in mice.

TCR/CD3 Complex

The aTCR itself has no intracellular signalling motifs; hence, the initiation of signalling
processes is not possible. This task is completed by an associated multi-complex protein
called CD3, which provides a total of ten Immunoreceptor Tyrosine-based Activation
Motifs (ITAMs) to the TCR. Due to the lack of high-resolution structures of such intact
complexes, the existing models are mostly based on stoichiometric ratios of the subunits,
atomic-resolution structures of folded domains, and biochemical data.

The first detailed finding in the analysis of the TCR/CD3 complex was the detection of
two CD3e molecules per complex ([5], [6]), followed by the observation of a CD3de and a
CD3e heterodimer incorporated in the complex [7]. The same biochemical methods re-
vealed one « as well as one 3 chain of TCR within intact complexes. However, a dispute
remains regarding this monovalency of the TCR, as a second af heterodimer would
result in a net charge of the TCR/CD3 complex of zero. Indeed, some experiments,
including Forster Resonance Energy Transfer (FRET) and co-immunoprecipitation sug-
gest the presence of two or more af heterodimers ([8], [9]). This bivalency is also found
in other receptors, such as the erythropoietin receptor [10], which was used to show
the possibility of TCRaf dimerization [11]. Furthermore, Blue Native-Polyacrylamide-

Gel electrophoresis experiments showed a mixture of mono- and multivalent TCR/CD3

14



complexes extracted from T cell membranes [12]. An additional molecule present in the
TCR/CD3 is the (-chain, also known as TCR(, CD3¢ and CD247, a homo-dimer ({(,

(2) within the complex, detected via biochemical detergent extraction [13].

Figure 7: Structure and Interactions of the TCR/CD3/¢ complex. The three basic residues within the
afTCR transmembrane domain are represented as blue points, with their respective interactions with
the negative charges present on each of the CD3 molecule and {. The small size of the (2, due to its
missing extracellular domain becomes apparent. Modified from [14].

Notably, all above mentioned units of CD3 possess a negative charge within their
transmembrane domains. As described earlier, the aSTCR has three highly conserved
basic residues in this domain, whereby two are located within the TCRe, interacting
with CD3de and (¢, and the third one is located in the TCRS, interacting with the
CD3~e. But not only those residues seem to be crucial for the assembly and stability of
the TCR/CD3, as there are other highly conserved parts found in the different molecules
([15], [16]) and mutational studies revealed influences of the extracellular { domain [14]
as well as the extracellular constant domains of TCRa and TCRA ([17], [18]). The
interactions within the heterodimers «ve and de are located primarily within their stalk
regions, on the extracellular side, just beyond their transmembrane domain ([19], [20]).
The ¢ dimer, on the contrary, is disulphide-linked within its transmembrane domain
([7], [21], [22]). Those interactions between the TCR and the CD3 not only stabilize
the complex within the membrane, but also play a crucial role in its assembly as they

suppress signals for degradation of unassembled parts ([21], [23]).
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The TCR assembly starts in the Endoplasmic Reticulum (ER) by the formation
of separate (2 and TCRa. A TCR/CD3 missing the ¢ chains is assembled [24], and
completed at the trans-Golgi. Almost all synthesized single TCRa, 5, as well as CD3~,d
and € molecules are there degraded within 4 hours, whereas ( shows a half-life of 10-20
hours [25]. The hexameric (- TCR/CD3 complexes were shown to be transported to
lysosomes followed by degradation [26]. The complete complexes are modified within
the pre-Golgi, and reach the cell membrane only if folded correctly [27].

The greatly reduced membrane expression of TCR/CD3 complexes in the (~ deficient
cell-line 2B4.11 with returning expression after transfection with a full length ¢ cDNA,
highlights the importance of ¢ for full TCR/CD3 assembly, surface expression [28] and
lifetime enhancement [29]. However, the observation of TCR/CD3-independent ¢ within

the membrane, led to the suspicion of additional complexity in assembly [30].

The (-Chain

The homodimeric (s is of great
importance for a functional T
cell receptor, and therefore a
functional adaptive immune sys-
tem. This is underlined by the

fact that a non-mammalian (

Figure 8: ¢ homodimer
structure as determined by
Nuclear Magnetic
Resonance Spectroscopy.
The critical interactions for
dimerization can be seen as
well as the aspartic acid
pair necessary for TCR
assembly (encircled).
Modified from [14].

chain is able to restore a fully
functional TCR/CD3 complex
in mammals [31]. ¢ harbours
two known main functionalities:
i) it provides six out of ten
ITAMs to the complex, and ii)

it enables the transport of the

complex to the membrane. Fail-

ures or deficiencies in the expression of ( are shown to be involved in many different
diseases, such as Multiorgan Tissue Inflammation [32], Systemic Lupus Erythematosus
[33] and different types of cancer ([34], [35]).

Notably, the CD247 gene encoding the (-chain is located on chromosome 1, whereas all
other CD3 components are encoded within 300kb of each other on chromosome 11 [36].
The structure of the ¢ homodimer differs from the other CD3 components as it lacks

a significant extracellular domain. This only nine amino acid long sequence, however,
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is well preserved, and an artificial enlargement affects the TCR/CD3 complex assem-
bly, and yields super-competent complexes [37]. The presence of a lysine residue at the
extracellular position 9 is important for intact signalling, whereas a positive charge on
this particular position is necessary for TCR/CD3 assembly, no matter by which amino
acid it is provided [38]. This (s is one of four known dimeric modules enabling signalling
for receptors, as is the Fc receptor « that is associated with a set of receptors found on
Natural Killer cells [14]. All of those have a pair of aspartic acids - which is necessary to
connect to their receptors - in their transmembrane domain and share several additional
features, such as a common dimerization motif [39].

The ¢ chain which plays a crucial role in TCR/CD3 surface expression, experiences a
rapid turnover within the membrane, independent from the other TCR/CD3 compo-
nents. This enables an autonomic way of transportation and association-dissociation
dynamics for the ¢ chain [30]. Immunoblotting identified the cell-surface-expressed ¢ as

the only component of the TCR/CD3 complex associated with the cytoskeleton [40].

1.1.3 CD4" T-Cell Activation

The co-receptor CD4 enables the T lymphocytes to recognize and bind their specific
pMHCs.

Different mechanisms how the cell transfers this extracellular binding event into the intra-
cellular milieu are proposed. Most of them are based on molecular clustering ([41], [42]),
cooperative binding [42], rapid sub-sequent rebinding [43] and/or mechano-transduction
([44], [45], [46]). In any of these cases, the earliest intracellular action observed is the
phosphorylation of the ITAMs present on CD3 and ( via a CD4-associated kinase, the
lymphocyte-specific protein tyrosine kinase (Lck).

The ITAMs present on ( are positively charged and are, due to the abundance of the
negatively charged phosphatidylserine on the inner leaflet of the membrane, believed to
be coupled to the membrane, instead of floating freely within the cytoplasm [14]. In
this membrane-associated state, the cytosolic part of { was shown to be refractory to
phosphorylation [47]; hence, a folding transition prior to this phosphorylation has to
occur and needs to be initialized by pMHC-binding.
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Figure 9: T cell activation pathway containing the intracellular Ca2* increase. CD4/CD8 associated
Lck phosphorylates the ITAMs present on CD3/(, followed by phosphorylation of ZAP-70. ZAP-70
phosphorylates LAT and SLP-76. Together they bind PLC-v, which breaks PIP; into IP3 and DAG.
IP5 binds to STIM receptors on the ER, releasing Ca?" into the cytoplasm. The free Ca?" binds to
CRAC in the cell membrane, allowing further Ca®" to enter the cell. Calmodulin binds Ca?' and acts
on Calcineurin, activating NFAT, enabling the transport into the nucleus, and the initiation of
transcription of cytokines. Modified from [48].

The (-chain-associated protein kinase 70 (ZAP-70) can bind to the phosphorylated
ITAMs of ¢ (and CD3) and ZAP-70 then, itself, is phosphorylated by Lck. The active
ZAP-70 then phosphorylates the Linker of activated T cells (LAT) as well as the SH2
domain-containing leukocyte protein of 76kDa (SLP-76), which both bind the phospho-
lipase C-y (PLC-y). The activation of PLC-7 results in the breakdown of the intramem-
branic lipid phosphatidylinositol 4, 5-bisphosphate (PIP2) into diacylglycerol (DAG) and
inositol 1, 4, 5-triphosphate (IP3).

Three separate pathways of T cell activation proceed, all resulting in the regulation of
different transcription factors, leading to cell proliferation and differentiation. As Ca?*
flux experiments are performed in this work, only the pathway resulting in an increased
intracellular Ca* concentration will be described:

IP; diffuses away from the membrane and binds receptors on the ER, which act as Ca?*-
channels and release calcium from the ER into the cytosol. Calcium Release-Activated

Calcium Channels (CRAC channels) within the cellular membrane are opened and allow
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extracellular calcium to enter the cell, yielding a further increase in intracellular calcium
levels. Calmodulin binds calcium and targets a phosphatase called Calcineurin, which
itself acts on the Nuclear Factor of Activated T-cells (NFAT). This factor initiates the
transcription of e.g. a cytokine called Interleukin-2 (IL-2), which plays a major role in
strengthening the immune response by initiating the proliferation and differentiation of
B- and T-Lymphocytes, as well as of Natural Killer cells.

Not only intracellular pathways are launched by T cell activation, but also increased clus-
tering within the membrane has been observed. Most importantly, after pMHC-binding,
micro-clusters of TCR/CD3 complexes, visible even in the diffraction-limited microscope,
begin to form. Those micro-clusters are transported to the center of interaction between
the T cell and the corresponding APC. Over time, a central Supramolecular Activation
Cluster (¢SMAC) consisting of different molecules, such as CD4/CD8 and Lck, develops.
Other molecules (e.g. LFA-1) are restricted to the peripheral Supramolecular Activation
Cluster (pSMAC) surrounding the cSMAC ([49], [50]).

1.1.4 Interactions and Spatial Distribution of T Cell Related Proteins

The event of extracellular ligand-binding and its transmission to the intracellular milieu,
initiating T cell activation, is still to be elucidated. Most of the models proposed so far
include spatial (re)distributions of involved proteins. First advances into this direction
were made by rather indirect, mainly biochemical methods. The variety of methods for
more direct observation increased in recent years, not only due to the rising of Single
Molecule Localization Microscopy (SMLM). Some of the questions still to be answered
are, e.g. the valency of the TCR complex, the full stoichiometry of a TCR/CD3 com-
plex, and possible (pre)clustering of almost all immunological relevant proteins.
Furthermore, the interaction kinetics between ¢ and the TCR/CD3 complex is still to
be characterised, particularly, because ( is often used as a probe for the TCR (e.g. [51]).
However, it is questionable, how stable this association of ¢ to the TCR really is. The
membrane expression of  in the TCRS-deficient Jurkat cell line J.RT3-T3.5 highlights
the possibility of TCR-independent ¢ within the membrane [30]. The faster recycling of
¢ within the TCR/CD3/( complex indicates the possibility of an autonomous pathway
for ¢ from the Golgi to the membrane [30].

To derive a complete image of the associations of membrane proteins, also their dynamics
have to be taken into account [52], especially as some experimental methods are biased

towards the detection of either immobile or mobile fractions.
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In this work, the association and dynamics of TCRS and { were studied via tracking
experiments (Single Molecule Tracking (SMT) and single particle tracking Photoactivat-
able Localization Microscopy (sptPALM)). (spt)PALM images of ¢ were acquired, while
simultaneously tracking single molecules of TCRS. Furthermore, two-color-(spt)PALM
images of ¢ and TCR/ were recorded.

In 2006, Lillemeier et al. showed clustering of some membrane proteins within cholesterol-
enriched, actin-connected protein-islands, using transmission electron microscopy [53].
They confirmed this clustering in 2010 by using PALM: in particular ¢ and Lat were
found in separated clusters containing 7-20 molecules [51]. Clustering of both molecules
was further confirmed, and also found for ZAP-70 - with co-localization to { upon acti-
vation - for PLC-v, SLP-76 [54] and Lck [55]. Furthermore, a lipid-dependency for the
clustering of Lat was shown [56], connecting these protein clusters with the lipid raft
model [57]. Recently, also the clustering of CD4, and its separation from TCR and Lck
clusters was observed [58]. Overall, the results of several studies indicate most of the
observed proteins to be clustered. The estimated size of those clusters, however, varies
between dimers and sizes, large enough to be seen in diffraction limited microscopy [59].
Most studies using SMLM conclude with clusters in the size of 2-30 molecules and an
increased size on T cell activation. To examine possible clustering of TCRS and (,

(two-color) PALM images were acquired within this work.

1.2 Cell Culture and Transduction of T Cells

A huge variety of different cell types is available to investigate cellular mechanisms, such
as T cell activation. Different classifications of cells exist, such as, categorizing the cells
by their origin and their proliferation characteristics. First, the immortalized cell lines,
which under normal circumstances would not proliferate indefinitely, but due to natural
or artificially induced mutations do not stop dividing. Second, the primary cells, com-
prising cells directly gathered from tissues. The primary cells have the restricted lifetime
of the respective cells in vivo and hence cannot be used after a certain time point.
There is a huge variety of human T-Cell Leukaemia cell lines with different characteristics
and lacking the expression of different proteins, such as CD3 or TCRap3, as characterized
in [60]. One of the most commonly used cell lines in the research of T cell signalling is
the Jurkat cell line with its derivatives, e.g. the TCRpB-deficient J.RT3-T3.5 cell line.
Differences in the signalling after T cell activation were found between primary human
T cells and T cell lines [61].
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By genetic alteration of mice, the production of the huge variety of TCRs can be

disabled, and the expression of one type of TCR specific to a desired peptide can be

achieved. Therefore, all T lymphocytes produced in such mice show reactivity on anti-

gen stimulation by this specific peptide only. This represents a major advantage for T

cell studies and could not be achieved by using e.g. human primary cells. However,

the life span of most effector and memory T cells in organisms is comparatively short,

limiting the ability to use them for longer time, e.g. for stable transduction [62].

Transfection, Transduction and Transformation

For fluorescent microscopy experiments,
proteins in cells, which are not expressing
any fluorescent proteins naturally, have
to be made fluorescent. This can either
be accomplished by external labelling us-
ing e.g. fluorescently-labelled antibodies,
or, alternatively, by introducing a foreign
plasmid DNA encoding for a fluorescent
protein.

All of the terms within this section’s title,
depict the introduction of external DNA
into an organism. While transfection is
the introduction into an eukaryotic organ-
ism, transformation is the mon-viral inte-
gration into bacteria or plants. Transduc-
tion describes the wiral incorporation in
prokaryotes and eukaryotes.

Primary T lymphocytes are refractory for
most DNA delivery methods except elec-
The inte-

gration via other methods is mainly ag-

troporation or viral methods.

gravated by the low efficiency of available
transfection systems and the toxicity of

many reagents ([65], [66]).

A lipid bilayer
env (gp120)
,.//
gag (p6) S
— env (gp40)
RNA B
gag (p17)
— pol
PR - (integrase)
pol
(reverse
transcriptase)
| gag (p24 capsid)
B pol (protease)

Figure 10: A) Structure and Proteins of a retroviral
particle (HIV) modified from [63]. The present
proteins, with their respective families are
indicated. Those are gp120 and gp40 from the
envelope family; pl17, p24 and p6 from the gag
family and the integrase, the protease and the
reverse transcriptase from the pol family. B)
Genomic Map of a retrovirus, modified from [64],
showing the locations of the genes for the different
protein families on a typical retroviral genome.
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Retroviral transduction hereby offers the best possibility to introduce foreign DNA
into T lymphocytes with a reasonable efficiency [67]. Retroviruses are a family of RNA-
viruses with their genetic information available as RNA. Before integrating the RNA
into the host’s genome, it is translated into DNA via the reverse transcriptase. One fa-
mous example of such retroviruses is again the HI virus. Retroviruses comprise of three
major protein families: i) gag, a polyprotein responsible for forming the core structure,
ii) pol proteins for synthesis and integration of viral DNA and iii) env proteins for the
formation of the viral envelope. Another important sequence is termed ¥, which signals
the packaging of RNA into a viral particle.

The abilities of those three protein families are utilized in packaging cell lines, e.g. the
Phoenix line derived by the Nolan lab (Nolan, G., Stanford University, USA, [68]). This
line is based on the 293T cell line, which was transfected for expressing the viral proteins
mentioned before. The high potential for transfection can further be used to introduce
plasmid DNA into those packaging cells. The protein of interest will be expressed and
packed into viral particles, which can be utilized for retroviral transduction of other cells,

such as T lymphocytes [69].

1.3 Light Microscopy and its Limitation

The question arises of how to scrutinize the stoichiometry as well as the interplay of all
involved molecules described. Many initial conclusions were based on biochemical meth-
ods such as co-immunoprecipitation. However, the recently emerged light microscopy
techniques with corresponding increased resolution, even beyond the limitation of diffrac-
tion, offer a huge opportunity to get an utterly new point of view on the T cell and its

components.

History and Basics

It is still a puzzle, whom to credit for creating the first microscope around 1600 as the
historical recordings do not allow to decide between the Dutch glass-maker Hans Janssen
and his son Zacharias Janssen and the famous Galileo Galilei. However, both microscopes
were built by assembling a concave to a convex lens. Huygens then improved the system
by adding achromatical correction, hence reducing errors created by different colors,

i.e. varying wavelengths, and reached magnifications of up to 50x. In the beginning of
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the 17th century, Leeuwenhoek achieved to grind almost spherical lenses and increased
the magnification to up to 270x by using only this single lens. It was not until the
19th century, that the physical basics of microscopy were described extensively by Ernst
Abbe, and that the first microscope, limited only by the laws of physics and not by
constructional constraints, could be created within the laboratories of Carl Zeiss.

The basic part of the imaging path of a modern microscope consists of two lenses. In
practical use, the object is located at the front focal plane of the first lens, the so called
objective lens. An image of the object is generated in infinity. The tube lens captures

this light to produce an image at the primary image plane (see Figure 11B).

A B Objective Tube Lens

Immersion Medium
J

Sample

Object Back Focal Primary
Plane Image Plane

Figure 11: A) Influence of immersion medium on the collection of light, modified from [70]. On the left,
no immersion medium is used; light rays with an angle larger than «; are refracted at the interface of
the glass-slide with air. This angle is increased up to a2 on the right side, with the use of immersion

medium. The refractive indices of the glass-slide and the immersion medium are matched, thus, no
refraction occurs on their interface. B) Imaging Path of an infinity corrected microscope adapted from
[71]. The light rays originating from the focussed object hit the objective, yielding parallel rays in the
space between objective and tube lens. Different optical elements can be introduced here. The tube
lens focusses the rays again and creates the image in the primary image plane.

Those systems are called infinity-corrected and one of their advantages is the possi-
bility to insert optical elements, such as filter cubes, within the range of parallel beams.
The magnification of such a system is given by the focal lengths of the two lenses:
M = JZ%ZJ When observing a sample directly by eye, the eyepiece of the microscope
and the eye lens of the observer represent a second two-lens imaging system, creating a
secondary image on the observer’s retina. In all single-molecule microscopy systems, the
light detection, i.e. image creation, is performed by cameras such as Electron Multiply-
ing Charge-Coupled Devices (EMCCD), skipping this second system of magnification.

In addition to the magnification, another important aspect of an objective is the Nu-
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merical Aperture (NA) given by
NA =nsina (1)

with n being the refractive index of the medium in which the sample is prepared, and
« being one half of the objective’s opening angle. The NA characterizes the maximum
angle of emitted light which an objective can collect. The angle can be optimized by the
use of immersion objectives and immersion media (e.g. oil) between the objective and
the glass slide. This adjusts the refractive indices of the varying layers and thus reduces

refractive effects on their interfaces (see Figure 11A).

Fluorescence Microscopy

Some molecules emit light when being illuminated by light of a specific wavelength. This
so called fluorescence is taken advantage of in fluorescence microscopy. A simple model
describes the molecule in the ground state, Sg, with reaching an excited state, S1, after
absorption of a photon. The molecule resides in this state for some hundred picoseconds
to nanoseconds, and then either converts to the triplet state, Ty, or loses its energy
and returns via the emission of a photon, to Sy (fluorescence). Due to intramolecular
vibrations and corresponding dissipative energy losses, the energy of the emitted photon
is lower than the energy of the initially absorbed one. This shift, called Stokes Shift
(Figure 12B), is an essential feature enabling fluorescence microscopy, as it allows to
distinguish between excitation and emission light.

As the energy of the emitted photon is lower than the energy of the exciting one, the
wavelength will be higher, hence the light will be shifted to the red side of the spectrum
of visible light. The model of fluorescence can be depicted using a Jablonski diagram as
shown in Figure 12A.

The first of such fluorescent proteins, the Green Fluorescent Protein (GFP), was dis-
covered and extracted from jellyfish in the early 1960s. The ability to fuse this GFP
to different proteins made fluorescent investigations possible. Various mutants of GFP,
differing in color (Yellow Fluorescent Protein - YFP, photo-switchable Cyan Fluorescent
Protein 2 — PS-CFP2, Enhanced GFP - EGFP etc.), were created and a wide variety of

fluorophores with very diverse properties exists today.
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Figure 12: A) Jablonski Diagram, modified from [72]. The fluorescent molecule is excited from its
ground state, So, to Si. Different vibrational energy states are reached, and the molecule loses energy
via internal conversion and vibrational relaxation. The molecule can either lose its energy via
fluorescence and directly go back to Sp, or convert to its triplet state, T, by intersystem crossing,
followed by phosphorescence. B) abberior STAR635 spectrum, showing the Stokes shift for fluorescent
emission [73]. In orange the excitation spectrum is indicated, whereas in red the shifted emission
spectrum is shown. C) Total Internal Reflection Fluorescence (TIRF) excitation modified from [74].
The excitation beam is shifted from the center, and thus, the rays reach the glass slide under a nonzero
angle. If the angle is equal to, or larger than the critical angle the rays are reflected totally and only
the areas reached by the evanescent wave are excited, yielding a reduction in excitation of out-of-focus
background and an increase in SNR.

Total Internal Reflection Fluorescence

A high Signal-to-Noise ratio (SNR) is of great importance in the field of microscopy. One
technique of minimizing background excitation and thus improving the SNR is called
TIRF which is based on Snell’s law given in Equation 2:

n1sinf; = nosin Os, (2)

with ny and me being the refraction indices of the two participating media and 6,
and 6y being the two respective angles to the surface normal.

The angle of refraction increases with increasing angle of incidence, if light transits from
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a dense optical medium into a less dense one. An angle of incidence exists, where the
angle of refraction is exactly 90°. At incidence angles larger than this critical angle, the
light is reflected totally.

However, a wave propagating along the surface of transition is generated. This evanes-
cent wave is used in TIRF microscopy to excite only regions within the penetration
depth of approximately 100-200 nm. One way to realize this technique is to displace the

excitation laser from the center of the objective as shown in Figure 12C.

Diffraction and Resolution Limitation

Theoretically, additional magnification steps could always be added into a microscopy
system, increasing the total magnification. Due to limitations of the resolution, this will,
however, lead to no further beneficial effects. Resolution is hereby defined as the ability
to resolve two distinct points and can be quantified as the minimal distance between
those.

The limitation is ascribed to the wave characteristics of light and two phenomena called
interference - the superposition of waves such as electromagnetic waves, i.e. light - and
diffraction. Depending on the wave’s phase, the intensity of two superimposed waves
adds to

I(x) = I(z) + I2(2) + 2v/ L1 (2) I3(2) cos [d1(x) — da(x)] (3)

showing that in certain cases, e.g. if the phase difference A¢ is an odd multiple of 7, the
resulting wave shows a minimum called destructive interference.
For even multiples of 7, a

maximum called construc- Figure 13: Huygens
principle for a plane wave

(left). If spherical wavelets
are positioned at the
beginning of each arrow, the
wave front at a later time
point, i.e. the end of the
arrows, will also be a plane
wave. When encountering a
single slit (right), the wave
front will also reach areas
within the geometric
shadow of the slit. Figure
modified from [75] and [76].

tive interference occurs as
the cosine equals 1.
Christian Huygens formu-

lated a principle of how

to determine the path
of a light wave, called

Huygens‘ Principle, which

N,

states that, if the wave
front is considered at a

certain fixed time point,
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the wave front at a later time point can be derived from placing virtual spherical waves
at the actual time point. The sum of the spherical wave fronts represents the wave front
at the later time point as shown for a plane wave in Figure 13.

If the light waves pass through a slit with a size in the order of its own wavelength,
the light also reaches the border regions behind, which should not be illuminated in
geometrical optics. The result of applying the Huygens’ principle to a single slit can be
seen in Figure 13.

The consideration of interference in the analysis results in a specific pattern, called the
Fraunhofer diffraction pattern. A smaller slit results in a larger diffraction pattern. As
the rotation of a single slit with constant size yields a circular aperture, the same prin-
ciples can be applied in this further case. The diffraction pattern of such a circular
aperture, or a point object, yields a smeared-out spot, showing a characteristic diffrac-
tion profile, called Point Spread Function (PSF) and its analytical derivation, the Airy
function.

The minimal size of a single spot in the image plane can be determined by deriving the
first minimum of the Airy function. The systems characteristics, i.e. the opening angle
of the objective and the refractive index of an immersion medium, have to be taken into
account to derive a corresponding distance within the object plane. The minimal size of

a single bright spot imaged with a microscope can be calculated by

0.61 -\ 0.61 -\
d= = 4
nsin o NA ~’ (4)

with A\ the wavelength of the light used, n the refractive index, a one half of the opening
angle of the objective, and NA the objective’s numerical aperture.

Different definitions regarding the resolution exist: i) the Rayleigh criterion, stating
that two points are resolvable if the maximum intensity of the second spot is at the
first minimum of the first one (d = res; Figure 14A and B) or ii) the Sparrow criterion,
defining two points as resolvable until the resulting function of the overlay of the two
PSFs yields a straight line in its maximum.

For the commonly used Rayleigh criterion the resolution results in

0.61- A
NA ()

res =

and thereby in a resolution limit of about 175 nm for microscopy with visible light
(A =400 nm, NA=1.4).
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Figure 14: A) Rayleigh Criterion for Resolution Limit modified from [77]. To the right, the PSF of a
single point (green) can be seen, as given by the Airy function. Left, an additional second point is
shown (red). The two points are resolvable, according to the Rayleigh criterion, if the maximum of the
one is at the first minimum of the other, as shown in this figure. B) Varying distances between two
points and the respective ability to resolve them [70]. The upper two points are far apart and easily
resolvable by eye. The middle ones are exactly meeting the Rayleigh criterion, as shown in A, whereas
the two points at the bottom cannot be distinguished as two separate points any more.

1.3.1 Super-Resolution Methods
Strategies to Increase Resolution

Different approaches were used to overcome the limitation of the resolution caused by
diffraction. The first ones, yet yielding only little increase in resolution, are far-field
optical approaches such as 47 microscopy, where a second objective is used to gather
light of the full spherical angle, increasing the axial resolution to 100 nm [78].

Another method increasing the resolution is Structural Illumination Microscopy (SIM),
where patterned illumination is used for sample excitation and the spatial frequencies of
the illumination interact with the ones of the sample. In order to create high-resolution
images, the acquisition is repeated with different phases and orientations of the excita-
tion pattern. A spatial resolution of 100 nm was realized using SIM [79].

The two methods described do not exploit the fluorophore’s physical or chemical prop-
erties. However those properties have to be taken advantage of in order to increase the
resolution even more. This is realized in Stimulated-Emission-Depletion Fluorescence
Microscopy (STED) by using a second laser to suppress the fluorescence emission of
fluorophores outside the center of the excitation laser beam. This suppression occurs via
stimulated emission, a process where the initially excited fluorophore encounters a pho-
ton bearing the exact same energy as the difference between the excited and the ground

state, and is brought back to the ground state before fluorescence emission can happen.
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The darkened population hereby depends on the STED laser intensity in a non-linear
way, thus, the spontaneous emission can be efficiently suppressed by the stimulated
emission, yielding the depletion of the fluorophore. The laser intensity, which achieves a
reduction of a specific fluorophore’s intensity to 50%, is called the saturation intensity,
and the stimulated emission becomes the dominating process for laser intensities larger
than that. By increasing the STED laser intensity, depletion is realized also in the areas
close to the borders of the diffraction-limited spot, thus reducing it in size. This method
was proposed in 1994 and by its realization in 2001 a spatial resolution of 65 nm was
achieved ([80], [81]).
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Figure 15: A) Principle of SMLM imaging [82]. Unobserved cellular structures are shown as grey
tubes, whereas the observed spots are shown as black dots with yellow surroundings as their respective
diffraction-limited image. After the acquisition of n images (here: n=4), and localization of the centers
of the diffraction limited spots, the integral image of the localizations is shown in the last image at the

bottom right. B) Difference between super-resolution and diffraction limited microscopy [83]. At the
bottom left, tube like structures can be resolved by dSTORM, whereas at the top right, a conventional
diffraction-limited image of the same structure is shown.

A further group of imaging methods are stochastic ones or SMLM, which are based
on the progress made in the design of fluorophores and the use of photo-activatable or
switchable dyes. These can be actively switched between a dark and a fluorescent state;
thereby, spatially overlapping molecules can be separated in the time domain and the re-
sulting images can be superimposed. A sufficiently low density of activated fluorophores
has to be ensured, so that single ones can be distinguished from each other in one image.
The increase in resolution is caused by the localization of the single fluorophores via
fitting a PSF and determining the real position with accuracies of typically up to 15 nm.
This method is used e.g. in PALM [84], Stochastic Optical Reconstruction Microscopy
(STORM) [85] or direct STORM (dSTORM) [86].
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Fluorophores

Only the use of specific photo-switchable fluorophores enabled PALM measurements.
Heilemann et al., however, showed in their application of dASTORM, that also conven-
tional organic fluorophores, such as Cy5 or Alexa Fluor 647, can be photo-switched, and
thus, be used for SMLM ([87], [86]).

Important characteristics for all employed fluorophores in SMLM include a large extinc-
tion coefficient as well as a large quantum yield, resulting in high number of detectable
photons.

One irreversibly photoactivatable fluorophore is the Eos fluorescence protein. Initially, a
monomeric form of Eos (mEos) could not be formed above 30°C, limiting its use in live
cell applications [88]. A further development, mEos2, could solve this limitation, while
representing a not truly monomeric form [89] as shown by Zhang et al. [90], who also
achieved to produce a monomeric version named mEos3.2.

Another method of realizing photo-activation is by caging of the fluorophores by certain
protective groups. Irradiation with ultraviolet light can release this group, and enables
activation of the fluorophore. One example for such fluorophores is the red-emitting
STARG635 (abberior, Géttingen, Germany, [91]), and its caged version CAGE635 (abbe-
rior, Gottingen, Germany, [92]).

When using non-genetically encoded fluorophores, specific attention has to be given
to their interaction with other parts of the experimental system, e.g. their unspecific

binding to a lipid bilayer [93].

Localization Algorithms and Uncertainty

An object’s image is produced by the convolution of the object itself with the PSF.
Therefore, the position of the object can be determined via de-convolving the image
with the respective PSF. This is the primary principle all SMLM-Methods are based
on. In practice, the PSF of an imaging system can be approximated by a Gaussian.
Commonly used measures for the fitting routine are the least-squares (LS) and the max-
imum likelihood estimation (MLE). For LS, the differences between the predicted and
the actual signal are calculated and their squares are summed. A further development,
is using weighted LS (wLS), where the squares are weighted before summing. This sum
is minimized in LS. MLE includes a model for noise. Combining this with a model PSF,
different parameters, such as coordinates, intensity, background etc. are assumed, and
the likelihood for obtaining the observed signal is calculated. MLE outperforms (w)LS in

almost all cases, with (w)LS doing equally well in presence of signals with high photon
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counts. However, most MLE algorithms are considerably more time consuming than
LS-based ones [94].
An analytical expression for the localization uncertainty was derived by Thompson et al.
It consists of the sum of two terms, representing i) a case, where the accuracy is limited
by the shot noise of photons and ii) a case, where the limitation arises because of the
background noise. However, they detected an error of about 30% between theoretical
estimations and Monte Carlo simulations [95]. In 2010, Mortensen et al. showed that
this equation violates the Cramer-Rao bound, which dictates the minimally possible
accuracy, and renewed it, resolving the 30% error, by introducing the factor 16/9 and
thereby revoking the permanent underestimation by the former widely used equation of
Thompson yielding: ,
2 a 432

(a) = 5 ©
with a the pixel size, N the number of detected photons, b the background photons, and
s the standard deviation of the PSF [96].

1.3.2 Single Molecule Tracking

To gain a deeper understanding of the behaviour of proteins within the cell, also the
proteins lateral movement has to be considered. Different methods to extract the quan-
titative measure for this diffusion, i. e. the diffusion coefficient, D, exist. This diffusion
coeflicient represents the particles mobility within a specific surrounding, e.g. the cellu-

lar membrane.

Two-Dimensional Diffusion

The diffusional analysis of particles is based on their mean square displacement given by
(r*y = 4Dt (7)

with ¢ being the time and D the diffusional coefficient.

This relation results from the solution of Fick’s second diffusion law, derived from the
Brownian motion of molecules.

However, there are situations where this random motion is not the driving one, such as

directed or restricted motion. The relation then is
< 2 «
r?) ot (8)
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with a > 1 yielding superdiffusion (e.g. directed, active cellular transport processes),

and 0 < a < 1 resulting in subdiffusion (e.g. due to intracellular crowding [97]).

Tracking Methods and Algorithms

Different techniques can be applied to get an estimation about the lateral mobility
of certain molecules within membranes. Amongst them is Fluorescent Recovery After
Photobleaching (FRAP), which is based on the recovery of fluorescence in a previously
photobleached area due to the diffusion of non-bleached molecules into this area. This
method gives a measure of the mobility of the whole ensemble of molecules. Commonly,
a two-component model is found, including one mobile (70-95%) and one immobile frac-
tion.

Additionally, SMT methods have been developed and the reduction of the label size
down to single fluorophores, made the visualization of local heterogeneities in diffusion
possible [98].

For SMT the density of visible fluorophores within an image has to be restricted to a
degree, where the individual fluorophores can be resolved. This can either be accom-
plished by a very low labelling density, as done in classical SMT measurements, or by
stochastic activation of a limited number of fluorophores, as established within PALM.
This new approach was termed single particle tracking PALM and enables to get the
same statistics from a single cell as for SMT with up to hundred cells [99].

For the analysis of these tracks, first, the positions of the molecules in each single image
have to be determined. This can be realized the same way as done within SMLM. The
ensuing linkage of the molecules in consecutive frames is a challenging task, with dif-
ferent approaches available. 14 different algorithms were evaluated in a comprehensive
overview of Chenouard et al. [100]. Most of those employ a pre-filtering before identify-
ing the molecule’s position, mostly via a preceding maxima detection with consecutive
PSF fitting, as described earlier. The subsequent linking of the localizations is realized
in a multitude of different ways. The most straight-forward approach is the nearest
neighbour analysis. The respective localizations in consecutive frames are connected to
the point with the minimum distance. This ‘single-frame’ approach, however, exhibits
major faults, especially when fluorophores are absent in some frames, thus adding gaps to
the tracks. Therefore, algorithms to allow for missing frames within the resulting tracks
already increase the reliability of the whole tracking process. In the work on hand, such
a Nearest Neighbour approach with additional options to include gaps within tracks was

utilized as proposed in [101]. Many tracking algorithms (‘multi-frame’) go a step further
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and include not only the consecutive frame in the tracking process, but also consider the
information of a certain amount of neighbouring frames or even the whole acquisition
time. Those include for example multiple hypothesis tracking, which calculates proba-
bilities for varying tracks and chooses the most probable one [100].

The comparison by Chenouard et al., however, made clear that there is no perfectly reli-
able and universally applicable tracking algorithm up to now. Problems occur especially
when analyzing images with low SNR and high densities. While the low SNR increases
the difficulty of identifying real signals and distinguishing them from noise, the high
density turns the linking of the signals into a challenging problem, as overlapping tracks
will occur.

A method to overcome the issue of high densities and still determine the diffusion char-
acteristics of a protein was developed by Schmidt et al. and is termed Particle Image
Correlation Spectroscopy (PICS) [102]. Here, the linking of acquired signals is omitted,
and the mobility is determined by a correlation function between an image A at time-
point t; and an image B at time-point t; + t;q4. The shifting distance hereby is varied,
and for a movement of the particle in one t;,4, which approximates the shifting distance,
the correlation function is high. As no linking of particles is applied, the overlap of

possible tracks does not affect the outcome of the analysis.

MSD Analysis

One way to determine D is via the MSD, introduced previously. The displacement
distances can be extracted from each track identified in the tracking experiment. The
distance between two consecutive points of each track is calculated and the mean value is
drawn in a plot of the MSD over the time. The same procedure is done with gaps between
the consecutive points, e.g. determining the distance between the first (or second etc.)
and the third (or fourth etc.) point of each track. The MSD values for a single track

can be determined using Equation 9.

1 n—i
(2 — T44)” 9)

t=1

(r*) = MSDp—i = ——
n—i

with n being the total number of points within the track, i the size of the introduced

gap and z the positions.

In this way, the time dependence of the MSD is derived. However, this is done in a

discrete way as the images are recorded with a certain delay between them, called the
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time lag t;q4. An exemplary plot of the MSD over time for free Brownian motion is shown
in Figure 16C. The diffusion coefficient can be determined by fitting e.g. Equation 7
for linear diffusion. For this fitting procedure, Wieser et al. showed by using Monte
Carlo simulations that the use of only the first two data-points already yields the most

accurate estimation of D as the error <(Dfit - D)2> is minimal. This is due to the

mutual dependency of the data-points [103]. In most of these representations of the MSD

o
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Figure 16: A) measured track, with the respective positions of the particle at different, consecutive
frames (x1 - x1). B) MSD information is extracted by taking consecutive positions (e.g. x1-x2 or
X2-X3), and then introducing gaps of increasing size. In C) the mean values for different t;.4 are

calculated, and Equation 7 is fitted. Note the error bars getting larger for increased t;qg, as the number
of contributing data points in B decreases. D) shows a characteristic plot of MSD over time for free
Brownian motion of a particle, whereas in E) MSD drawn over time of a particle experiencing spatial
restriction is shown [104].

over time, a certain offset is present, which is due to the limited positional accuracy (PA)
of the localization algorithms [105], and affects the MSD as follows:

(r*)y = ADt + 40* (10)

with D the diffusion coefficient, t the time, r the displacement and 402 the PA repre-
senting the standard spatial deviation from immobile molecules over consecutive frames.
A further, qualitative measure supplied by such a MSD-analysis is the shape of the plot.
Depending on the type of diffusion the particle is undergoing, the plot takes different
shapes as shown in Figure 16D, E. Different analytically derived equations can be fitted,

for determining D for varying types of diffusion.
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Chapter 2

Materials & Methods

2.1 Cell Culture and Sample Preparation

For the retroviral transduction of primary murine T cells, Phoenix-ECO [68] cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, USA)
containing 10% Fetal Bovine/Calf Serum (FBS, FCS, Sigma-Aldrich, St. Louis, USA),
Penicillin, Streptomycin (Lonza, Basel, Switzerland) and L-Glutathione (Sigma-Aldrich,
St. Louis, USA) and incubated at 37°C with 5% COs. The cells were split in a way that
ensured their confluence of 70-80% for optimal transfection. A stably transfected line of
Phoenix-ECO-(-mEos was cultured with additional 50 pug/ml Blasticidine (InvivoGen,
San Diego, USA) and used for transduction. Stably transfected Jurkat-(-mEos cells
were cultured in RPMI-1640 (Sigma-Aldrich, St. Louis, USA) with additional 10 pug/ml
Blasticidine.

T cells were isolated from murine spleen and blasts were prepared by the group of
Stockinger and Huppa at the Medical University of Vienna (MUW). They were col-
lected from the MUW and cultured in sterile filtered T Cell Medium (TCM) containing
50 ml FCS, 5 ml Non-Essential Amino Acids (Lonza, Basel, Switzerland), 5 ml Peni-
cillin/Streptomycin, 10 ml L-Glutathione, 500 ml RPMI-1640 (Lonza, Basel, Switzer-
land), 5 ml Sodium Pyruvate (Sigma-Aldrich, St. Louis, USA) and 50 uM Mercapto-
ethanol (AppliChem, Gatersleben, Germany).
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2.1.1 Transformation and Plasmid Preparation
Transformation of E. coli and Midi Preparation

The (-mFEos plasmid was provided by Florian Baumgart. Competent bacteria were used
for plasmid replication. A batch of frozen Escherichia coli was thawed and diluted with
20 pl KCM buffer (KCI - CaCly - MgCls), 9 ul dH2O and 1 pl of the (-mEos plasmid.
The mixture was incubated for 10 minutes on ice followed by 10 minutes on room tem-
perature. 1 ml lysogeny broth (LB) medium was added, followed by an incubation for
one hour on a Thermomixer Comfort (Eppendorf, Hamburg, Germany) at 37°C and 400
rpm. 100 pl was spread on an ampicillin coated 10 cm petri dish and incubated over
night. One culture was picked from the petri dish and incubated on the Thermomixer at
37°C with 400 rpm within 1 ml of LB medium. Approximately 8 hours later, another 50
ml of medium was added and left on the Thermomixer overnight. On the next day, the
GeneJET Plasmid Midiprep Kit (Thermo Fisher Scientific, Waltham, USA) was used
according to protocol for plasmid purification. The plasmid concentration was measured
using a Synergy H1 Multi-Reader (BioTek, Winooski, USA).

2.1.2 T-Cell Transduction

For the transduction of primary murine T cells, the protocol described in [106] was
adapted:

On Day 0, the Phoenix-ECO (wt and/or (-mEos transfected) cells were seeded in a 10
cm petri dish to reach 70-80% confluence the following day and the T cells were isolated.
On Day 1, the Phoenix-ECO cells were double-transfected with pIB2-(-mFEos and pclEco
using the TurboFect Transfection Reagent (Thermo Fisher Scientific, Waltham, USA)
and Opti-MEM medium (Life Technologies, Carlsbad, USA). Approximately eight hours
later, the medium was exchanged to 5 ml of full supplemented DMEM.

On Day 8, the viral supernatant from the Phoenix-ECO cells was collected and spun
down in order to remove cell debris. Simultaneously, 4 million T cells were spun down
(1000 rpm, room temperature, full brake, 3 minutes) and resuspended in 4 ml of the
virus-containing supernatant. 10 pg/ml Polybrene (Sigma-Aldrich, St. Louis, USA) and
9 pg/ml IL-2 (eBioscience, San Diego, USA; 50 U/ml) was added. One million cells were
seeded per well on a 24-well plate. Parafilm was used to seal the plate and centrifugation
for 90 minutes in a pre-warmed (32°C) centrifuge with the centrifugal brake set to zero
was performed. Another 1 ml of TCM and 9 ug/ml IL-2 were added.

On the next day (Day 4), the cells were split 1:2 and 15 ul Blasticidine was added (50
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pug/ml). Dead cells were removed by density gradient centrifugation using Histopaque
1119 (Sigma-Aldrich, St. Louis, USA) and the living cells were resuspended in TCM
with 9 pg/ml IL-2 on Day 6. 1 ml TCM was added daily until the experiments were

performed not later than on the afternoon of Day 9.

2.1.3 Sample Preparation
Lipid Bilayer Preparation

The interactions of T lymphocytes with the APCs represent a challenging experimental
system for 2D microscopy. By imitating the membrane of APCs with flat lipid bilayers,
the third dimension can be largely excluded.

Piranha solution was used to clean the glass slide and remove any organic residues. 35
ml of HeSO4 (Sigma-Aldrich, St. Louis, USA) was mixed with 15 ml of HoO9 (Sigma-
Aldrich, St. Louis, USA), and #1.5 glass slides (Menzel, Jena, Germany) were incubated
therein for at least 30 minutes. Afterwards, they were rinsed with at least 250 ml of
dH>O and left to dry at air for ten minutes. Alternatively, they were dried with nitrogen
immediately after rinsing.

For all experiments, Nunc’™ Lab-TEK’™ Chambers (Thermo Fisher Scientific, San
Diego, USA) were used. They were kept in Ethanol (Sigma-Aldrich, St. Louis, USA)
and rinsed with dHyO before use. The piranha-cleaned glass slides were glued to the
chambers by a two component dental glue.

A vesicle stock solution containing 90% 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC)
and 10% Nickel chelated 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) imin-
odiacetic acid)succinyl] (DOGS) was diluted 1:10 with Phosphate Buffered Saline (PBS,
Lonza, Basel, Switzerland) and each well was incubated with 150 ul for 10 minutes.
After the wells were rinsed with 15 ml PBS, 330 ul were removed from each well leading
to a remaining volume of 350 ul per well.

The wells were incubated with additional 50 ul of PBS, containing 0.08 ul and 0.04 ul
of his-tagged murine or human ICAM and B7-1, respectively, for 75 minutes. For exper-
iments with activating lipid bilayers up to 0.1 pl of the respective pMHC (unlabelled,
-A647, -A555) was added. Afterwards, the wells were rinsed with 15 ml PBS two times.
To check the transduction efficiency, slides were coated with 50 ug/ml Fibronectin (FN;
Sigma-Aldrich, St. Louis, USA) by incubation of PBS-diluted FN for at least 30 minutes.
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T-Cell Preparation, Labelling and Sample Completion

For all performed T cell experiments, one million cells were suspended in 2 ml TCM and
spun down in FACS tubes, the supernatant was discarded, and the cells were washed
once with 2 ml Hank’s Balanced Salt Solution (HBSS, Lonza, Basel, Switzerland) con-
taining 2% FBS (imaging buffer).

Differently labelled scFv’s were used for both, tracking and (two-color) PALM experi-
ments. After the last washing step, approximately 50 ul of cell suspension remained in
the FACS tube. 0.2 - 2 ul of the respective scFv was added, followed by incubation on
ice for 10 to 15 minutes. The cells were washed at least once with cold imaging buffer.
While the scFv-STARG635 labelling was finished at this point, an incubation with 2 ul
Streptavidin-labelled Abberior CAGE635 for 10 to 15 minutes on ice was done for the
biotinylated scFv. The cells were washed two times with cold imaging buffer and kept
on ice. All the washing steps were done using a pre-cooled centrifuge (4°C).

1 to 10 pl of the resulting T cell suspension was injected into the corner of the wells
of LabTEK chambers. Before that, the buffer in the well was exchanged with imaging
buffer by adding and removing 250 ul imaging buffer up to 10 times.

For experiments with fixed cells, labelled cells were resuspended in 30 to 50 pl imaging
buffer and the whole volume was added to one well and incubated for 10 to 25 minutes.
For PALM experiments on activating bilayers, the cells were incubated 20 minutes before
fixation. 250 ul Paraformaldehyde (PFA; 8%, room temperature) was gently added and
removed twice - followed by an incubation of 10 to 15 minutes at room temperature.
The buffer was exchanged to PBS. The PFA concentration as well as the incubation
time were adjusted following a protocol by Whelan et al. [107].

For calcium flux measurements, Fura2-AM (Life Technologies, Carlsbad, USA) was used.
One million T cells were washed and incubated for at least 15 minutes at room temper-
ature on a Thermomixer Comfort at 400 rpm with Fura2-AM, diluted 1:200 in 200 gl
imaging buffer. The cells were washed two times with imaging buffer and resuspended in
150 pl of imaging buffer. 20 ul were added to one well of a LabTEK chamber containing

the respective surface.

2.2 Laser, Microscopes and Cameras

Experiments were performed on two different microscope setups, referred to as SDT1
and SDT3.
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2.2.1 SDT1

All tracking and PALM experiments were performed on SDT1. For the photo-switching/
uncaging of mEos/CAGE635, a 405 nm diode laser (iBeam smart, Toptica, Grafelfin-
gen, Germany) was used. Images were acquired by excitation with a green laser at 532
nm (Millennia X, Spectra Physics, Santa Clara, USA) and a red Krypton ion laser at
647 nm (Innova 300, Coherent, Santa Clara, USA) respectively. All laser lines passed
accusto-optical modulators (AOMs; Isomet, Springfield, USA) and were coupled into an
inverted light microscope - a Zeiss Axiovert 200 (Zeiss, Jena, Germany) - via multiple
mirrors.

An oil-immersion a-plan Apochromat (Zeiss, Jena, Germany) objective with a NA of
1.46 was used. This objective enabled the use of objective-based TIRF as described
before. Since the same objective was used for excitation and detection, a quad band
TIRF filter (ZT405/488/532/640rpc, Chroma, Bellows Falls, USA) was used.

Two color measurements were performed using the DV2 Multichannel Imaging System
(Tucson, USA), with the corresponding filters (HQ585/40m and HQ700/75m, Chroma)
inserted, to split the emission light. The light was collected by an Andor iXon Ultra
EMCCD camera (Belfast, UK) cooled down to -60°C for reduction of thermal noise.
An in-house programmed LabVIEW (National Instruments, Austin, USA) package was
used to control the laser shutter, the AOM, the EMCCD camera and the TIRF illumi-

nation.

2.2.2 SDT 3

Calcium flux experiments were performed on the setup SDT3. The Fura2-AM loaded T
cells were excited using a monochromatic light source, the Polychrome V (TILL Photon-
ics - FEI Munich, Grafelfing, Germany). The light was coupled to a Zeiss Axiovert 200M
microscope via a TILL System consisting of a Polytrope/Yanus combination by TILL
Photonics. Two different objectives were used: first, the UPlanFN 10x air objective
(Olympus, Tokyo, Japan) was used to acquire images containing a high number of cells
for statistical analysis, and second, the UPlan FLN 40x (Olympus, Tokyo, Japan) was
used to get more detailed information on the Ca?t-flux. The image was recorded by an
Andor iXon Ultra. For image acquisition and light source controlling, Live Acquisition
5 (TILL Photonics - FEI Munich, Grafelfing, Germany) was utilized.
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2.3 Image Recording

Varying image recording sequences were used for the different experiments. They were
adapted to the needs of the experiment as well as to the used fluorophores and their

bleaching behaviour.

(Two-Color) PALM Image Recording

For (two color) PALM experiments, sequences with illumination times of 2 to 3 ms and a
time delay of 5 to 10 ms between the images were used. In case of two color experiments,
both the image acquisition of two colors and the activation/uncaging of mEos/CAGEG635
was done simultaneously. 1000 to 5000 frames were recorded. The illumination power
for the red, green and ultraviolet (UV) lasers were 1.2 - 1.7, 0.6 - 1.5 and 0.02 - 0.6
kW /cm?, respectively.

Figure 17: One frame of two-color PALM image of (-mEos transfected primary murine T cell. Left)
the photoactivated (-mEos, right) the uncaged TCRS with scFv-CAGE635.

Simultaneous SMT and PALM

For experiments with combined SMT and PALM measurements, an illumination protocol
was designed as shown in Figure 18. The laser power for the recording of PALM images
was carefully adapted within the previously given range to yield a trade-off between the
desired bleaching of mEos within PALM, and extensive undesired bleaching of STAR635
for SMT. The tracking images were recorded using a laser power of 0.65 - 0.8 kW /cm?2.
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Figure 18: The imaging sequence for simultaneous PALM/SMT image recording. One square equals 1
ms, and the colors represent the excitation lasers of the respective colors. The black line shows the
camera trigger. The bracketed sequence was repeated up to 512 times, resulting in 7168 recorded
images, where SMT (red) to PALM (green) images were recorded in a ratio of 1:6.

Calcium Flux Measurements

Alternating images were taken with excitation wavelengths of 340 and 380 nm and re-
spective illumination times of 50 and 10 ms. Delay times of 54 and 45 ms resulted in a
total cycle time of 159 ms. This sequence was repeated between 500 to 1000 times, with

a delay of 841 ms between individual image duplets.

2.4 Image Analysis

2.4.1 Calcium Flux Analysis

For qualitative analysis of Ca?* flux experiments, the ratio images were calculated using
a self-written ImageJ (National Institute of Health, Bethesda, USA) macro based on the
Ratio Plus plugin (Magalhaes, P., University of Padua, Italy).

A self-written MATLAB (MathWorks, Natwick, USA) program was used to obtain quan-
titative intensity tracks. The ratio image was calculated, an intensity threshold was ap-
plied and its contrast was enhanced using a Wiener filter. This filter utilizes an estimate
of the global noise variance (v?) of the image, the local mean u and the local variance
o2 within a certain range of the pixel to apply an adaptive low-pass filter of the image,

according to

Generally, two scenarios can occur:
1. 02 ~ v%: The resulting pixel value will assume the average value u, or
2. 02 > v%: The resulting pixel value will be changed only slightly.

Using this filter, flat regions within the image are blurred, whereas edges — characterized

2

by a large local variance o“ - are kept.
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Circular features were extracted using a Hough transform. This transformation facili-
tates extraction of any geometrical shapes, which can be parameterized, such as lines or
circles.

Each non-zero pixel of the initial image

is transformed and represented by combi- y b

.
o
.
-

nations of parameters (x, y and r for a

circular transform) which could give rise

to this pixel. This analysis results in a [\‘\ [/ ;
three-dimensional parameter space, where \ﬁ_‘/ \ a
the first two dimensions correspond to the - \ >a

original image, hence, the maximal pixel
& 8% ’ p Figure 19: Exemplary representation of the circular

values in this transformed x-y plane rep- Hough transform for a fixed radius. Three non-zero
pixel are represented and transformed, yielding the

center of the circle in the transformed a-b plane,
to reduce computational cost, it is recom-  corresponding to the position of the center in the
original x-y plane [108].

resent the centers of the circles. In order

mended to use restrictions for the possible
radii of the circles, thus limiting the third
dimension of this transformation. Figure 19 depicts an exemplary detection of a circle
within the x-y plane.

The corresponding features were linked over all recorded images. The features’ total in-
tensity was determined and normalized to its area. An intensity-threshold was extracted

from the positive control in order to assess the ratio of cells undergoing Ca?* flux.

2.4.2 Single Molecule Localisation

In order to separate the two color channels as well as the respective tracking or PALM
images, the raw images were pre-processed by self-written ImageJ macros.

The images were fitted by the ImageJ plugin thunderSTORM [109]. First, a pre-filtering
in form of a wavelet (B-Spline) filter of order 3 and scale 2 was applied. The localizations
were approximated by finding local maxima with a threshold of 1.5 times the standard
deviation of the first wavelet level, which was determined in the pre-filtering step in
a 8-neighbourhood. The sub-pixel localization was performed by fitting an integrated
gaussian as PSF using MLE with a radius of 6 pixel and an initial sigma of 1.6 pixel.
For information on the used algorithms refer to [110].

The positional accuracy was calculated according to an equation, which accounts for
the characteristics of an EMCCD camera, proposed by Quan et al. ([111], [112]). This
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equation still underestimates the PA, however, to a lesser extent than the equation

proposed by Thompson et al., described previously.

2.4.3 Tracking and Displacement Analysis

The positions of the fitted molecules were filtered for intensity, Full Width at Half
Maximum, PA and, in case of live cell PALM, a Region of Interest (ROI) by using
thunderSTORM. The ROI was chosen in a way to exclude the borders of the cell, where
three dimensional diffusion interferes with the observed 2D diffusion at the interface
between the cell and the bilayer.

The localisations were imported in MATLAB and reformatted to fit the needs of the
further analysis software, particle_tracking 2D - an in-house implementation [113] of an
algorithm designed by Gao et al. [101]. The parameters used within this software
are: 1) the maximum distance of molecules to link in consecutive frames (d,q.), ii) the
minimum length of tracks (l,:n) and iii) maximum number of frames a molecule can be
missing (fromic). Those parameters were adjusted to the fluorophores and the method

of acquisition, i.e. PALM or SMT. The particular values can be found in Table 1.

Label  duas [PX] Lnin [#] fromit [#]

mEos3.2 2 2 1
CAGEG635 2 2 1
STARG635 3 5 0

Table 1: Parameters used for the tracking algorithm and the respective fluorophores.

The resulting tracks of each single cell were analyzed using the in-house software
msdplot, which yields plots of the MSD over time as well as an estimation of their diffu-
sional constant. Cells were selected based on the calculated PA, the standard deviation
of D and D itself. The tracks of all selected cells were then combined and analysed
using msdplot, applying additional thresholds for the track length. Furthermore, a bi-
exponential equation was fit to the cumulative density function (CDF) of the square

displacements by the in-house program ezplot, as described in [98], to

22

Z2 —_—
CDF =1—a-e M5P1 —(1—a)-e MSDz,
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2.4.4 Evaluation of Tracking Algorithm

For the evaluation of the utilized localization and tracking algorithms, a simulated
dataset provided by Chenouard et al. [100] was used. The group used this dataset
for a comprehensive and objective comparison of different algorithms. The provided
images were analyzed by either the previously described thunderSTORM routine, or the
integrated algorithm of the used tracking software particle_tracking_2D. The subsequent
tracking was in both cases performed using particle _tracking_2D. The resulting tracks
were reformatted to fit the file format necessary for automated evaluation with an Icy
(Quantitative Image Analysis Unit, Institut Pasteur, Paris, France) plugin provided by
Chenouard et al [100].

In their work, they furthermore presented a way to determine the performance of track-
ing algorithms, by comparing the results to a provided ground truth. First, the distance
between tracks from the ground truth (X = {©,k=1,...,|X|}, with the tracks ©)
and the determined tracks (Y) was calculated. This was done by computing the gated

Euclidean distance for each pair of tracks and matching the pairs with minimal distance:

161,02 = 3 (1e:(t) - &)1, )

t=0

with the total frame number T, and the tracks ©; and ©2. The gating was introduced
to penalize tracks further apart than e = 5 pixels.

For comparing whole sets of tracks, Y was extended with |X| empty dummy tracks
resulting in the set Y. The tracks within ¥ were assigned to tracks from the ground
truth according to their minimal distance. €2 describes the possible assigned sets resulting

from matching Y to X. The distance between two matched track sets is defined as:

| X
d(X,Y) = y).
(X,Y) =min} d(6F,67)
k=1
The task now is to find a set Z* € Q by rematching ¥ and taking a subset with |X]|
tracks, that minimizes the distance between Z* and X. Afterwards, five measures were
introduced to quantitatively describe the performance of the algorithms. Briefly, those

are:

_ a(X)Y)
l. a=1-— AX.0)

With d(X,Y) describing the minimal distance between the ground truth (X) and
the estimated tracks (Y). d(X,0) is the distance between the ground truth (X) and
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a dummy set of tracks, thus describing the maximum possible distance. « ignores
the tracks in Y which did not get into the final set of tracks Z* and ranges between
0 and 1.

5 _ d(X,0)—d(X,Y)
e d(X,0)+d(Y,0)
d(Y,0) represents the distance between the estimated tracks which did not get into

the final set of tracks Z* (Y) and a dummy set of tracks. An additional penalty

for unpaired tracks is therefore introduced. S ranges from 0 to a.

— TP
- JSC = TP+FN+FP
As the above mentioned performance values (o and () are prone to errors in local-

ization as well as association errors, a measure to characterize only the localization
was introduced. JSC describes the Jaccard similarity coefficient based on the lo-
calizations. Here, TP describes the True Positive localizations, defined as points
within paired tracks, with a distance smaller than e. The False Negatives (FN) are
the localizations from the ground truth (X) which are paired with dummy posi-
tions in Z*, and False Positives (FP) are the positions in ¥ and the non-matched

ones in Z*. JSC ranges from 0 to 1.

_ TP
- JSC = TP+FN+FP
JSC; describes the Jaccard similarity coefficient for whole tracks. Here, the True

Positives (TP) are defined as the non-dummy tracks within Z*. False Negatives
(FN) comprise the dummy tracks within Z* and the False Positives (FP) are the

tracks in Y. JSC; again ranges from 0 to 1.

. RMSFE
Finally, the random mean square error of the True Positive localizations consid-
ered within JSC was calculated and chosen to be a representative measure for the

accuracy of positional fitting.

2.4.5 Cluster Analysis

The localizations were filtered for cluster analysis as described before. However, due to

possible multiple detections of the same molecule, either by photo-blinking or activation

over multiple images, a merging algorithm provided by thunderSTORM was applied with

the following parameters: i) the maximum distance between two localizations in consec-

utive frames (d;q,) and ii) the maximum number of frames in which the localization can

be absent (tgqrk). During PALM image analysis, however, the complexity of quantita-

tive PALM imaging was noticed and modified thresholds used by different groups, such
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as [51] and [55], were examined. Furthermore, the influences of over-counting and the
power of this merging to overcome this issue, were investigated in regard to the results
of Ripley’s K cluster analysis. For a first analysis, a value in the order of the median
of the positional accuracy was chosen for d,,q., typically between 25 and 50 nm. The
number of off-frames was set to 50 frames corresponding to ~0.5 s, as the off-time for
mEos2 was determined to be 0.4 s ([114], [115]). However, the utilized mEo0s3.2 might
possess different photo-characteristics, and also the used illumination protocol differs.
The values used for this first analysis resemble the ones used by Lillemeier et al. and
Roh et al.: low values for d;,q, (half the pixel size; 80 nm) and low values of tgg,
(zero), corresponding to merging of molecules exclusively found in consecutive frames
([51], [58]), thereby ignoring possible photo-blinking.

Additionally, the resulting images were investigated by plotting the localizations color-
coded as function of the frame number. The x-coordinates of localizations were depicted
over the frame number [116]. As the parameters used for the merging algorithm are
crucial for any further quantitative analysis, the cluster analysis was repeated using in-
creased values for tgg,r (2 s) and dyee (100 nm).

To determine suitable parameters for merging, a method proposed by Annibale et al.
was used [115]. Here, the dependence of the number of localizations on the different
dark-times is used to extract the number of actual molecules in the image, as well as the
amount and characteristics of the fluorophores photo-blinking. A semi-empirical equa-
tion is fit to this curve to extract these values. Rossy et al. extended this model to take

different time-scales of blinking into account. Data were fit to the following model [55]:

1—tg 1—ty
N(tq) = N (1 + Nplink1 - €°F I+ Nppink2 - €t°ff2) ) (11)

with N(%) representing the number of localisation, N the number of present fluorophores
in the image, nyink1 and npnk2 the extent of blinking and ¢,7¢1 and 2,52 the respective
off-times of the fluorophores.

Subsequently, Ripley’s K function was used to quantitatively examine the degree of

clustering.

Ripley’s K Function

The localizations were exported from thunderSTORM and imported in MATLAB, re-
formatted and analyzed by the in-house program mRipleyK.
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This program uses the Ripley’s K function to distinguish between random distribu-

tions and clustering of points, given by:

with F(r), the number of localisations within a distance r of another localisation, and
A the density of localisations. As the number of localizations within a certain radius
is higher for a clustered distribution of points than for random distributions, K(r) can
be used to determine clustering [117]. The distance, where the normalized K-function
L(r) —r = \/K(r)/m — r reaches a maximum, represents the radius of a circle around

each point, wherein the maximum number of other localizations per area are present.

Y K(r) K(r) L(r)-r

K(r) L(r)-r,

Figure 20: Ripley’s K analysis for spatially clustered signals (red, top panel) and randomly distributed
signals (blue, bottom panel) with n = 6. The first graph shows the raw signals with three circles of
different radius around one selected signal. The second graph indicates the different values of K(r)

derived from all 6 data points. Multiple values of K(r) are not indicated. The third graph shows the
mean K(r) values from all six data points and the fourth graph shows an exemplary L(r)-r graph for
the red and blue signal. Clustering of the red signals up to a radius of 2r can be seen, whereas the
L(r)-r values for the blue signal do not vary significantly from zero.

However, this value is often interpreted as the radius of apparent clusters, but the
quantitative information obtained by this analysis has to be considered delicately and
other ways to extract the cluster size have been proposed, e.g. taking the first derivation

of L(r)-r was presented to eliminate cumulative effects [118]. Nevertheless, this maximal
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value was shown to approximate the size of apparent clusters and to overestimate the
size by a maximum of two-fold [118]. The maximal value of L(r)-r can be interpreted
as the degree of manifestation of clusters, or how pronounced they are. The higher this
value, the less localizations may be found between detectable clusters, and/or the denser

are the clusters.
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Chapter 3

Results

3.1 Transduction of Primary Murine T Cells

Primary murine T cells were infected with (-mFEos based on the protocol of Zhong et
al. [106]. Due to ineffective transductions during the first attempts, the protocol was
adjusted and the retroviral transduction of (-mFEos could subsequently be accomplished
(see Section 2.1.2.T Cell Transduction for details). Several possibilities were tested to
increase the transduction efficiency: The use of stably transfected Phoenix-(-mEos for
virus production, as well as the use of medium without Penicillin/Streptomycin for trans-
fection of Phoenix-ECO cells showed no effect. A second spin infection with repeated
addition of viral supernatant to the murine T cells did not yield an increase in trans-
duction efficiency. The addition of IL-2 during the spin infection as well as deceleration

with the centrifugal brake set to zero led to better results of the transduction.

3.2 Calcium Flux

In order to test the potency of the available T cells as well as of the infected (-mFEos
T cells, Ca?t flux experiments were performed. Different surfaces were checked for
their capability to initiate Ca?t flux. A MATLAB program was written to extract the
percentage of cells undergoing Ca?t flux as well as their ratio tracks over time. Figure

21 shows the GUI of this software with two exemplary ratio tracks.
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Figure 21: A) GUI for Ca®" flux analysis. The following panels can be seen: 1) ’Plot Options’: Three
Images can be shown below this panel, which are i) the raw image, ii) the calculated ratio image and
iii) the processed image after contrast enhancement using a Wiener filter. Below the image, a slider as
well as frame indicators are added to navigate within the time stack. 2) *Get Ratio Image’: After
loading a raw image, the ratio image is calculated by pressing this button. A starting frame can be set
and used for this calculation. 3) 'Find Circles’: In this panel, the threshold for the ratio image, the size
of the neighbourhood used for the adaptive Wiener filter (e.g. 5 pixels) as well as the radius limitation
(e.g. 2 — 7 pixel) for the Hough transform can be set. Using the button Hide, the red and green
indicators of the identified circular cells can be turned off and on. 4) ’Connect Cells’: A distance and a
size threshold can be chosen for connecting cells in consecutive frames. Cells further away than the set
distance threshold will not be linked, neither will be cells with a size differing more than the size
threshold. Via ’Filter Connections’, only tracks with more than 50 localizations are kept, and by
"Comp Int.” the normalized integral intensity is calculated. 5) ’Plot of ratio tracks’: A specific ratio
track (shown in blue) can be selected in the bottom of the plot by inserting the track number. The red
line indicates the actual frame shown in the image above, with the respective ratio value shown in the
plot title. The slider below allows to switch through all cells identified, while highlighting the current
cell in green within the image. The green line indicates the ’Activation Threshold’, specified in 6) ’the
statistics panel’. The percentage of cells undergoing Ca?* flux is calculated by defining cells with ratio
values above the threshold for at least 35 consecutive frames as cells with Ca?*+ flux positive, and the
rest as no Ca®T flux (negative). B) respective ratio track of a cell not undergoing Ca**.
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The threshold to determine the

calcium flux was manually selected by

>
R

@
3

choosing up to five cells with observ-

IS
3

N
S

Cells with Ca2* flux [%)]

able Ca?t flux within the ratio image

of the positive control. For these cells,

the ratio intensity before and after

Ca?t flux initiation were extracted,

and the average value of the two ex- Figure 22: A) percentage of cells within a certain ROI
undergoing Ca’* flux on various surfaces.

Non-activating (left bar) and activating lipid bilayers
mean value of the five analyzed cells were used by introducing various pMHCS species, as
well as surfaces without bilayer were tested. Bars from
left to right show non-activating lipid bilayers
Figure 22A shows the results for the (ICAM/BT7), and activating bilayers including labelled
(A555, A647) and unlabelled pMHCs. Furthermore, FN
and the glass slide itself were tested. B) ratio image for
inducing calcium flux of the further ¢-mEos infected T cells, depicting five bright cells with

. . increased intracellular Ca?* levels, and one cell to the
used pMHCs, including two labelled lower left, which still has normal levels.

forms (A647, A555) was confirmed.
Untreated glass slides, fibronectin-coated surfaces, and ICAM/B7 bilayers showed only

trema was calculated. Then, the
was calculated and used as threshold.

respective surfaces. The potential for

few cells with increased intracellular calcium concentrations. The experiments confirmed
the potency of primary murine T cells. The potency of (-mEos infected T cells was tested
in a separated experiment, which confirmed their ability to initiate Ca?* flux (n=9, 89%,
see Figure 22B).

3.3 Diffusion Analysis

3.3.1 Evaluation and Comparison of Tracking Algorithms

The used localization and tracking algorithms were evaluated as described before and
compared to the results of a total of 12 others. While the localization algorithms per
se were performing equally for all SNR and densities (JSC, median rank: 10 for both),
the localizations determined by thunderSTORM constitute a more reliable source for
the consecutive tracking than those determined by particle_tracking-2D (JSC;, median
rank: 7 and 11, respectively). This is especially the case for the scenarios with higher
SNRs (4 and 7) and higher densities (mid and high). The tracking algorithm based
on particle_tracking_2D localizations could not reach a top ten median rank for any of

the various scenarios, whereas the same tracking algorithm, based on thunderSTORM

o1



localizations showed good performance for low SNR and mid densities (median ranks:
9 and 8, respectively). Due to the results of this evaluation, thunderSTORM was used
to localize the single molecule signals within the images, and particle_tracking-2D was

used consecutively in order to connect these localizations.
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Figure 23: Two different localization algorithms (green: thunderSTORM; red: particle_tracking_-2D)
were evaluated with consecutive tracking using the same algorithm (particle_tracking-2D) in both
cases. The performance was evaluated using a total of nine different scenarios provided by Chenouard
et al. [100] differing in the SNR (2, 4, 7) and the density (Low, Mid, High). The data of 12 additional
algorithms, also provided by Chenouard et al., was included for comparison. Five different estimators
regarding the performance of the algorithms were calculated. The left y-axis refers to a, 5, JSC and
JSCy, the right to RMSE. A description for these estimators is given in Section 2.4.4.Evaluation of
Tracking Algorithm.
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3.3.2 Diffusion Analysis of TCRf and (

(spt)PALM imaging of (-mEos was performed in murine T cells and extended by si-
multaneously tracking TCR/S labelled with scFv-STARG635. Interestingly, I obtained a
twofold faster diffusion for ¢ (D a2 0.114+0.0035 um? /s, Figure 24A) by sptPALM than
for TCRB by SMT (D =~ 0.043+0.0023 um?/s, Figure 24C).
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Figure 24: A) Plots of the MSD over time for Jurkat-¢-mEos (red) and primary murine T cells infected
with (-mEos (blue) measured by sptPALM. Diffusion coefficients were calculated by using the first two
time lags and yielded 0.11840.0044 pum?/s and 0.1144:0.0035 um? /s respectively. B) Plots of the MSD
over time for primary murine T cells labelled with TCRSB-CAGE635 (green). The diffusion coefficient
(D ~ 0.04940.0026 pm?/s) was determined similarly as in A and is lower than for ¢-mEos. For
comparison, blue symbols show the data depicted in A for primary murine T cells infected with
¢-mEos. C) Plots of the MSD over time for primary murine T cells labelled with TCR3-STAR635
(black) determined by SMT. The diffusion coefficient (D ~ 0.04340.0023 um?/s) was similar as
determined for sptPALM experiments using TCRB-CAGE635. For comparison, green symbols show
the data depicted in B primary murine T cells labelled with TCRB-CAGE635. D) result of a
bi-exponential fitting of the (-mFEos sptPALM tracks yielding a slower fraction of about 60% with a D
of 22 0.031 um? /s, hence being in the same regime as the D’s estimated for TCR, and a faster fraction
with a D of 0.133 um?/s.

In order to verify the reliability of sptPALM measurements and analysis, sptPALM
measurements were performed for TCRS labelled with scFv-CAGE635. A similar dif-
fusion coefficient to the one determined with SMT was measured (D ~ 0.049+0.0026

pm?/s).
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Cell Probe Method D [um?/s] ’Ifa:;)lfs (ﬁ/&eﬁg

Primary Murine T ¢-mFos sptPALM 0.114 19140 48
Primary Murine T TCRSB-STAR635 SMT 0.043 1107 9

Jurkat (-mFos sptPALM 0.118 6495 9
Primary Murine T TCRB-CAGE635 sptPALM 0.049 4238 18

Table 2: Overview of the different determined diffusion coefficients for ¢ and TCRf, with the
respective method and the number of analyzed tracks and the number of analyzed cells.

sptPALM experiments on stably transfected Jurkat-(-mFEos cells yielded a diffusion coef-
ficient of (-mEos (D ~ 0.1184:0.0044 ym?/s) resembling the one determined on primary
murine T cells. A bi-exponential fit (Figure 24D) revealed two fractions of (-mEos with
different properties concerning their mobility. A slower (D =~ 0.031 um?/s) yet not fully
immobile fraction, for up 58.9+1.1% of the (-mFEos molecules, and a faster one (D ~
0.133 pum?/s).

3.4 Cluster Analysis

After merging the localizations using a dark-time of 0.5 s and d;,q, of the median PA
(25 — 50 nm), Ripley’s K Analysis was performed. This was done in live and fixed
cells as well as on activating and non-activating bilayers. An example for the Ripley’s
K analysis is depicted in Figure 25. The results for the transduced (-mFEos and the
externally labelled TCRB-CAGEG635 are shown in Figure 26.

2 6 8 10

4
rl px
Figure 25: A) PALM image of a fixed murine T cell transfected with (-mEos and respective ROI

selection for Ripley’s K analysis. B) corresponding L(r)-r, showing significant clustering within a radius
of ~180 nm and a maximum value of ~0.75.
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Figure 26: Results of the Ripley’s K analysis of live and fixed T cells. Top row: influence of acquisition
time in live cell PALM: the maximum values of L(r)-r increase with shorter acquisition time, or when
observing fixed cells. In contrast, rmq. decreases. This indicates a reduced extent of smearing of the
clusters by the reduction in the protein mobility. Bottom row: results of Ripley’s K analysis on fixed T
cells on activating and non-activating bilayers. By including pMHC into the bilayers, the maximum
value of L(r)-r as well as rmqq increases slightly.

The maximum values of L(r)-r are significantly higher for TCRS-CAGE635 com-
pared to (-mEos (2.94 and 0.87, respectively), whereas the distance at which maximum
clustering occurs (rqz) is equal (175+44.8 nm and 1794+40.9 nm, respectively). For
both, the maximum values of L(r)-r increase with decreasing observation time or when
observing fixed cells, whereas 1,4, decreases.

In experiments using activating bilayers with cell fixation after 20 minutes of incubation,
a slight increase in the maximum of L(r)-r of TCRA-CAGEG635 (2.94 to 3.39) as well as of
¢-mEos (0.87 to 1.43) was observed. Also the mean value of r;,,,, increased slightly from
175444.8 nm to 2054+74.7 nm for TCRB-CAGEG635 and from 178+40.9 nm to 192+28.6
nm for (-mFEos.

The localizations were further examined with regard to their temporal occurrence to test
the suitability of the chosen parameters for the merging. A color-coded scatter plot of

the frame number is shown in Figure 27.
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Figure 27: Plot of all localizations of a fixed {-mFEos infected murine T cell, the color-coding of the
frame number is indicated by the color-bar. TCRB-CAGE635 localizations are shown in the upper
image, and ¢(-mEos is depicted in the image below. The dominance of dark blue points is mainly due to
two reasons: i) later localizations are plotted before earlier ones, hence, the earlier ones may cover
them, and ii) in the earlier frames, more localizations are recorded, as there are more proteins, which
can be activated. Nevertheless, objective evaluation for these images is challenging.
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However, the images obtained by this analysis are hard to evaluate by eye. Therefore,
the x-coordinates of localizations were depicted over time, as shown in Figure 28. This
analysis revealed temporal clustering of the localizations when applying the merging

parameters of tg,x = 0.5 s and dyq, of the median PA (25 - 50 nm).

e b
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o 500 1000 1500 2000 2500 3000 3500 4000 4500 ] 500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 28: A) kymograph of (-mFEos of the fixed cell shown below (C). The temporal clustering of
several selected spatial clusters (green, cyan, magenta and red) in merged images (tdgark = 0.5 S, dmax
= 25-50 nm) can be seen. B) kymograph after merging with a tgerk = 2 s and a dymaee = 100 nm. The

temporal clusters clearly disappear. D) PALM image after merging. The effect is also visible for
TCRB-CAGEG635 and even more pronounced.

The cluster analysis on fixed cells was repeated with increased parameters for the
merging algorithm. The results are shown in Figure 29 and compared to the results

obtained when using lower temporal and spatial thresholds.
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Figure 29: Results of Ripley’s K analysis on fixed murine T cells for (-mEos (green) and
TCRB-CAGE635 (red). The two sets of utilized merging parameters are compared: (1) represents the
values of tgere = 0.5 s and dmaz = 25 - 50 nm and (2) tgerk = 2 s and dimaz = 100 nm. The increase in

the range of maximal clustering for both proteins is shown to the left. The maximum value of L(r)-r
decreased for both proteins, as indicated on the right.

Clustering of TCRB-CAGEG635 as well as of (-mEos could still be detected. However,
the clustering disappeared in 25% and 40% of the cells, respectively. Furthermore,

the maximum values of L(r)-r were reduced to 28-30% and r;,,4, increased 1.5-1.6 fold.

In order to determine optimal fitting pa-
rameters for the merging algorithm, a
method proposed by Annibale et al. [115]
and adapted by Rossy et al. [55] was used.
The resulting plots of the localisations
over varying dark times is shown in Figure
30. The fit revealed stronger blinking for
mEos with on average 0.99 blinks (7i,k1)
per 25 frames (tofr1) and 0.31 blinks
(Nptink2) per 0.94 frames (foff2), than
for CAGEG635 with 0.71 blinks (npink1)
per 12.5 frames (t,7f1) and 0.18 blinks
(nplink2) per 0.42 frames (t,7r2). These re-
sults suggest the use of tg,., of 30 frames
for mEos and 15 frames for CAGE635.
For d;nqz, half the pixel size was used (80
nm). The extracted number of present
molecules was 14220 and 7737 for (-mFEos
and TCRB-CAGEG35, respectively.
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TCRp - CAGE635
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Figure 30: Evaluation of the blinking
characteristics from mEo0s3.2 and CAGE635, using
the method described by Annibale et al. In blue
the number of localizations are plotted versus
dark-times for (-mFEos, whereas red represents
TCRB-CAGEG35. The values are based on 2
independent experiments with a total of 21 - 25
cells. The fit to Equation 11 is represented by the
solid lines.
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Ripley’s K Analysis again revealed clustering, with maximum L(r)-r and 1., values
between the previously determined ones. However, when examining the kymographs of
the PALM images, merged with those parameters, obvious temporal clustering was not

visible any more (see Figure 31).
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Figure 31: A) kymograph of (-mEos of the fixed cell shown below (C). The temporal clustering of
several selected spatial clusters (green, cyan, magenta and red) in merged images (tdgark = 0.5 8, dimas
= 25-50 nm) can be seen. B) kymograph after merging with a tgerk = 0.35 s and a dmaz = 80 nm.
The temporal clusters again clearly disappear, whereas the spatial clustering in D persists. D) PALM
image after merging.
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Chapter 4

Discussion

4.1 Ca?t Measurements

The T cells were tested on their potency to initiate Ca?* flux upon pMHC-binding.
Unlabelled pMHC as well as pMHC-A647 and pMHC-A555 were shown to initiate Ca?t
flux, when included in ICAM1 and B7-1 containing lipid bilayers. The infection of (-
mEos did not affect the pMHC-based initiation of Ca?* flux. By addition of Blasticidine
after infection, mostly (-mFEos positive cells survived. The acquisition of images of the
non-photo-activated (-mEos, further ensured the analysis of infected T cells only.

The designed software to extract the percentage of cells which undergo Ca?* flux as
well as their ratio tracks, is able to give a first idea about the characteristics of the
surfaces/cells. However, if a more detailed analysis of the particular Ca?* ratio tracks
is anticipated, certain improvements have to be implemented. Due to the underlying
feature-extraction algorithm (circular Hough transform), only circular objects are recog-
nized. The algorithm is hereby very selective, hence, many cells in images recorded with
a 100x objective are not identified, yielding gaps within the ratio tracks. For a detailed
analysis and classification, these gaps have to be eliminated. This can be accomplished
by e.g. applying interpolation steps, or repeating a less sensitive search locally around

the cell in consecutive frames.

4.2 Evaluation of Localisation and Tracking Algorithm

The evaluation of the used localisation and tracking algorithms enabled the identifica-

tion of conditions in which it is advisable to employ different algorithms, i.e. in high
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density images (>3.81-1072 loc/px?) and images with high SNRs (>7). However, for the
conditions used within this work, the application of the localisation algorithm featured
by thunderSTORM [110] with consecutive tracking by the algorithm proposed by Gao et
al. [101] led to good results. In particular, these conditions are low to mid density (sim-
ulation: 0.4-1072 - 1.9-1073 loc/px?, TCRB-CAGE635: 0.4-1073 loc/px? and ¢-mFEos:
0.8:1073 loc/px?) in single images and SNRs of 2-4.

The comparison of the two evaluated algorithms to the results presented by Chenouard
et al. has to be treated with caution, as most participants spent several months to adapt
their algorithms to these randomized test samples. In contrast to that, the settings here
were adjusted only roughly to the test samples. The comparison was mainly carried
out to identify differences between the localisation of particle_tracking_2D and thunder-
STORM. However, particle_tracking_2D offers up to 7 parameters to be adjusted to the
respective dataset for the localization of peaks within an image. The optimization of
those parameters to the experimental data has to be ensured. This is challenging for an
increasing number of parameters. thunderSTORM, on the other hand, keeps the num-
ber of user-selected parameters low, hence simplifies the optimization of the localization
process for the user, and reduces influences of inappropriate selection of parameters.
The differences found between the two tested algorithm combinations could therefore be
explained partly by the non-optimal selection of the numerous parameters within the
localization algorithm provided by particle_tracking_2D.

Recently, the results of a challenge held at the International Symposium on Biomedical
Imaging in 2013 on the localization of single molecules were published and confirmed the

good performance of thunderSTORM in images with the above stated properties [119].

4.3 Differences in the Diffusion of TCRS and (

Up to now the mobility of the TCR and/or ¢ in T cells has been studied very rarely,
with differences in the estimates for the diffusional coefficient ranging from 0.01 pm?/s
detected by FRAP up to 0.5 ym? /s estimated by Fluorescence Correlation Spectroscopy
(FCS) [51]. Those differences might be introduced by the bias of specific methods to-
wards more mobile or immobile fractions of the proteins. For example, the diffusion
coefficient of 0.5 um? /s for ¢ determined by FCS [51], highlights the bias of this method
towards a faster diffusing fraction, whereas slower ones will reach the observation volume
less likely. For direct fluorescent video microscopy, like FRAP and PALM, the inverse

is true, as faster moving fractions will be identified less likely. This is due to the fact,
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that a fast molecule might move significantly during the acquisition time of a single
frame, therefore reducing the amount of emitted photons in a single pixel, eventually
even below the background level [120].

Already in 1997, Sloan-Lancaster et al. described a low mobility of the intracellular and
transmembrane parts of ¢ fused to the extracellular part of the IL-2 receptor « chain
and GFP by FRAP [121]. However, (-chimeras were shown to not always represent the
biological function of ¢ [122]. In 2008, Dushek et al. determined the mobility of CD3e in
varying CD4* T cell populations to D=0.035-0.061 pm? /s, again via FRAP [123]. Those
values correspond well with the D determined for the TCRS within this work (D ~ 0.041
- 0.052 yum?/s). However, I found out that ¢ has an additional fraction of about 40% that
diffuses faster (D ~ 0.133 ym?/s). Similarly, Sloan-Lancester et al. observed differences
in the diffusion of membrane-associated ZAP-70 and (-chimeras [121], although those
two were believed to interact quite stably, as observed by immunoprecipitation [124].
The data provided within this work hints to more dynamic interactions of TCR/CD3
and ¢ than previously thought.

The presence of free ¢ at the plasma membrane is supported by the report of water
molecules stabilizing helical transmembrane proteins [125]. Petruk et al. reported the
reachability of the negative charges of the (-dimer by up to six water molecules deter-
mined by molecular dynamics simulations [126]. This hydration not only stabilizes the
dimer itself, but also enables the interaction with the TCR. Furthermore, { possesses
three positive charges on the intracellular juxtamembrane part, in addition to one neg-
ative charge. Electrostatic interactions of those positive charges with the inner leaflet of
the membrane, as well as the binding of the ITAMs to the inner leaflet [14], could stabi-
lize free ¢ within the membrane, and thus support the idea of a TCR/CD3-independent

C.

4.4 Apparent Clustering of TCRS and ( Determined by
PALM

The detection of clustering within SMLM images is a very challenging task. Since for
these analyses absolute numbers of molecules are utilized, over- and under-counting rep-
resent crucial issues. Photo-activatable and uncageable proteins should theoretically not
be able to experience repeated excitation. However, e.g. mEos2 was shown to enter a
reversible off-state after being imaged [114]. A potential way to overcome this effect,

which was also studied within this work, is to utilize the time dependency in the blinking
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of the fluorophores and to merge the detected signals, imaged within a certain spatial
and temporal threshold, to a single one. Several methods to extract the optimal param-
eters have been proposed ([115], [116], [127]).

In this study, different sets of threshold pairs were used, based on the selection previ-
ously performed by other groups. The results of Ripley’s K analysis were analyzed and
the suitability of the thresholds was examined.

In this way, clustering of TCRS and ( was detected, and could not be eliminated com-
pletely by using more rigorous merging thresholds. Thus, the apparent clustering is not
solely based on the multiple localizations of single molecules, however, as the results
from Ripley’s K analysis show, this issue leads to an over-estimation regarding the pro-
nouncement of clusters and an under-estimation regarding their apparent size.

First, low thresholds were used as stated by Lillemeier et al. and Roh et al. ([51],
[58]). With the use of these parameters, clustering of TCR, ¢, Lat and CD4 was identi-
fied. Consistent with that, clustering of TCRS and ( to approximately the same extent
was determined within my work. Nevertheless, after examining the temporal charac-
teristics of these clusters, the clustering could be linked to the continued imaging of
single molecules. While this is a requirement for performing sptPALM analysis, it has
to be avoided rigorously in quantitative cluster analysis. A d;q: of approximately the
median PA (25-50 nm) used for merging, seems to be inappropriate and incapable of
eliminating multiple detections. In the aforementioned works, d,,q; was chosen at half
the size of a pixel (80 nm), thereby this effect should have been overcome. However,
as only localisations in consecutive frames were merged in these works, the blinking of
the used fluorophore, i.e. PS-CFP2, could have contributed to over-counting and an
over-estimation of clustering.

Independent of the veracity of those clusters and their determined characteristics, I
performed Ripley’s K analysis on live and fixed cells as well as on activating and non-
activating bilayers.

The fact that the range of maximal clustering decreased when performing experiments
with shorter observation times or when using fixed cells, highlights the influence of
PALM-acquisition in live cells. The reciprocal dependency for the maximal value of L(r)-
r represents the suppression of the broadening of clusters by the proteins movements;
hence, fixed cells show a more pronounced clustering. Upon activation with pMHC, the
distance of maximal clustering increased slightly for both ¢ and TCRS, as did the max-
imum values of L(r)-r. Saito et al. showed micro-cluster formation of (-EGFP as early
as b seconds after first cell contact to an activating bilayer, and full cSMAC formation

after 5 — 10 minutes [128]. In the PALM images examined in my work no cSMACs were
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visible even after 20 minutes. As the potency of the pMHC-bilayer to induce Ca?* flux
was shown, the activating capability of the bilayer was assumed, however, as these two
responses could occur independently, the ability of the T cells to create a ¢cSMAC has
to be checked. Assuming this ability, the temperature of incubation after addition of
the cells to the bilayer could be responsible for the difference in time-scales between this
work and the one by Saito et al. [128]. This is supported by the fact, that Saito et al.
stated full cell spreading 60 seconds after first contact, whereas within my work, this was
observed to take longer. Due to these considerations, the incubation time of 20 minutes,
combined with incubation at room temperature and buffer temperature of 4°C could be
too short to perceive any significant differences in clustering of ( and TCRS between
activating and non-activating bilayers.

Second, high merging thresholds were chosen (d;q; = 100 nm, tge,x = 2 s). When
examining the kymographs of the images obtained with these thresholds, the temporal
clustering completely disappeared. Ripley’s K analysis still revealed clustering, however,
not in all cells any more, and to a lesser extent, i.e. larger radius of apparent clustering
and lower maximal values of L(r)-r. By this extensive merging, nevertheless, another
problem might become apparent: the under-counting of proteins. Several reasons can be
responsible for this: antibody-labelling could, due to the size of the antibody and steric
hindrance, prevent some proteins from being labelled. This issue, however, is most likely
not the case if using scFvs. When employing genetically encoded fluorescence proteins,
under-counting might be caused by other factors, e.g. a slow maturation of the used
chromophore. Considering an extreme scenario: If the maturation time of the chro-
mophore exceeds the time-span from a membrane proteins translation, the transport
to the membrane and to final endocytosis and degradation, no fluorescent signals will
be observed within the TIRF illumination field at all. Furthermore, for a complete im-
age of the protein distribution, all proteins have to be imaged exhaustively. This can
be examined by plotting the cumulative number of localisations over the frames [129].
However, these localisations might still not resemble the full population of proteins, as
some studies determined the number of photo-activated proteins to approximately only
40-60% of total proteins ([130], [131], [132]).

Third, theoretically optimal thresholds for merging were extracted by a method proposed
by Annibale et al., as explained in Section 2.4.5. Merging was applied using dark-times
of 0.35 s and 0.15 s for mEos and CAGEG635, respectively, and a d,,q; of half the pixel size
(80 nm). This method was also used by Rossy et al. to show spatial nano-clustering of
Lck [55]. When performing Ripley’s K analysis on these images, clustering to an extent

between the thresholds examined before was identified. The kymographs also revealed
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obvious elimination of temporal clustering of the localisations, thereby highlighting the
power of the above mentioned method to extract a fluorophore’s blinking characteristics,
and its successful application to eliminating clustering artefacts introduced by multiple
detection of single molecules.

Within this work the cluster analysis using increased merging parameters still revealed
clustering. The difference in maximal values of L(r)-r between ¢ and TCR} fits into
the idea of additional TCR/CD3-independent ¢ within the membrane. This free ¢ may
be responsible for the lower values of L(r)-r as it reduces the cluster-like appearance in
PALM images.

Taken together, a well-grounded selection of the merging parameters was shown to be
crucial for a reliable quantitative analysis of SMLM images. Those parameters depend
heavily on the used fluorophore and the utilized acquisition protocol. Therefore, the
Ripley’s K results as well as many published data have to be seen cautiously ([51], [55],
[58], [133]). In addition to that, several studies have been published before many of the
difficulties of data analysis have been worked out in detail, so the results on apparent

clustering derived by SMLM methods should be treated very tentatively.

4.5 Further Aspects and Outlook

Effects of the Transduction of (-mEos

The findings within this work indicate TCR/CD3-unbound ¢ within the membrane of
primary murine T cells. However, it still has to be ensured, that the differences found
in the proteins mobility, are not due to the introduction of exogenous (. This issue can
be tackled by tracking the ¢ on wild-type T cells. However, due to a lack of supply
of antibodies against the short, extracellular part of ¢, this was so far not achievable.
The introduction of (-mEos into (-deficient MA5.8 T-cells facilitates the circumvention
of a potential experimental bias caused by endogenous (. Nevertheless, possible over-
expression of the exogenous (-mFos can still not be excluded. A very recently proposed
method to overcome the issues of over-expression and possible bias by endogenous, unla-
belled proteins is based on genetic knock in modification using the CRISPR/Cas9 genome
editing system [134]. Ratz et al. demonstrated this method on three different gene loci
encoding for proteins localizing to different compartments (nucleus, cytoskeleton, plasma
membrane) in live human cells and accomplished consecutive super-resolution imaging
by using RESOLFT [135]. Still, the application of the CRISPR/Cas9 genome editing
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system takes considerably time, exceeding the life span of primary murine T cell blasts,

used in this work, hence this method is restricted to cell lines, e.g. the Jurkat cell line.

Experiments on the Interaction Kinetics of TCR/CD3 and ¢

The interaction kinetics between ¢ and the TCR/CD3 complex can be examined by a
recently developed method, using micro-patterning of antibodies printed on epoxy-slides.
Hereby, the interactions between a fixed prey protein (e.g. anti-CD3e¢) and a free mem-
brane protein (bait, e.g. () can be studied. Associations can be examined by analyzing
co-localization of the bait protein and the prey. Additionally, FRAP experiments on
patterned surfaces can further provide information on the interaction dynamics of both
proteins ([136], [137]).

Alternative Cluster Analysis

A further possibility to analyze the images in regard to clustering, and to additionally
take the over-counting directly into account within the analysis, can be provided by the
application of the pair-wise correlation function as described, e.g. in [138] and [139].
The PCF analysis yields values for clustering at specific distances, whereas Ripley’s K
analysis returns integral values for clustering of up to certain distances, thus introducing
a bias towards larger cluster sizes. With PCF, however, an excellent sample fixation has
to be ensured, as short-distance movements would be mistaken as clustering, instead of

getting rid of the erroneous over-counting.

Other Influences on the Mobility of TCR, CD3 and (

The dependency of the mobility of TCR, CD3 and ¢ on intracellular Ca?* concentration,
as well as on the possible association of either of the parts to the Actin cytoskeleton, as
shown by Dushek et al. [123], is a further aspect of great interest. A decrease in the
TCR/CD3 mobility on Ca?* increase was shown and could be linked to the complex

becoming associated to Actin.
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Abbreviations

AIDS

AOM

APC

BCR

CD

CDF

CRAC

cSMAC

DAG

DMEM

dSTORM

EGFP

EMCCD

ER

FBS

FCS

FCS

FN

Acquired Immune Deficiency Syndrome
Accusto-optical Modulator

Antigen Presenting Cell

B Cell Receptor

Cluster of Differentiation

Cumulative Density Function

Calcium Release-Activated Calcium Channels
central Supramolecular Activation Cluster
diacylglycerol

Dulbecco’s Modified Eagle Medium

direct Stochastic Optical Reconstruction Microscopy
Enhanced Green Fluorescent Protein
Electron Multiplying Charge-Coupled Devices
Endoplasmic Reticulum

Fetal Bovine Serum

Fetal Calf Serum

Fluorescence Correlation Spectroscopy

Fibronectin
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FRAP
FRET
GFP
HBSS
HIV
ICAM
Ig
IgG
IL-2
1P;
ITAM
LAT
LB
Lck
LFA-1
LS
mEos
MHC
MLE
MUW
NA
NFAT

Ni-DOGS

Fluorescent Recovery After Photobleaching
Forster Resonance Energy Transfer

Green Fluorescent Protein

Hank’s Balanced Salt Solution

Human Immunodeficiency Virus
intercellular adhesion molecules
Immunoglobulin

Immunoglobulin G

Interleukin-2

inositol 1, 4, 5-triphosphate
Immunoreceptor Tyrosine-based Activation Motif
Linker of activated T cells

Lysogeny Broth

lymphocyte-specific protein tyrosine kinase
leukocyte functional antigen-1
Least-Squares

monomeric Eos

Major Histocompatibility Complex
maximum likelihood estimation

Medical University of Vienna

Numerical Aperture

Nuclear Factor of Activated T-cells

Nickel chelated 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)

iminodiacetic acid)succinyl]
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PA
PAMP
PBS
PFA
PICS
PIP,
PLC-
pMHC
POPC
PS-CFP2
PSF
pSMAC
ROI
scFv
SIM
SLP-76
SMLM
SMT
SNR
sptPALM
STED
STORM
TCM

TCR

Positional Accuracy

Pathogen-Associated Molecular Patterns
Phosphate Buffered Saline

Paraformaldehyde

Particle Image Correlation Spectroscopy
phosphatidylinositol 4, 5-bisphosphate
phospholipase C-

peptide-Major Histocompatibility Complex
1-Palmitoyl-2-oleoylphosphatidylcholine
Photo-Switchable Cyan Fluorescent Protein

Point Spread Function

peripheral Supramolecular Activation Cluster
Region of Interest

single-chain variable fragment

Structural Illumination Microscopy

SH2 domain-containing leukocyte protein of 76kDa
Single-Molecule Localization Microscopy

Single Molecule Tracking

Signal-to-Noise Ratio

single particle tracking Photoactivatable Localization Microscopy
Stimulated-Emission-Depletion Fluorescence Microscop
Stochastic Optical Reconstruction Microscopy

T Cell Medium

T Cell Receptor
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TIRF Total Internal Reflection Fluorescence

Uv Ultraviolet
YFP Yellow Fluorescent Protein
ZAP-70 (-chain-associated protein kinase 70
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