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Zusammenfassung

T-Zellen sind Teil unseres adaptiven Immunsystems und fiir die Erkennung von Antigenen in
unserem Korper verantwortlich. Durch Binden des T-Zell Rezeptors (TCR) an ein Antigen,
welches durch den Haupthistokompatibilitdtskomplex (MHC) an der Zellmembran von antigen-
prasentierenden-Zellen (APC) prasentiert wird, werden T-Zellen aktiviert. Gemaf: dem
kinetischen Segregationsmodell der T-Zell-Aktivierung spielt die Topographie der
immunologischen Synapse eine grofée Rolle im Antigen-Erkennungsprozess. Aufgrund von
Grofdenausschlusseffekten beeinflusst die Topographie der Synapse die Rezeptorbindungsraten
und die Segregation von Proteinen. Daher ist es wichtig, die 3D-Topographie der Synapse mit
hoher Prazision zu bestimmen. Aktuelle Methoden liefern nur recht grobe Bilder der
Proteinverteilung innerhalb der Synapse. Dariiber hinaus ist die Erfassung der Verteilung von
Proteinen in allen drei Dimensionen noch herausfordernder als in zwei, da die Auflésung entlang
der optischen Achse von Mikroskopen gering ist.

Wir haben eine 3D-Superauflosungsmethode entwickelt, die stochastische optische
Rekonstruktionsmikroskopie (STORM) mit defokussierter Mikroskopie kombiniert, welche
Effekte der Fluoreszenzemission im superkritischen Winkel auf die Form der Punktbildfunktion
ausnutzt. Die Methode lasst sich leicht in fiir die Einzelmolekiil-Lokalisationsmikroskopie
ausgestatteten Aufbauten implementieren. Wir haben das Arbeitsprinzip an einer Reihe
verschiedener Proben mit bekannter Struktur validiert, wie z. B. fluoreszenz-beschichtete
Glaskugeln, 30 nm lange DNA-Origami-Nanostrukturen und Kernporenkomplexe, und konnten
die zugrunde liegenden Strukturen erfolgreich auflosen.

Schlief3lich haben wir die Methode auf T-Zellen angewandt, um die rdumliche Organisation des
T-Zell-Rezeptors innerhalb der Synapse zu untersuchen. Experimente wurden an hybriden
Synapsen zwischen primaren T-Zellen und funktionalisierten Lipidmembranen durchgefiihrt.
Wir erreichten eine isotrope Lokalisierungsprazision unter 15 nm. Wir quantifizierten die
Membranfluktuationen auf der T-Zelle sowie den Abstand des TCRs in Bezug auf die
Lipidmembran. Unsere Daten zeigen durchschnittliche Abstinde von 18 nm bis 31 nm fiir
aktivierende bzw. nicht-aktivierende Lipidmembranen. Zusatzlich korrelierten wir die 3D-
Superauflosungsbilder mit beugungsbegrenzten Bildern der Immunsynapse, die durch
Interferenzreflexionsmikroskopie zur Kreuzvalidierung der beiden Techniken erhalten wurden.
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Abstract

T cells are part of our adaptive immune system and are responsible for recognition of antigens in
our bodies. T cell activation is triggered upon binding of the T cell receptor (TCR) to the major
histocompatibility complex loaded with antigenic peptide (pMHC), which is presented on the
surface of antigen presenting cells (APC). According to the kinetic segregation model of T cell
activation, topography of the immunological synapse plays a large role in the antigen recognition
process. The synapse topography affects receptor binding rates and the mutual segregation of
proteins due to size exclusion effects. It is hence important to determine its 3D topography with
high precision. Current methods provide only rather coarse images of the protein distribution
within the synapse. Moreover, capturing the distribution of proteins in all three dimensions is
even more challenging as the resolution along the optical axis of microscopes is lower.

We have developed a 3D super-resolution method that combines stochastic optical
reconstruction microscopy (STORM) with defocused imaging which exploits effects of the
supercritical angle fluorescence on the shape of the point spread function. The method is easily
implementable in setups already equipped for single molecule localization microscopy. We have
proven the working principle on a number of different samples with known ground truth, such
as fluorescently coated glass spheres, 30 nm long DNA origami nanorulers and Nuclear Pore
Complexes, successfully resolving the underlying structures.

Finally, we have applied the method to T cells to study the spatial organization of the T cell
receptor within the synapse. Experiments were performed on hybrid synapses between primary
T cells and functionalized glass-supported lipid bilayers. We achieved isotropic localization
precision below 15 nm. We quantified membrane fluctuations and the cleft size within the
synapse by mapping the position of the TCR with respect to the supported lipid bilayer. Our data
show average distances of 18 nm up to 31 nm for activating and non-activating bilayers,
respectively. Additionally, we correlated the 3D superresolution images with diffraction limited
images of the immune synapse obtained by interference reflection microscopy for cross-
validation of the two techniques.
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Chapter 0 Preface

Motivation of the research

Fluorescence microscopy has been widely used over the past decades to address questions in
molecular and cell biology. The main advantage of fluorescence over other microscopy techniques
is its selectivity and sensitivity, as one can label a specific protein of interest and detect it in small
concentrations among a plethora of other unlabeled proteins (Lakowicz 2013). Especially with
the advance of sensitive cameras capable of detecting only few photons, it has become possible
to observe the sample at the single molecule level. The single molecule approach brings the
advantage of analyzing individual proteins, and not only averaging over the entire population,
enabling to study local processes and heterogeneities in living cells (Moerner and Fromm 2003).
For example, brightness of the single molecules can be used to learn about protein stoichiometry
(Moertelmaier et al. 2005). Forster resonance energy transfer allows to sensitively measure
distances between two molecules on the scale of a few nanometers and characterize their
interaction lifetimes (Roy, Hohng, and Ha 2008; Huppa, Axmann, Mortelmaier, et al. 2010).
Furthermore, the position of single molecules can be determined with a much better precision
than the diffraction limit, allowing for super-resolution microcopy (Rust, Bates, and Zhuang
2006). Finally, tracking of single proteins over time allows to learn about its diffusional behavior
(Schmidt et al. 1996).

Our group has been developing and applying fluorescence microscopy techniques to
address various aspects of early T cell signaling. T cells play a major role in adaptive immunity by
recognizing infected or tumor cells in the body and by mounting an effective immune response
against them. Understanding their function is therefore essential for understanding diseases of
the immune system and for designing novel immunotherapies. Despite a great effort in the past
decades, fundamental questions related to the first steps of T cell activation have remained
unanswered (Courtney, Lo, and Weiss 2018). Especially, the unprecedented sensitivity and
selectivity with which the T cell receptor (TCR) recognizes its antigenic peptide bound to Major
Histocompatibility Complex (pMHC) on the surface of antigen presenting cell (APC) is not fully
understood. There are several models which partially explain some of the observed phenomena,
but a model providing a comprehensive picture is still missing (Platzer and Huppa 2020).

Studying T cell - APC interactions with high spatial resolution is challenging due to the
random orientation of the cell - cell contact in respect to the optical axis. Therefore, supported
lipid bilayers (SLBs) equipped with stimulatory and adhesion proteins are often used as mimicry
of the APC surface (Groves and Dustin 2003). These artificial systems offer simplification of the
imaging geometry but still preserve the main characteristics of the T cell activation such as
increase of the intracellular calcium, formation of a supramolecular activation cluster and release
of cytokines. Since the immune synapse formed between the T cell and the SLB is in a close
proximity to the coverslip, this setting facilitates the use of total internal reflection fluorescence
(TIRF) microscopy to boost the signal of single molecule fluorescence and to suppress the cellular
background.

Up to this point, most fluorescence microscopy investigations on T cells were carried out
in two dimensions (2D), as it would be inherently more difficult to capture the z direction.
However, cells are three-dimensional (3D) objects and measurements of the 2D projections might
lead to misinterpretation of the results. For example, a molecule diffusing along a microvillus in z
direction would appear as immobilized in 2D projection (Adler et al. 2010). Furthermore, 3D
information is required to study the topography of cells. Recent studies suggest an important role
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of microvilli in the first steps of T cell activation as they form initial contacts between T cells and
APCs (Cai et al. 2017). Furthermore, the topography of the immunological synapse influences
receptor-ligand binding rates and promotes segregation of different receptor-ligand pairs due to
their size. (Weikl et al. 2009). This is emphasized in the kinetic segregation model of T cell
activation (Davis and van der Merwe 2006). Here, the TCR-pMHC binding leads to the formation
of tight contacts with a distance of 15 nm between T cell and APC and results in the exclusion of
the bulky tyrosine phosphatase CD45, thereby promoting T cell activation.

In contrast, contacts mediated by adhesion molecules, lead to only slightly larger
distances of ~40 nm. To study such small distance differences, state-of-the-art techniques with
high spatial resolution need to be implemented. SMLM has been commonly used to resolve
structures in 2D on the scale of 20-50 nm (Lelek et al. 2021). However, achieving high and
isotropic localization precision in all three dimensions is challenging and often comes with the
cost of high complexity of the experimental setup. Common techniques include astigmatic or
biplane imaging, point spread function engineering, interference or supercritical angle
fluorescence-based methods (von Diezmann, Shechtman, and Moerner 2017). These methods
differ from each other in the achievable localization precision and the applicable z range.

An advantage of using SLBs is that fluorophores close to the coverslip emit supercritical
angle fluorescence (SAF) which is highly dependent on the distance of the fluorophore to the
coverslip. The SAF contribution can be exploited in order to boost the achievable localization
precision along the optical axis. By splitting the optical path and separating the SAF component
from the rest of the signal, similar localization precision could be obtained along the optical axis
as in the lateral plane (Bourg et al. 2015; Deschamps, Mund, and Ries 2014). This setting is
however not ideal as it requires a more complex two channel imaging path, and separation of the
SAF component which is connected with losses of fluorescence signal. Therefore, a novel method
that optimally leverages the SAF effect is needed.

Topography of the immune synapse can be also studied via interference reflection
microscopy (IRM) which is diffraction-limited in the lateral direction but very sensitive in z. The
method relies on the interference of light beams reflected from the coverslip-buffer and buffer-
membrane interface and the resulting brightness of the images relates to the distance of the
membrane to the coverslip. However, quantitative studies in cells are hampered due to problems
with titled membranes, multiple membrane layers and higher order interference
maxima/minima (Limozin and Sengupta 2009). Cross-validation of the IRM with 3D SMLM would
be useful to clarify the extent of these problems and the reliability of IRM images in reporting on
the true distances.

Knowing the topography of the immune synapse would also help to clarify the physical
reason for the observation of TCR microclusters in TIRF upon T cell activation (Campi, Varma,
and Dustin 2005). It has been recently proposed that TCR microclusters start as contact points
between T cells microvilli and the SLB and their observed brightness could be a consequence of
proximity of these regions to the coverslip in exponentially decaying excitation and not the
molecular enrichment (Cai et al. 2017). Measuring the z position of the microclusters in the TIRF
field would enable to quantify this contribution and disentangle it from the contribution caused
by the molecular enrichment.

In summary, based on the above-mentioned research motives, this thesis had several
goals. The first goal was to develop a method that efficiently exploits the effect of SAF on the
localization precision in a simple single channel setting without the need of SAF separation. Such

3
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implementation would facilitate the use 3D SMLM on any microscopy setup already equipped for
a 2D SMLM and would therefore be highly beneficial for the community. The second goal was to
apply the method to precisely map the 3D positions of the TCR within the immunological synapse
in activating and non-activating conditions and measure the synaptic cleft size to identify the tight
contacts. The third goal was to closely characterize the TCR microclusters and disentangle the
molecular enrichment from the brightness increase due to their proposed proximity to the
coverslip. Finally, the fourth goal was to correlate the 3D SMLM data of the T cell topography with
IRM images to study how well can these images be used to report on the distances between the
cells and SLBs.
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Chapter 1 Background

1.1 Immunology

Our bodies are constantly under attack of pathogens including viruses, bacteria, fungi and
parasites. Yet, thanks to our immune system, we only rarely get sick. The immune system is a
fascinating machinery of several organs, tissues and billions of individual cells working together
in an orchestrated way to defend the organism against pathogens and tumors. Its two main
components are innate and adaptive immunity (Figure 1). The innate immunity forms the first
line of defense. It is composed of anatomical barriers, specialized phagocytic cells and the
complement system. It can respond quickly to an infection but is limited in the variety of
pathogens it can recognize. On the other hand, the adaptive immunity is able to specifically target
any antigen possible, due to its huge repertoire of antigen specific receptors. It has two major
ways of function: humoral immunity provided by B lymphocytes producing antibodies and cell-
mediated immunity provided by T lymphocytes. The response of the adaptive immunity is,
however, slower and it takes a couple of days until it can effectively combat the pathogen.
Nevertheless, once infected with a pathogen, the adaptive immunity also develops an
immunological memory which helps the body to react quickly to future reinfections.

In this chapter, [ provide an overview of the components and functions of the innate and
adaptive immune system and their interplay when combating infection by pathogens. For a more
detailed reading I recommend Janeway’s Immunobiology and Cellular and Molecular
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Figure 1: Overview of the Imnmune system. The immune system has two main components: Innate and
adaptive immunity. Innate immunity is composed of epithelial barriers, specialized phagocytic and
effector cells and the complement system. The response of the innate immunity is initiated quickly
after infection. Adaptive immunity is composed of B and T lymphocytes. B lymphocytes produce
antibodies against specific antigens. T lymphocytes differentiate into effector T cells with cytotoxic or
helper activity. The response of the adaptive immunity is initiated later in the infection. Taken from
(Abbas, Lichtman, and Shiv 2015).
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Immunology, which are two excellent sources for the immunological background (Murphy and
Weaver 2016; Abbas, Lichtman, and Shiv 2015). Later [ will focus in more detail on T cells and the
T cell receptor, which are the main subjects of this thesis. I review different models of T cell
activation and studies, which attempt to explain the role of immunological synapse topography
in early T cell signaling.

1.1.1 Innate immune system and its function

A first and very effective way of the innate immune system to stop pathogens from entering the
organism are anatomical barriers such as skin and mucosal surfaces. In addition to posing a
physical barrier to pathogens, mucosal surfaces also produce antimicrobial proteins which act as
natural antibodies and further inhibit the possibility of pathogens to invade the body. This
strategy of the immune system is called avoidance and prevents the infection in the first place
(Murphy and Weaver 2016).

However, if the barriers are breached and pathogens succeed in invading the organism,
different components of the innate immune system come into play. These breaches are often
accompanied by inflammatory inducers, which are molecules normally not present in the host,
such as molecular components of bacteria and viruses, bacterial lipopolysaccharides or
extracellular ATP. These substances alarm the cellular response of the innate immune system.
There are several types of innate immune cells present in the organism including macrophages,
dendritic cells, neutrophils, eosinophils, basophils and mast cells. Macrophages and dendritic
cells are phagocytic cells, which can engulf the pathogens into intracellular vesicles and destroy
them by fusing the vesicles with lysosomes or cytoplasmic granules containing degradative
enzymes (Figure 2). Macrophages are rather large cells which are commonly present in almost
all tissues. Apart from phagocytosis, they are important in orchestrating the immune response by
production of inflammatory mediators, which activate other immune cells or attract them to the
site of infection. Dendritic cells are also phagocytic cells which engulf particulate matter and
ingest large amounts of extracellular fluids by a process called micropinocytosis. Their main role,
however, is not the killing of the pathogens but their degradation into small parts, which are later

B KA RN
Phagocytosis and activation of bactericidal mechanisms Antigen uptake in peripheral sites
Antigen presentation Antigen presentation

Figure 2: Macrophages and dendritic cells are phagocytic cells of the innate immune system. They
play an important role in antigen presentation. The figure shows a schematic and a microscopy
image of the macrophage and the dendritic cell. Taken and adapted from (Murphy and Weaver
2016).
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Chapter 1 Background

presented to the cells of the adaptive immune system. The molecules capable of inducing an
immune response are called antigens and therefore dendritic cells are often called professional
antigen presenting cells (Murphy and Weaver 2016).

Additional support to the cellular innate immune system is provided by a variety of
roughly 30 proteins forming the complement system. Its role is to recognize pathogens present
in the extracellular space and to tag them for easier ingestion by the phagocytic cells of the innate
immune system, or to directly destroy them by forming pores in their membranes (Abbas,
Lichtman, and Shiv 2015).

To distinguish between pathogens and host cells, cells of the innate immune system use a
limited number of receptors called pattern recognition receptors (PRRs), which recognize
common patterns or molecules present on the pathogens. These receptors often target molecules
which have been preserved during the evolution and don’t change significantly. The target group
of molecules include mannose-rich oligosaccharides, peptidoglycans, lipopolysaccharides of the
bacterial cell wall and unmethylated CpG DNA, which is common to many pathogens (Murphy
and Weaver 2016).

Many mediator molecules are produced by the activated cells of the innate immune
system in order to alarm other cells and induce inflammation at the site of the infection. These
inflammatory mediators can be divided into two main categories: cytokines and chemokines.
Cytokines are a large group of proteins secreted by the immune cells whose role is to affect the
behavior of the nearby cells with complementary receptors. Typically, they induce or enhance the
effector functions of the target cells. Chemokines are chemoattractants, responsible to attract
other immune cells such as neutrophils and monocytes to the site of the infection (Murphy and
Weaver 2016).

1.1.2 Adaptive immune system and its function

Even though the innate immune system is a powerful weapon against pathogens, it is limited in
the number of antigens it can recognize, and therefore some pathogens succeed to establish a
lasting infection. However, our bodies evolved the adaptive immune system which can target
arbitrary antigens it encounters thanks to antigen-specific receptors. There are two main
categories of adaptive immune cells responsible for the humoral and cell-mediated immunity: B
lymphocytes, also called B cells, and T lymphocytes, also called T cells (Figure 3) (Abbas,
Lichtman, and Shiv 2015).

The name B cells comes from bone marrow, which is the place where B cells originate and
mature. B cells carry a B cell receptor (BCR) on their surface which can be also secreted in the
form of antibodies. Antibodies are also known as immunoglobulins, so the BCR is sometimes
called membrane or surface immunoglobulin. When an antigen binds to its specific BCR on the
surface of a naive, antigen unexperienced B cell, the B cell activates, proliferates, and
differentiates into a plasma cell. Plasma cells are the effector cells of the B cells which produce
large amounts of antibodies which can bind to their specific antigens found in the extracellular
space (Murphy and Weaver 2016).

There are three main effector roles of antibodies. First, antibodies simply bind to the
surfaces of extracellular pathogens, making it difficult for them to interact with or enter the host
cells. This is called neutralization and is very effective against viruses and bacterial toxins. Second,
by coating the surfaces of extracellular pathogens, antibodies facilitate the recognition of the
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Figure 3: Overview of adaptive immunity. B lymphocytes are responsible for reacting to extracellular
pathogens by secreting antibodies with neutralizing effects. T cells aim at intracellular microbes by
killing the infected cells or activating macrophages to kill the phagocytosed pathogens. Taken from
(Abbas, Lichtman, and Shiv 2015)

pathogen by cells of the innate immune system. This effect is called opsonization. Third, many
proteins of the complement system recognize constant regions of antibodies. This leads to
complement activation where the bacteria can be directly destroyed by the complement system
or tagged for further phagocytosis (Abbas, Lichtman, and Shiv 2015).

T cells originate in the bone marrow but mature in the thymus. They carry a membrane
protein called T cell receptor (TCR). The T cell receptor is related to immunoglobulins but is quite
different in its structure and function. There is also no secreted version of the T cell receptor. The
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TCR is only capable of binding to its antigen when the antigen is already bound to a major
histocompatibility complex (MHC) molecule on the surface of antigen presenting cells. Therefore,
the main role of T cells is to identify whether other cells contain their specific antigen. There are
three subtypes of T lymphocytes which differ in their effector function. Cytotoxic T cells - also
called CD8+ T cells for expressing the CD8 co-receptor - Kkill cells which are infected by an
intracellular pathogen which carries their specific antigen. Helper T cells - also called CD4+ T
cells for expressing the CD4 co-receptor - activate macrophages to destroy phagocytized
pathogens or activate B cells to produce antibodies. Regulatory T cells inhibit the function of other
lymphocytes in order to control the extent of the immune response and prevent damage to the
host. Eventually, some B and T cells differentiate into memory cells after activation, which is the
reason for immunological memory (Murphy and Weaver 2016).

As mentioned, the antigen presentation to the T cells is closely associated with MHC
molecules. There are two types of MHC molecules: MHC class [ and MHC class II. MHC class I can
interact with the TCR and the CD8 co-receptor expressed on the surface of cytotoxic T cells. It is
therefore expressed on cells of almost all tissues. MHC class II can interact with TCR and CD4 co-
receptors on the surface of helper T cells. They are expressed mainly on dendritic cells,
macrophages and B cells. Dendritic cells presenting a specific antigen to helper T cells activate
the T cells to proliferate and produce cytokines. Macrophages and B cells presenting the antigen
can be activated by helper T cells to kill the intracellular pathogens or produce antibodies
(Murphy and Weaver 2016).

The structure of antibodies and the T cell receptor is quite distinct but shares some
similarity (Figure 4). Antibodies have two functionally distinct parts: a constant and a variable
region. The constant region, or Fc, can take only five different forms based on five different classes
of antibodies. This region can be easily recognized by the cells of the innate immune system, for
which they carry corresponding receptors. The variable region, or Fv, on the other hand, can take
a vast number of forms which allows it to bind to an equally vast number of antigens. Practically,
for virtually every antigen molecule there exists an Fv which can bind to it. From the structural
point of view, antibodies are composed of two identical heavy chains and two identical light
chains. The variable regions of one light and one heavy chain together form an antigen-binding

Schematic structure of an antibody molecule Schematic structure of the T cell receptor
variable a« P
region
(antigen- M variable region
binding site) (antigen-binding site)

constant region

constant region
(effector function)

Figure 4: Schematic structure of an antibody molecule and the T cell receptor. An antibody molecule
consits of a constant and a variable region with two antigen-binding sites. The T cell receptor is
composed of a constant and a variable region with only one antigen-binding site. The T cell receptor
resembles a fragment of the antibody molecule. Taken and adapted from (Murphy and Weaver 2016).
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site which determines the antigen-binding specificity of the antibody. Since the two heavy and
the two light chains are identical, the full molecule of the antibody provides two identical antigen-
binding sites. Contrary to that, the T cell receptor is composed of two non-identical chains, an a
and a 8 chain, each of which has a variable and a constant region. The variable regions of the two
chains together form one antigen-binding site (Murphy and Weaver 2016).

Every B and T cell carries a receptor with a specific antigen specificity which is
determined by the variable regions. Antigen-receptor genes are assembled by somatic gene
rearrangements from incomplete receptor gene segments. In this way, a small number of gene
segments can give rise to a huge number of different antigen-receptors. In addition to this
combinatorial diversity, other mechanisms of adding or deleting nucleotides during the gene
segment joining provides further junctional diversity. Moreover, every antigen-recognition site is
composed of two variable regions which arise from independent gene rearrangements. Since the
above-mentioned process of gene recombination is to a large extent random, it is common that
self-reactive antigen-receptors are produced. If not taken care of, such cells would end up
attacking the host itself. Therefore, lymphocytes that show any reactivity to the host tissue during
the maturation process in the bone marrow or the thymus are removed from the final lymphocyte
receptor repertoire in a process called clonal deletion. Only this can ensure the reactivity of the
remaining lymphocyte clones only to foreign substances coming from pathogens or tumors
(Murphy and Weaver 2016).

The final number of different antigen-receptors in the repertoire of a human being is
estimated to 108. However, for every antigen there are only a few hundred cells in our body
capable of responding to it. In order to provide a strong immune response, after binding of the
antigen to its respective antigen-receptor, the lymphocyte activates and undergoes many rounds
of division. The progeny then contains the same clone of the antigen-receptor that can further
recognize the antigen. This process is called clonal expansion.

Lymphocytes can be commonly found circulating in the blood or being present in the
lymphoid organs. There are two types of lymphoid organs: central or primary and peripheral or
secondary lymphoid organs. Central lymphoid organs involve bone marrow and thymus, the
places where the lymphocytes originate or mature. The peripheral lymphoid organs include
lymph nodes, spleen, and many mucosal tissues. Lymphatic vessels interconnect the different
lymph nodes into a large network. The peripheral lymphoid organs contain large amounts of
mature lymphocytes waiting to encounter their antigen. After infection, dendritic cells are
triggered to migrate into the peripheral lymphoid organs in order to present the antigen to the T
cells. Also B cells encounter their antigens in this place but need an additional stimulation from T
cells in order to fully activate. The peripheral lymphoid organs are therefore places where the
adaptive immune response is initiated (Murphy and Weaver 2016).

[tis therefore evident that the effector mechanisms of adaptive immunity strongly depend
on and involve components of innate immunity. Adaptive immunity brings, however, specificity
in the fight against pathogens. Additionally, since some activated lymphocytes differentiate into
memory cells, adaptive immunity provides immunological memory which ensures that the same
pathogen will be recognized much quicker in a subsequent infection.

11
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1.1.3 Antigen recognition by T cells

Every T cell carries a special clone of the TCR; in total there are around 30 000 TCR molecules per
cell (Murphy and Weaver 2016). Most T cells express aff TCRs, which are heterodimers of TCRa
and TCRp chains. There is a minor population of T cells which carry y6 TCRs and have different
antigen recognition properties, which are still not fully understood (Nielsen, Witherden, and
Havran 2017). Both a and B chains consist of a variable region, a constant region, a short stalk
segment, a transmembrane region, and a short cytoplasmic tail (Figure 5). The two chains are
connected via disulfide bonds in the stalk segment. The two variable regions form the antigen-
binding site at the tip of the TCR. At this place, hypervariable loops of amino acids form
complementarity-determining regions (CDRs), which determine the binding specificity of the
TCR (Dong et al. 2019; Murphy and Weaver 2016).

On the membrane of T cells, the T cell receptor is part of alarger TCR-CD3 complex, where
TCR is responsible for antigen recognition and CD3 for signaling (Meuer et al. 1983; Oettgen et al.
1986) (Figure 5). The CD3 complex consists of CD3y, CD3§, CD3¢ and ¢ chains. It is thought that
the a chain of the TCR interacts with a CD38:CD3¢ heterodimer and a CD3¢:CD3( homodimer,
while the B chain of the TCR interacts with a CD3y:CD3¢ heterodimer. The intracellular parts of
the CD3 chains carry immunoreceptor tyrosine-based activation motifs (ITAMs), whose
phosphorylation is the first step in the T cell signaling. Each TCR-CD3 complex carries 10 ITAMs,
one for each vy, 6, and € chain and three for each  chain (Dong et al. 2019; Murphy and Weaver
2016).

The TCR recognizes its antigen in a different way than antibodies do. Antibodies bind to a
specific location on the surface of the antigen molecule called epitope. For the T cell receptor, the
antigenic protein has to be unfolded and only a small peptide is loaded on the major
histocompatibility complex (MHC) molecule for interaction with the TCR. Therefore, the T cell
receptor recognizes amino acid sequences that can be buried deep in the tertiary structure of the
antigen protein (Abbas, Lichtman, and Shiv 2015).

a TCR b
——

recognition

TCRp m
CD3ym
CD3pm

Intraceliular

sign'aling

Figure 5: Structure of the TCR-CD3 complex. A schematic of the TCR-CD3 complex with TCRa, TCRE,
two CD3e, CD3y, CD36 and two { chains with ITAMs indicated in yellow in (a). Cryo-EM structure of the
TCR-CD3 complex in (b). Taken and adapted from (Dong et al. 2019; Murphy and Weaver 2016)
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There are two classes of MHC molecules, MHC class I and MHC class II (Figure 6). MHC
class I is composed of two polypeptide chains, the a chain and the 32-microglobulin. The « chain
is anchored to the membrane and is formed by three domains a1, az and as. The fourth domain of
the MHC class [ molecule, the 32-microglobulin, is non-covalently associated with the a chain. The
a1 and o domains together form the peptide-binding cleft. MHC class II is composed of two
polypeptide chains a and 3, which interact non-covalently with each other and are anchored both
to the membrane. In the case of MHC class II, the binding-cleft is formed by a; and : domains.
MHC molecules are highly polymorphic and they vary especially at the site of the binding-cleft,
which means that different individuals will have MHC molecules able to bind different sets of
peptides (Murphy and Weaver 2016).

The binding-cleft of MHC must be able to facilitate binding of a large variety of different
peptides. MHC class I can bind peptides that are composed of 8 to 10 amino acids. The two main
anchor points are the amino and the carboxy termini of the peptide. The binding-cleft also
provides additional anchor points for the peptides. In the case of MHC class II, the binding grove

a b

peptide-binding peptide-binding
cleft cleft

B4

B,-microglobulin B2

Figure 6: Schematic structure of MHC class | (a) and MHC class Il (b) molecules. Peptide binding clefts
of MHC class | and class Il molecules with an inserted peptide (red) in (c) and (d). Taken and adapted
from (Murphy and Weaver 2016)
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can accommodate peptides which are at least 13 amino acids long and there is no upper limit
(Murphy and Weaver 2016).

The T cell receptor doesn’t only interact with the peptide but also with parts of the MHC
molecule. Therefore, the specificity of the T cell recognition involves both the peptide and the
MHC molecule. This defines the MHC restriction of the T cell responses; T cells respond differently
to the same peptide presented by different MHC molecules (Murphy and Weaver 2016).

The different classes of MHC additionally provide binding sites for co-receptors that are
expressed on the surface of T cells, and their binding is required to produce an effective response
to antigen. Cytotoxic T cells express the CD8 co-receptor, which recognizes MHC class 1. CD8 is a
heterodimer of o and 8 chains which consist of one Ig like domain and are linked together by a
disulfide bond. CD8 is anchored to the membrane via a long peptide that is extensively
glycosylated in order to keep the co-receptor in the extended conformation and protects it against
proteases. The CD8 co-receptor binds weakly to the oz subunit of MHC class I.

Helper T cells express the CD4 co-receptor which recognizes MHC class II. CD4 is a single
chain protein formed by four Ig-like subunits grouped in two parts that are connected with a
flexible hinge region. It binds weakly to a hydrophobic region formed between the a; and 3,
domains of MHC class II. Both CD4 and CD8 co-receptors are able to bind the kinase Lck at their
cytoplasmic tails, which is important in the activation of T cells.

MHC class I and II acquire their peptides in different compartments of the cells, which
reflect their functionality. MHC class I presents peptides from proteins that are produced in the
cytosol, such as during viral infection of the cell. The viral proteins are degraded by proteasomes
in the cytosol, transported to the endoplasmic reticulum and loaded on MHC class [ which is
synthesized in this location. From there, stable pMHC (peptide:MHC) complexes are transported
to the membrane for presentation to cytotoxic T cells. MHC class II is also synthesized in the
endoplasmic reticulum but is not loaded with peptides there. Instead, a CLIP protein is inserted
to block the peptide-binding cleft. These complexes are then transported to an acidic endosomal
compartment where the CLIP dissociates and peptides that entered the vesicular compartments
can bind. MHC class II molecules therefore present peptides from proteins that have been
phagocytosed by macrophages, dendritic cells or B cells (Murphy and Weaver 2016).

1.1.4 T cell signaling

The exact mechanism of how the signal from binding of the TCR to the antigen gets transduced
across the membrane is still not fully understood. Here, | summarize the consensus signaling
cascade that takes part on the intracellular side. After binding of the TCR to the pMHC, the co-
receptor CD4 or CD8 can also bind the MHC molecule (Courtney, Lo, and Weiss 2018) (Figure 7).
This brings the kinase Lck, which is associated with the cytoplasmic tails of the respective co-
receptor, into close proximity with the ITAMs. Activated Lck can phosphorylate the ITAMs which
then serve as binding sites for the tyrosine kinase ZAP-70. ITAM-bound ZAP-70 can then be
phosphorylated by Lck and get activated (van Oers, Killeen, and Welss 1994; Thill, Weiss, and
Chakraborty 2016). Activated ZAP-70 phosphorylates the membrane associated scaffold protein
LAT (linker for activated T cells) and the adaptor protein SLP-76. LAT and SLP-76 are linked
together via the adaptor protein Gads and form LAT:Gads:SLP-76 complexes, which play a central
role in T cell activation (Balagopalan et al. 2010; Wange 2000). The signaling cascade is depicted
in Figure 8. Activation of ZAP-70 is also followed by recruitment and activation of Plz-kinase,
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Figure 7: Schematic structure of the TCR-CD3 (blue) complex and CD4 co-receptor (orange) binding to
peptide (red) loaded MHC class Il molecule (gray). The Lck kinase (green) associated with the CD4 co-
receptor phosphorylates ITAMs of the CD3 chains. Taken and adapted from (Murphy and Weaver
2016)

however, the mechanism of this is currently unclear. The formation of LAT:Gads:SLP-76
complexes and the activation of Plz-kinase is followed by different downstream signaling
pathways (Courtney, Lo, and Weiss 2018). Briefly, activation of PLC-y affects transcription,
activation of the kinase Akt affects metabolism, and recruitment and activation of ADAP and Vav
affects cell adhesion (Murphy and Weaver 2016).

In more detail, one of the pathways triggered by PLC-y activation results in an increase in
intracellular calcium, which further activates the transcription factor NFAT involved in the
production of the cytokine IL-2. Increase of the intracellular calcium is often considered a marker
of T cell activation (Trebak and Kinet 2019). In this pathway, the activated PLC-y catalyzes the
breakdown of the membrane lipid PIP; into lipid diacylglycerol and membrane unbound inositol
1,4,5-triphosphate (IP3). IP; diffuses through the cytosol and opens calcium channels on the
membrane of the endoplasmic reticulum (ER) and enables the release of ER-stored calcium. The
decrease in the ER calcium levels triggers aggregation of STIM1 which then interacts with a CRAC
channel on the plasma membrane. Opening of the CRAC channels allows entry of extracellular
calcium and replenishment of the ER calcium levels (Murphy and Weaver 2016).

One of the proteins involved in the regulatory pathway of T cell activation is the tyrosine
phosphatase CD45 (Koretzky et al. 1991). CD45 belongs to the most abundant proteins in the T
cell plasma membrane and has both positive and negative regulatory roles in T cell activation
(Courtney, Lo, and Weiss 2018). The positive regulatory role of CD45 lies in the
dephosphorylation of Lck on its inhibitory C-terminal tail (Mustelin, Coggeshall, and Altman
1989). In the loss of CD45 activity, Lck is hyperphosphorylated on this place, which leads to its
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Figure 8: Scheme of signaling events that result from a productive binding of the T cell receptor to
antigenic peptide:MHC. The kinase Lck phosphorylates ITAMs on the CD3 chains, which leads to
recruitment and activation of ZAP-70. This leads to phospohorylation of further downstream signaling
components and results in modified metabolism, cell adhesion and transcription. Taken from
(Courtney et al. 2018).

autoinhibition. The negative regulatory role of CD45 is caused by its ability to dephosphorylate
signaling components like the ITAMs on the TCR-CD3 complex (Furukawa et al. 1994).

1.1.5 Immunological synapse

An important step in the activation of T cells is the formation of the immunological synapse
between the T cells and antigen presenting cells (Platzer and Huppa 2020). The integrin LFA-1
on non-activated T cells binds its ligand ICAM-1 on the surface of antigen presenting cells with
low affinity. After TCR stimulation, LFA-1 undergoes a transition into a high affinity state which
helps to stabilize the cell-cell interaction. After activation, the T cell also reorganizes its actin
cytoskeleton (Fritzsche et al. 2017) which supports integrin aggregation and synapse
stabilization. In this pathway, Vav binds to membrane bound PIP; and the LAT:Gads:SLP-76
complex. This leads to recruitment of WASP and later to actin polymerization (Murphy and
Weaver 2016).

Communication between T cells and antigen presenting cells takes place within the
immunological synapse (Norcross 1984). It is also the place where the initial TCR triggering and
subsequent membrane associated reactions of the downstream signaling take place (Platzer and
Huppa 2020). Formation of the immunological synapse is strictly dependent on the recognition
of agonist pMHC and can last up to 24 hours after initial signaling (Huppa et al. 2003). Most of the
immunological synapses show the form of a bull’s eye (Monks et al. 1998), but other structures
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Figure 9: Formation of immunological synapse (IS) and the bull’s eye structure. Interaction between
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adhesion and stimulatory proteins in the IS (a). Fluorescence microscopy images of ICAM-1, TCR and
MHC molecule distributions in the IS of activated T cell (b). Schematic of the bull’s eye with cSMAC,
PSMAC and dSMAC (c). Taken and adapted from (Platzer and Huppa 2021).

have been observed as well (Thauland and Parker 2010; Fritzsche and Dustin 2018). In the bull’s
eye pattern model, shown in Figure 9, the center of the synapse called central supramolecular
activation cluster (cSMAC) is enriched in TCR, CD28 and the protein kinase PKCO. The
surrounding ring, also termed peripheral SMAC (pSMAC), is mainly enriched in LFA-1. The most
distal part of the immunological synapse, also termed distal SMAC (dSMAC), contains the bulky
tyrosine phosphatase CD45 (Grakoui et al. 1999).

Prior to the formation of a mature immunological synapse, TCR microclusters have been
observed on T cells interacting with antigen decorated supported lipid bilayers (SLBs) via total
internal reflection fluorescence (TIRF) microscopy (Campi, Varma, and Dustin 2005). These TCR
microclusters are further enriched in the signaling molecules Lck, Zap-70 and LAT, but exclude
CD45 (Su et al. 2016). They are formed a few seconds after initial contact of the T cell with SLBs
and are transported to the cSMAC via a retrograde flow of actin and microtubules (Campi, Varma,
and Dustin 2005; Fritzsche et al. 2017). Lck inhibition revealed TCR microclusters to be a result
of and not a cause for initial TCR triggering (Varma et al. 2006). TCR microclusters are thought to
serve as platforms for primary and transient signaling of T cells, while in their final destination,
the cSMAC, the signaling is largely terminated (Lee et al. 2002).

1.1.6 Models of T cell activation

Binding of the T cell receptor to an antigenic pMHC results in phosphorylation of the ITAMs on
the intracellular chains of CD3 and subsequent T cell activation. However, how the binding event
is translated into this phosphorylation is yet not fully understood and there is a number of models
that attempt an explanation (Courtney, Lo, and Weiss 2018). The most challenging phenomenon
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to explain is the extraordinary sensitivity and selectivity of the T cell receptor, as T cells are able
to recognize single antigenic pMHC molecules in a vast excess of endogenous pMHC molecules
(Huang et al. 2013; Sykulev et al. 1996; Irvine et al. 2002; Purbhoo et al. 2004). Furthermore,
there is only a small difference between foreign and self pMHC molecules when considering their
affinity and kinetics of TCR binding (Daniels et al. 2006).

Kinetic proofreading model:

The kinetic proofreading model was proposed after early experiments suggested that strongly
stimulating pMHCs exhibit a longer binding lifetime than non-stimulating ligands (McKeithan
1995). In order to explain the selectivity of the TCR, the kinetic proofreading model proposes the
existence of a number of biochemical reactions that take place before ligand unbinding to trigger
the downstream signaling cascade. Binding of self pMHC does not last sufficiently long to allow
all the necessary steps to happen. A schematic of the kinetic proofreading with co-receptor
binding is depicted in Figure 10. Furthermore, these reactions must be driven out of equilibrium,
for example by using ATP energy. That is the case for a number of phosphorylation reactions in
the initial phase of TCR signaling. On the other hand, this model doesn’t clarify the sensitivity of
T cells, as the signal from a single T cell receptor might be too weak to trigger activation. One of
the possible explanations can be a cooperativity of downstream signaling, as for example
observed in the LAT signalosome, that would amplify a weak input signal. Recent findings also
revealed that in addition to the number and kinetics of sequential signaling steps, a key
determinant of discriminatory capability is spatial localization of a minimum number of these
steps to the engaged TCR (Ganti et al. 2020).

Serial triggering model:

The model of serial TCR triggering proposes an explanation for the high sensitivity of T cells. In
this model, a single antigenic pMHC can serially bind and trigger multiple TCRs (Valitutti et al.
1995). Therefore, a small number of pMHC complexes can achieve a high TCR occupancy which

Time

High-affinity _—
p
e antigen
\

Binding

Binding

No signaling

Figure 10: Schematic of the kinetic proofreading model: High-affinity antigen provides stable TCR-
pPMHC bonds which last long enough to induce signaling. In the case of low-affinity antigen, the
dissociation of the TCR-pMHC bond occurs before the phosphorylation of CD3 cytoplasmic tails and
does not lead to signaling. Taken and adapted from (Courtney, Lo, and Weiss 2018).
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is proportional to the T cell’s biological response. However, in a contradiction to the kinetic
proofreading model, a larger off-rate would be beneficial for this model, as more TCRs could be
engaged in a given amount of time (Chakraborty and Weiss 2014). Furthermore, experimental
data suggest that there is no optimal off rate and that stronger binding promotes stimulation
(Holler and Kranz 2003).

Co-receptor binding model:

The co-receptors CD4 and CD8 were firstly thought to stabilize TCR-pMHC binding and prolong
their binding lifetime (Chakraborty and Weiss 2014). However, based on further experiments and
simulations this has not been confirmed (Huppa, Axmann, Mortelmaier, et al. 2010). Both co-
receptors have a high off-rate from their ligand MHC class [ and class II, and only CD8 has been
shown to slightly increase the binding time of TCR-pMHC class I interactions (Luescher et al.
1995; Wooldridge et al. 2005). Furthermore, CD8 has been shown to be critical for the recognition
of low affinity pMHC, but the absence of CD8 binding did not show any significant difference for
the recognition of higher affinity ligands (Laugel et al. 2007). On the other hand, it seems
reasonable to assume that the co-receptors play a role in TCR triggering as their cytoplasmic tails
are associated with the kinase Lck, and their binding to the TCR-pMHC complex recruits Lck for
phosphorylation of the ITAMs on the CD3 chains. Based on further experiments, a model has been
proposed describing the role of the co-receptors in amplification of the signal when T cells are
stimulated by a small number of antigenic pMHCs (Hoerter et al. 2013). In this model, following
TCR binding to an antigenic pMHC, Lck is recruited to the TCR complex and activated,
representing a crucial step in the kinetic proofreading mechanism. Binding of the endogenous
pMHC to the TCR is too weak to enable activation of Lck. Following the activation of Lck and
phosphorylation of the TCR’s ITAMs, the co-receptor bound to activated Lck can diffuse away and
trigger TCRs bound to endogenous pMHCs. This amplification step can be further facilitated by
the formation of TCR microclusters (Varma et al. 2006; Yokosuka et al. 2005).

Kinetic segregation model:

The kinetic segregation model is based on perturbing the balance between phosphorylation and
dephosphorylation of the TCR via segregation of the phosphatase CD45 from the signaling
complexes (Davis and van der Merwe 2006) (Figure 11). Binding of the TCR to pMHC in the
immunological synapse creates a spacing of approximately 15 nm between the two opposing
membranes (Dustin and Cooper 2000). This narrow gap is too small to accommodate CD45 and
leads to its segregation from the ligated TCRs (Chang et al. 2016). On the other hand, the kinase
Lck which has no extracellular domain retains access to TCR phosphorylation and can therefore
trigger downstream signaling.

In support of this model are experiments where the extracellular domain of CD45 was
shortened and no segregation and activation was observed (Cordoba et al. 2013). Consistently,
increasing the length of pMHC and therefore widening of the immunological synapse led to
reduced sensitivity of the T cells towards antigen (Choudhuri et al. 2005). However, some
experimental results challenge the proposed model. In a cell free model with reconstituted parts
of the TCR signaling machinery, it was shown that CD45 was excluded from LAT signaling
microclusters, suggesting that size might not be the only determinant of segregation (Su et al.
2016). Furthermore, a puzzling fact is that CD45 has a positive role on the T cell activation by
inhibiting the inactive state of the kinase Lck by its dephosphorylation (Koretzky et al. 1991).
Following this dual nature of CD45, a recent study reported the exclusion of CD45 from the tips
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Figure 11: Schematic of the kinetic segregation model: In the steady state, phosphorylation of the CD3
cytoplasmic tails by the intracellular kinase Lck is in balance with their dephosphorylation by the bulky
membrane phosphatase CD45. Binding of the TCR to pMHC brings the opposing membranes into close
proximity which results in exclusion of CD45 from this region and phosphorylation of the TCR complex
by Lck. Taken and adapted from (Courtney, Lo, and Weiss 2018)

of pMHC-engaging microvilli while the proximity of the CD45 was necessary for optimal
stimulation of T cells (Razvag et al. 2018). In conclusion, there is no doubt that kinetic segregation
takes place in the immunological synapse due to T cell scanning of the surface of the antigen
presenting cells, however, its significance in the earliest phase of TCR triggering remains unclear
(Platzer and Huppa 2020).

Conformational change model:

Probably the most straight forward model of signal transduction through the membrane would
involve a conformational change in the structure of the T cell receptor after antigenic pMHC
ligation (Figure 12). Indeed, there is supporting evidence involving a conformational change in
the A-Bloop of the o chain and H3 helix of the § chain which interact with the extracellular domain
of the CD3 (Kjer-Nielsen et al. 2003; Natarajan et al. 2017). Moreover, a conformational change
has been described on the intracellular side involving an exposure of a proline-rich sequence on
CD3e that can bind Nck and facilitate downstream signaling (Borroto et al. 2014; Gil et al. 2002).
However, the model of a mere conformational change of the TCR is in contradiction with the fact
that ligation of the TCR with a soluble antigenic pMHC does not lead to T cell activation (Xie et al.
2012). Furthermore, many crystal structures of ligated TCRs did not show significant structural
differences when compared to the free TCR (Khan et al. 2011).

ITAM sequestration model:

It has also been questioned, why phosphorylation of ITAMs by Lck does not happen irrespective
of TCR binding to pMHC. An explanation was proposed in which the positively charged
intracellular chains would interact with negatively charged lipids at the cytoplasmic leaflet of the
plasma membrane and would therefore be shielded from the access of Lck (Xu et al. 2008) (Figure
13). This model is, however, contradicted by a study where membrane shielding was prevented
in a mutant chimera and still no phosphorylation was found in the basal state (Fernandes et al.
2010). In this study, a cluster of positively charged residues in the membrane-proximal amino-
terminal region of the cytoplasmic domain of CD3€e was mutated, which reduced the association
of CD3¢ cytoplasmic domain with the membrane as detected by the FRET assay. Furthermore, the
fact that ITAMs are partially phosphorylated in the basal state of T cells also doesn’t support this
hypothesis (Van Oers et al. 1993).
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Figure 12: Schematic of conformational change model: Upon binding of the TCR to the pMHC a
conformational change occurs in the cytoplasmic region which allows for phosphorylation and
signaling. Taken and adapted from (Courtney, Lo, and Weiss 2018)
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Figure 13: Schematic of ITAM sequestration model: In the unbound state of the TCR, the ITAMs of the
CD3 cytoplasmic chains are associated with the membrane and extend to the cytoplasm upon binding
of the pMHC. Taken and adapted from (Courtney, Lo, and Weiss 2018).

Mechanosensor model:

In the context of T cells scanning the surface of APCs for antigen, forces act on bound TCR:pMHC
complexes. It is therefore conceivable that a TCR could act as a mechanosensor that is able to
distinguish between endogenous and agonist pMHC based on the forces it is experiencing (Figure
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14). It has been shown that free monomeric pMHC molecules were not able to activate T cells
unless they were anchored to a lipid bilayer (Ma et al. 2008). Furthermore, low densities of
agonist pMHC failed to activate T cells without supportive ICAM-1 mediated adhesion. More
direct evidence for the influence of pulling forces on T cell activation was provided by
experiments which involved non-agonist anti-CD3 antibody coated beads, which were pulled
across T cells via optical tweezers. In these experiments, calcium signaling was detected upon
reaching 50 pN forces (Kim et al. 2009). A model has been proposed, in which deformation of the
TCR-CD3 complex due to mechanical forces induces intracellular signaling. Indeed, T cell-exerted
forces were observed in studies involving DNA-based force sensors coupled to pMHC, showing
10-20 pN forces (Liu etal. 2016; Ma et al. 2016), and single molecule peptide-based FRET sensors,
yielding forces of up to 6 pN (Gohring et al. 2021).

Destabilization of the TCR-pMHC binding via forces might lead to an increased capacity of
the TCR to distinguish between endogenous and agonist ligands (Klotzsch and Schiitz 2013).
Experimental evidence for such mechanism was observed by (Liu et al. 2014). In this experiment,
T cells were brought into contact with pMHC functionalized beads and pulled apart. The results
led to the observation that under force the lifetime of the bond between TCR and antigenic pMHC
increased while for endogenous pMHC it decreased. Based on these experiments, it was
postulated that agonist pMHCs form ‘catch bonds’ with the TCR while the self pMHCs form ‘slip’
bonds. Catch bonds are type of bonds which become stronger upon application of an external
force and resist breaking. On the contrary, slip bonds, which represent the vast majority of
biological and chemical bonds, dissociate faster when subjected to a force (Prezhdo and
Pereverzev 2009). The structural reason behind these different bonds, however, remains
unknown (Platzer and Huppa 2020). In opposition to this model is a study where slip bonds were
found also for antigenic pMHC, indicating that catch bonds are not an intrinsic property of
antigenic pMHC-TCR interactions (Limozin et al. 2019). A consensus in the field is that forces do
act on the TCR:pMHC complexes, however, more research needs to be done to clarify their role in
the proximal TCR signaling (Platzer and Huppa 2020).

Signaling

Figure 14: Schematic of mechanosensor model: Phosphorylation of the CD3 cytoplasmic tails is enabled
after exertion of a force on the TCR — pMHC bond. Taken and adapted from (Courtney, Lo, and Weiss
2018).
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Lipid interaction model:

The role of the lipid composition of the T cell membrane has also been discussed as it may
influence the spatial organization of T cell receptor on the surface of T cells. It has been shown
that addition of cholesterol and cholesterol sulfate inhibit the phosphorylation of ITAMs through
their interaction with the 8 chain of the TCR (Swamy et al. 2016; Wang et al. 2016). According to
the study by Swamy, cholesterol locks the TCR-CD3 complex in an inactive conformation which
serves as a fine-tuning tool for T cell sensitivity. The nanoscopic lipid environment was also
argued to serve as a platform for TCR clustering. On the contrary, single molecule microscopy
studies have failed to detect TCR clustering on the membrane of resting T cells (Brameshuber et
al. 2018; Rossboth et al. 2018).

In conclusion, no single model presented up to date provides a good explanation for the
phenomena accompanying TCR triggering and T cell activation. The solution most likely lies in a
combination of the mentioned models. Especially a combination of kinetic proofreading, kinetic
segregation and mechanosensory models looks promising. Data with high spatial and temporal
resolution would be needed to address the issue at the single molecule level.

1.1.7 The role of membrane topography in T cell activation

Cell adhesion is mediated by binding of receptor molecules on one membrane to their ligands on
the opposing membrane, and thereby influences the membrane topography. In the case of a
receptor-ligand length mismatch attractive and repulsive interactions between proteins can be
observed due to changes in the overall bending energy of the two membranes. These interactions
depend mainly on the size of the receptor-ligand complexes in the adhesion zone (Weikl et al.
2009).

T cell adhesion is mediated via receptor-ligand complexes with different lengths. In this
case, the membrane curvature caused by the length mismatch is unfavorable and at critical
concentrations of different receptor-ligand complexes we can observe spatial segregation based
on the length. A good example of this segregation upon T cell adhesion is the separate patterns
formed of short length TCR-pMHC complexes and long ICAM-LFA integrin complexes (Monks et
al. 1998).In T cell adhesion, the integrin LFA-1 binds to its ligand ICAM-1 and forms a 40 nm long
trans-dimer. Much shorter trans-dimers of 15 nm are formed due to binding of TCR to pMHC as
well as CD28 to B7-1 (Dustin and Cooper 2000). After 15 to 30 minutes of spreading, a clear
separation of the two complexes with different lengths can be observed (Figure 15Aa and Figure
15B) (Grakoui et al. 1999). However, in the initial phase of cell adhesion a different pattern can
arise with small TCR clusters in the pool of integrin molecules (Figure 15Ad) or integrin
complexes concentrated in the middle and a ring of TCR surrounding it (Figure 15Ac). It is known
that active transport of TCR mediated via actin cytoskeleton rearrangement is responsible for the
final shape of the immunological synapse with TCR molecules residing in the central SMAC (Super
Molecular Activation Cluster) and integrin molecules in the peripheral SMAC (Figure 15C)
(Murphy and Weaver 2016).

Monte Carlo simulations have been used to study the segregation of TCR-pMHC trans-
dimers from LFA-1/ICAM-1 trans-dimers during cell adhesion upon conditions without active
transport. These results show that without coupling of TCR to the actin cytoskeleton, the resulting
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Figure 15: Simulated patterns in the adhesion zone for two different receptor-ligand complexes (A).
The sub-panels show: (a) the final pattern of T cell activation with central TCR domain (green)
surrounded by an integrin domain (red), (b) simulated final pattern without an active transport, (c)
and (d) show intermediate patterns for high and low TCR-pMHC concentrations. Fluorescence
microscopy image of the final pattern of the immunological synapse upon T cell activation with TCR in
red and LFA-1 in green (B). Scheme of protein segregation in the immunological synapse into central
and peripheral Super Molecular Activation Clusters (SMACs) (C). Taken and adapted from (Weikl et al.
2009; Murphy and Weaver 2016).

shape of the immunological synapse would show segregation of the complexes at the edge of the
cell (Figure 15Ab) since this situation minimizes the line tension. The intermediate patterns
within these simulations with clusters or inversed TCR and integrin patterns resemble those ones
occurring during cell adhesion at early time points. For high TCR-pMHC concentrations see Figure
15Ac and for smaller concentrations see Figure 15Ad (Weikl and Lipowsky 2004).

T cell adhesion and formation of the early immunological synapse is important to provide
a stable zone for TCR-pMHC interaction. This is ensured by LFA-1 binding to ICAM-1 on the
surface of antigen presenting cells. This interaction is capable of squeezing a large glycocalyx
layer on the cell surface and bringing the opposing membranes to a distance of about 40 nm
(Platzer and Huppa 2020). Furthermore, there has been a number of recent studies describing
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the role of microvilli in the process of T cell activation. Microvilli are finger-like dynamic
membrane protrusions supported by the actin cytoskeleton. They are varying in size from 100
nm to micrometers in length, 70 to 500 nm in width, and are largely present on the surface of T
cells (Polliack et al. 1973; Jung et al. 2016). Microvilli have been shown to be enriched in TCR, co-
stimulatory and signaling molecules, providing therefore a possible signaling hub for T cell
activation (Jung et al. 2016). Further studies have shown an active role of microvilli in scanning
the surface of antigen presenting cells and establishing contacts (Cai et al. 2017). These
established contacts are also thought to have a relation with the TCR microclusters, as the TCR
microclusters on the tips of microvilli were moved centripetally into the cSMAC (Cai et al. 2017).
It has been questioned whether these micro-synapses formed by microvilli could lead to the
exclusion of CD45 and TCR triggering in the context of the kinetic segregation model. Indeed,
some studies reported exclusion of the CD45 a few seconds after contacts were established
(Chang et al. 2016; Razvag et al. 2018; Fernandes, Ganzinger, Tzou, Jonsson, et al. 2019) and there
is also recent evidence for CD45 pre-exclusion from the microvilli tips prior to contact formation
(Jung et al. 2021).

1.1.8 Model membrane systems for T cell studies

T cells interact with antigen presenting cells (APCs) and form immunological synapses, which are
sites for interaction of a number of different proteins and exhibit complex topographies. In order
to be able to control the interaction taking place in the IS and facilitate microscopy imaging, it is
common to use supported lipid bilayers (SLBs) functionalized with proteins, which act as
surrogates of APCs (Huppa, Axmann, Mortelmaier, et al. 2010; Grakoui et al. 1999; Groves and
Dustin 2003). This experimental design brings a couple of advantages:

1. It enables the addition of particular proteins, with full control over their densities and
mobility

2. It preserves the essential hallmarks of T cell signaling, including the formation of an
immunological synapse, the recruitment of the kinase ZAP-70 and other downstream
signaling effectors, the increase in intracellular calcium and the release of cytokines.

3. It aligns the synapse perpendicular to the optical axis, allowing for high-resolution
fluorescence microscopy

4. It brings the synapse to a close proximity to the glass coverslip, enabling the use of total
internal reflection fluorescence (TIRF) microscopy.

The development of SLBs, which could capture key features of natural membranes such as
mobility of the lipids and the associated ligands was pioneered by McConnell and co-workers in
the 80s (Tamm and McConnell 1985; Brian and McConnell 1984). Nowadays, there is a number
of different methods how to create SLBs such as the Langmuir-Blodgett/Langmuir-Schéfer
technique, spin-coating or vesicle fusion (van Weerd, Karperien, and Jonkheijm 2015). In the case
of vesicle fusion, a solution of unilamellar lipid vesicles or proteoliposomes is used, which under
certain conditions interact with the surface to form the SLB. Such vesicles can be prepared either
by extrusion or sonication. Standard procedures of vesicle preparation include drying the lipid
mixture dissolved in an organic solvent by nitrogen flow, rehydration, vortexing and sonication
or extrusion. While extrusion provides vesicles with narrower size distribution in comparison
with the sonication (Ruozi et al. 2011), it can result in loss of material in the extrusion device (van
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(A) (B) (C) (D)

Figure 16: Formation of a supported lipid bilayer, mechanisms of vesicle rupture. (A) An isolated
adsorbed vesicle ruptures spontaneously. (B) Neighboring vesicles fuse and rupture. (C) The active
edge of an SLB patch induces rupture of neighboring vesicles. (D) The cooperative action of several
neighboring vesicles leads to the rupture of a first vesicle and the patch edge triggers the rupture of
adjacent vesicles. Taken from (Richter, Bérat, and Brisson 2006)

Weerd, Karperien, and Jonkheijm 2015). Upon incubation of the prepared vesicles with solid
substrates such as glass, mica or silica, SLBs are formed under certain conditions regarding the
ionic strength and pH. The formation of SLBs proceeds in two steps (Figure 16):

1. Vesicle adsorption onto the solid support and vesicle rupture.
2. The formation of bilayer patches and their fusion to form a continuous SLB.

Formation of an SLB is an energetically favorable process (van Weerd, Karperien, and
Jonkheijm 2015). The polar heads align to face the aqueous environment and the hydrophobic
tails cluster together. The water released from the ruptured vesicles further increases the entropy
of the system. Additional interactions, such as van der Waals interactions and electrostatic effects
also play a role in the formation and organization of the SLB. After formation of the SLB a thin
hydration layer of 6-20 A can be found between the bilayer and the substrate (Kiessling and
Tamm 2003).

Physical properties of the SLBs are affected by their lipid composition and surface
properties of the substrates (van Weerd, Karperien, and Jonkheijm 2015). Predominantly, the
acyl chains of the lipids determine the mobility, phase behavior and segregation in lipid bilayers.
Lipids bearing saturated acyl chains tend to pack more tightly, increasing their transition
temperature and resulting in reduced lateral mobility. Different temperature-dependent states
can be distinguished with different phase behavior such as liquid-disordered, liquid-ordered and
solid phase. The coupling of the SLB to its substrate can further influence the properties of the
bilayer. For example, the lateral diffusion of lipids in the proximal leaflet of the SLB on a mica
substrate is slower than for the distal leaflet (Scomparin et al. 2009).

In order to mimic a cell membrane, SLBs can be modified to carry a particular ligand or a
whole protein. This can be achieved by a variety of modification strategies, e.g. using lipid head-
groups bearing maleimide, NHS, biotin, Ni-NTA or azide functionalities allowing for both
reversible or irreversible binding of the ligand (Yu and Groves 2010; van Weerd, Karperien, and
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Jonkheijm 2015). In particular, SLBs containing lipids with Ni-NTA head-groups provide a
convenient strategy for binding His-tag proteins. The Ni-NTA head-group displays high selectivity
and moderate affinity towards His-tags with association constants around 104 M-1 (Gizeli and Glad
2004). In order to provide stable attachment and proper orientation of the protein, multiple
histidine residues can be introduced into the ligand of interest. This attachment strategy has been
used in various T cell studies where His1,-tagged MHC and Hisio-tagged ICAM-1 molecules were
presented on mobile SLBs to the T cells and induced the formation of immunological synapse
(Figure 17) (Nye and Groves 2008; Groves and Dustin 2003). Binding of the His-tagged proteins
to Ni-NTA functionalized SLB is reversible and can be removed either by addition of a competitor
such as imidazole or by depletion of Ni2* by ethylenediaminetetra-acetic acid (EDTA) (van Weerd,
Karperien, and Jonkheijm 2015).

Silica Substrate

Figure 17: Scheme of a T cell interacting with a supported lipid bilayer functionalized with MHC (light
gray) and ICAM-1 (dark gray). Taken from (Groves and Dustin 2003; Murphy and Weaver 2016)
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1.2 Microscopy

The first microscopes were invented in the late 16th century and have opened the doors to the
world of the small things and led to discovery of microorganisms. Nowadays, microscopes are a
necessary equipment in many medical, biological and industrial applications. Throughout the
history, people have been developing microscopes to bring higher magnification, contrast and
resolution. Over the years, fluorescence microscopy has become the best method for high contrast
imaging. Fluorescence microscopy utilizes specific light-absorbing and -emitting compounds
called fluorophores. Further use of fluorescently labelled antibodies has brought high specificity
and sensitivity to the labelling which has revolutionized the field and has led to a plethora of new
microscopy techniques and advancements in cell biology. However, for many years, the
resolution of microscopes has been limited to a few hundreds of nanometers due to diffraction of
light, as described by Abbe in 1873 (Abbe 1873). This has changed recently with the development
of super-resolution fluorescence techniques for which the 2014 Nobel Prize in Chemistry was
awarded to Eric Betzig, Stefan W. Hell and William E. Moerner. Nowadays the best techniques can
achieve resolution on the scale of a few nanometers (Dobrucki and Kubitscheck 2017).

In this chapter I will describe theoretical fundaments for understanding two techniques
used in this work: Super-resolution fluorescence microscopy and Interference reflection
microscopy. Further I will focus deeper on single molecule localization techniques and its recent
applications to all 3 dimensions.

1.2.1 Fluorescence

Fluorescence is a phenomenon in which a fluorophore absorbs light of a given wavelength and
subsequently emits light of a longer wavelength. Fluorophores are mostly nanocrystals or
molecules which have delocalized electrons. To fully understand the properties of fluorescence,
it is useful to explain them with Jablonski diagram, which describes the energy states of
fluorescent molecules (Figure 18). The energy levels of the molecule are given by its electronic
and vibrational states. The lowest energy state of the molecule is the lowest vibrational state of
the ground electronic state So. In this state, also called single state, the electrons have antiparallel
spins. When the molecule absorbs light in the form of a photon, it undergoes a transition to a
higher vibrational state of the electronic state S; or Sz. S1and Sz are the firstand the second excited
electronic state of the molecule with antiparallel electron spins. This transition is very fast and
takes only a few femtoseconds. In addition, the energy is conserved by the fact that the energy
difference between the excited and the ground state equals the energy of the absorbed photon.
Shortly after absorption, the higher vibrational energy of the molecule is dissipated by collisions
of the molecule with the surrounding solvent molecules, and the molecule undergoes a transition
to the lowest vibrational state of the S; electronic state. From there, the fluorophore can undergo
three possible transitions. The first one is fluorescence, in which the molecule emits a photon and
transits to a vibrationally excited state of the ground electronic state So. Typical time scale of
fluorescence emission is a few nanoseconds. The second option is a nonradiative decay, in which
the molecule transits to the ground electronic state So and the energy is dissipated in the form of
heat. The third transition is the least probable one, in which the excited electron flips its spin and
the molecule ends up in an excited triplet state Ti. This transition is also called intersystem
crossing. During the deexcitation of the triplet state of the molecule, the electron must flip its spin
again and the molecule undergoes either a nonradiative or a radiative transition, also called
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Figure 18: Jablonski diagram of a fluorophore. The energy levels of a molecule can be described by
singlet and triplet electronic states (So, S1, S2 and T;, T), and vibrational states. The solid line arrows
indicate absorption (kexc) or emission of a photon (k:— fluorescence, k, — phosphorescence). The dashed

line arrows indication nonradiative transitions of the fluorophore (k.. — nonradiative, kisc — intersystem

crossing). Taken from (Dobrucki and Kubitscheck 2017)
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Figure 19: Excitation (dashed line) and emission (solid line) spectra of three fluorescent dyes:

Fluorescein, Texas Red and Cy5. The difference between the peaks of emission and excitation spectra
is described by Stokes shift. Taken from (Dobrucki and Kubitscheck 2017)

phosphorescence, to the ground state So. Since spin flipping is involved in the phosphorescence,
the times for emitting a photon are on the scale of microseconds to hours (Dobrucki and
Kubitscheck 2017; Lakowicz 2013).
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The fact that the emission of a fluorescent photon is always preceded by the dissipation
of the molecules’ vibrational energy results in the red-shifted, lower energy photon, compared to
the photon that was absorbed. This effect is also called Stokes shift. Even if the molecule was
excited to the lowest vibrational level of the S; electronic state, reorientation of the solvent
molecules prior to the emission of the fluorescent photon, would lower the energy level of the
state Si1. This phenomenon is called solvent relaxation. Excitation and emission spectra of a few
fluorophores are depicted in Figure 19. The excitation spectrum represents a wavelength
dependent probability of the photon absorption by a fluorophore, whereas the emission
spectrum shows the probability of the photon emission. At room temperature, the spectra show
continuous bands rather than single lines due to additional rotational and translational energies
of the molecules (Lakowicz 2013; Dobrucki and Kubitscheck 2017).

1.2.2 Fluorescence microscopy

Most of the fluorescence microscopes are based on an inverted optical microscope configuration
(Figure 20a). This configuration allows to study specimens like cells, that reside at the bottom of
the petri dish or similar chambers. Since the fluorescence is only triggered after absorption of
photons at a specific wavelength, excitation light sources are important part of microscopes.
These usually include either gas or solid-state lasers with specific excitation wavelengths, LEDs
(light emitting diodes), mercury or halogen lamps. Stability and homogeneity of illumination are
important factors in the fluorescence microscopy (Dobrucki and Kubitscheck 2017).

Another important part of the fluorescence microscopes are optical filters. Excitation
filters transmit only wavelengths suitable for excitation of the fluorophores. Emission filters
ideally transmit only the fluorescent light from the sample to the detector. Thanks to the Stokes
shift between excitation and emission spectra, dichroic mirrors are used to spectrally separate
between excitation light — which is reflected to the specimen - and fluorescence - which is
transmitted to the detector. The spectral separation between excitation and emission light results
in high contrast of the fluorescence images. The working principle of dichroic mirrors is depicted
in Figure 20b and the transmission graph of the whole system (excitation filter, dichroic mirror,
emission filter) is depicted in Figure 20c. The intensity of fluorescence is orders of magnitude
smaller than the intensity of the excitation light. Therefore, another advantage of the inverted
microscope is that the excitation light is not directed to the detector as it would be in the case of
dia-illumination, which only relies on the blocking of the excitation light from reaching the
detector by optical filters (Dobrucki and Kubitscheck 2017).

The most important imaging instrument of the fluorescence microscope is the objective.
Parameters such as magnification, numerical aperture, collection efficiency and type of
immersion medium should be considered when choosing the right objective for fluorescence
microscopy. Magnification influences the size of the point spread function (PSF) on the detector.
For optimal single molecule localization microscopy, the full width at half maximum (FWHM) of
the PSF should be matched with the pixel size of the detector. Resolution of the microscope is
given by the numerical aperture (NA) of the objective. The higher the NA the smaller the PSF on
the detector. Furthermore, objectives with NA larger than the refractive index of the sample allow
for objective-based total internal reflection fluorescence (TIRF) microscopy and collection of
supercritical angle fluorescence, thereby increasing the collection efficiency. Water- or oil-
immersion of the objective increases the NA by allowing detection of fluorescence emitted at
steeper angles. However, use of the oil-immersion objectives yields spherical aberrations when
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Figure 20: Schematic of an inverted fluorescence microscope in (a). Excitation light passes through the
excitation filter and is reflected by a dichroic mirror towards the sample. Collected fluorescence passes
through the dichroic mirror and emission filter towards the detector (b). Transmission spectra of
dichroic mirror, excitation and emission filters (c). Taken and adapted from (Dobrucki and Kubitscheck
2017)

imaging deeper into aqueous solution which has to be considered for 3D imaging (Dobrucki and
Kubitscheck 2017).

The last requirement of a fluorescent microscope is a detector capable of detecting weak
fluorescence signals, such as electron-multiplying charge-coupled devices (EM-CCD) or scientific
complementary metal-oxide semiconductors (sCMOS). EM-CCDs are particularly suited for low
photon counts as they allow for detection of single photons with low read-out noise. SCMOS
cameras are less sensitive in comparison to EM-CCDs in the low light settings and produce
inhomogeneous read-out noise which needs to be corrected for. However, sCMOS cameras can be
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manufactured with larger chip sizes and have much shorter read-out times than EM-CCDs (Lelek
etal. 2021).

1.2.3 Total internal reflection fluorescence microscopy

Total internal reflection fluorescence (TIRF) microscopy is a microscopy technique in which only
a thin layer of the sample in the vicinity of a coverslip is excited with an evanescent field. To
generate the evanescent field, the excitation light is directed to the sample at an angle larger than
the critical angle for total internal reflection. This can be achieved by using a prism or the
objective itself. In the case of objective based TIRF, the same objective is used for illumination as
well as collection of the fluorescence (Figure 21B). High NA objectives are needed to achieve such
steep angles of excitation. Since only a thin layer of the sample near the glass slide is illuminated,
this approach brings the advantage of suppressing the out of focus fluorescence, which is the main
source of background in fluorescence microscopy. TIRF is widely used to observe the interface
between biological samples and glass coverslips and achieves great contrast for single molecule
fluorescence microscopy applications (Mashanov et al. 2003).

Propagation of the light between two media with refractive indices n, and n, is governed
by Snell’s law:

n, sinf; = n,sinéb,, (D

where 6, and 6, are the angles of the incident and the refracted beam, respectively (Dobrucki and
Kubitscheck 2017). In many microscopy applications, the first medium is represented by a glass
coverslip with n; = 1.52 and the second medium is represented by a sample in an aqueous
environment with n, = 1.33. Since n, < ny, Equation (1) implies that the angle of the refracted
beam will be larger than the angle of the incident beam. The incident angle can be increased to a
level when the refracted beam propagates parallel to the coverslip with 8, = /2. Such incident
angle is called critical angle 8, and depends only on the values of the two refractive indices:
. ny
sinfg, = n_1 (2)

Given Equation (2), the value of the critical angle for a glass-water interface is 50,13°. Increasing
the incident angle beyond the critical angle leads to total internal reflection (TIR). In TIR settings,
an evanescent excitation wave is created on the sample side with the following properties:

1. The excitation intensity I decreases exponentially with the distance from the coverslip z,

zZ
I =178, (3)

where I, denotes the excitation intensity at the coverslip and § specifies the decay length
as follows:

Ao, 1
§ = —(nisin®6; —n3)"2, (4)

with 4 denoting the wavelength of light.
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Figure 21: Penetration depth &6 and normalized intensity at the coverslip Ig for p- and I§§ for s- polarized
light in dependece of the angle of angle of illumination (A). Scheme of objective based TIR illumination
(B). Taken and adapted from (Dobrucki and Kubitscheck 2017)

2. The excitation intensity I, at the surface depends on the incidence angle 6,. At the critical
angle, 8; = 6., it is 5 or 4 times higher than the incident intensity for p- or s- polarized
light, respectively (Figure 21a).

3. Linear polarization is preserved for s-polarized incident light. For p-polarized incident
light it is converted to an elliptically polarized evanescent field with the ellipse parallel to
the plane of incidence.

The first of the above stated properties of the evanescent wave yields the advantage of
illuminating just a thin layer of the sample close to the coverslip and suppressing the out of focus
fluorescence. The second property gives a boost to the excitation intensity of the fluorophores in
the vicinity of the coverslip. These two advantages make it possible to observe single molecules
of fluorophores with outstanding signal to noise ratio. Furthermore, the third property enables
the excitation of molecules with absorption dipoles parallel to the optical axis, which is difficult
to achieve with standard means (Dobrucki and Kubitscheck 2017).

In practice, TIR illumination can be achieved by focusing the incident light into the back
focal plane of a high NA objective off-centrally, which results in a tilted collimated beam leaving
the front lens of the objective. To achieve angles beyond the critical angle the NA of the objective
has to be larger than the refractive index of the sample n,. For cell samples with the refractive
index of the cytoplasm of 1.38, objectives with NA > 1.4 are required.

1.2.4 Super-resolution microscopy

One central limitation to fluorescence microscopy in the past was the resolution limit caused by
diffraction of light. Due to diffraction the image of any point source is given by the point spread
function (PSF). The dimensions of the PSF are much larger than the imaged fluorophore. The size
of the PSF depends on the wavelength of the emitted light A1 and the numerical aperture of the
objective NA, which is a measure of the range of light rays that contribute to the image formation.
Itis defined as
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NA =nsina, (5)

where n is the refractive index of the medium between the source and the objective and « is the
maximum angle at which light enters the objective. If the fluorophores are in close proximity to
each other, their corresponding PSFs may overlap, which hampers the ability to resolve them as
separate spots (Figure 22) (Gray 2009). The critical distance, known as diffraction limit, was
described by Abbe (Abbe 1873) as

A A

dappe = ONA = (6)

2nsina’

For an experimental setup with an objective of NA = 1.33 and fluorescence emitted at 650 nm,
the diffraction limit yields d4pp. = 244 nm. This number is two orders of magnitude larger than
the fluorophore itself and demonstrates the difficulty of imaging structures that are smaller than
a few hundreds of nanometers.

However, multiple techniques - termed super-resolution microscopy - have been
developed to overcome the diffraction limit and yield 10 to 100 times better resolution. The
biggest family of super-resolution microscopy methods is single molecule localization
microscopy (SMLM). SMLM techniques take advantage of the fact that the center of single non-
overlapping PSFs can be localized with a high precision on the scale of a few nanometers (Smith
etal. 2010). The trick of SMLM lies in the temporal separation of the fluorophore emission in such
a way, that in every image only a small subset of non-overlapping PSFs is detected. Each image
hence allows the localization of a subset of fluorophores. The whole super-resolved image can
then be reconstructed from a sequence of images. SMLM includes techniques such as

A

2nsina

Figure 22: Abbe’s diffraction limit. Two fluorophores cannot be distinguished because of their
overlapping PSFs if they are closer to each other than the diffraction limit. Taken from (Gray 2009).
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photoactivated localization microscopy (PALM) (Betzig et al. 2006), fluorescence photoactivation
localization microscopy (FPALM) (Hess, Girirajan, and Mason 2006), stochastic optical
reconstruction microscopy (STORM) (Rust, Bates, and Zhuang 2006) and direct stochastic optical
reconstruction microscopy (dASTORM) (Heilemann et al. 2008).

Other methods enable the separation of neighboring fluorophores by the generation of a
light pattern that excites a subset of fluorophores at any given time point while preventing
emission from other fluorophores. These methods include stimulated emission depletion (STED)
(Hell and Wichmann 1994) and structured illumination microscopy (SIM) (Gustafsson 2000).
Furthermore, super-resolution optical fluctuation imaging (SOFI) (Dertinger et al. 2009) analyzes
temporal fluorescence fluctuations of fluorophores and is therefore suitable to applications
where larger densities of fluorophores are used.

1.2.5 Single molecule localization microscopy

Single molecule localization microscopy (SMLM) is a super-resolution technique based on
extracting the coordinates of single fluorophores from their point spread functions (PSF) with a
high precision. This is possible only if the fluorophore’s PSF does not overlap with the PSF of a
neighboring fluorophore. Therefore, SMLM super-resolution microscopy relies on the separation
of fluorescent emission from distinct molecules in time.

The temporal separation is most commonly achieved by a phenomenon called
photoswitching, in which dye molecules can switch between a fluorescent “on” state and a non-
fluorescent “off” state. The fluorophore’s photoswitching can be induced by irradiation with light
of a specific wavelength or by its chemical environment. For example, fluorescence
photoactivated localization microscopy (PALM) utilizes fluorescent proteins that can be switched
to the “on” state via a pulse of UV laser light (Hess, Girirajan, and Mason 2006), while stochastic
optical reconstruction microscopy (STORM) relies on synthetic dyes that randomly photoswitch
in the presence of a blinking buffer (Heilemann et al. 2008). On the contrary, methods such as
point accumulation in nanoscale topography (PAINT) do not require fluorophore photoswitching
but utilize the fluorophores’ binding to a target as a means of switching between an “on” state
characterized by the ligated target, and an “off” state corresponding to the unligated target
(Sharonov and Hochstrasser 2006).

By selection of fluorophores with short-lived “on” states and long-lived “off” states, one
can achieve fluorophore blinking, where at any given time point only a small portion of the
fluorophores in the sample emit fluorescence. Such fluorescence signal sparsity provides non-
overlapping PSFs, which can be precisely localized by fitting a model function to the measured
signal. The localization precision depends mostly on the signal to noise ratio (SNR), therefore
bright fluorophores capable of emitting large amounts of photons in a short amount of time are
necessary. The acquisition of a super-resolved image via SMLM involves recording thousands of
subsequent image frames with sparsely distributed PSFs, in which ideally every fluorophore
appears at least once. All the localizations are collected to form the final image.

In more detail, there are three main steps in recording a super-resolved image via SMLM:
detection of single molecules, their localization and the super-resolution image rendering (Figure
23). In the first step, the approximate positions of the fluorophores are found in the diffraction
limited images, for example, by finding the local maxima. The diffraction limited images are often
pre-processed to remove heterogeneous background, for example by wavelet filtering, rolling ball
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Figure 23: Process of SMLM. Diffraction limited image of an underlying structure if all fluorophores are
in the ON state (a). Recording many frames of the diffraction limited images of blinking fluorophores
(b). Selecting ROIs containig single molecule images (c). Localizing the molecules with a model function
(d). Aquiring a list of all localizations with fitted parameters (e). Plotting the localizations in scatter
plot (f) and rendering of the super-resolved image (g). Taken and adapted from (Lelek et al. 2021).

algorithm (Ovesny et al. 2014) or simply by subtracting the mean background from the whole
image sequence (Cheng and Hsieh 2017). This detection step results in a set of small regions of
interest (ROIs) containing the identified molecules. However, it may be that a portion of the
signals gets identified wrongly as false positives or negatives if the signal to noise ratio is low in
the diffraction limited image (Kay 1998).

In the second step, the previously produced set of single molecule images is used to
perform the sub-pixel localization (Figure 24). The task of the localization algorithm is to
precisely and accurately estimate the parameters of the emitters position x, y, z with a known
imaging model H that give rise to the observed image I on the detector

I(u,v) = H(x,y,2, Ngig, Npg) = H(O) , (7)

where u, v are the coordinates in the imaging plane, Ny;, are the total signal photons and N4 is a

constant background per unit area (von Diezmann, Shechtman, and Moerner 2017). Accuracy and
precision are the two main quality parameters of the localization algorithm (Figure 25). If the
position of the emitter is measured multiple times, the localization precision describes the spread
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Figure 24: Fitting of the pixelated measured signal of a single molecule on the detector with a model
function results in a position estimate with a high precision. Taken and adapted from (von Diezmann,
Shechtman, and Moerner 2017).

of the position estimates around their mean value. The localization accuracy describes the
deviation of the mean of the measured positions from the true position of the emitter (Deschout
et al. 2014). In practice, the image on the detector is pixelated and subjected to noise, producing
a signal n;, at every pixel wy, of the ROI. Simple approaches to solve the problem are, for example,
maximum value estimator or centroid estimator. The maximum value estimator returns the
position of the brightest pixel, which is computationally easy but rather imprecise since it is
sensitive to noise and depends on the pixel size. The centroid estimator on the other hand returns
the position of the weighted average of all pixels in the ROI, but it is biased toward the center of
the ROI by the background in outlying pixels (von Diezmann, Shechtman, and Moerner 2017).

Better results can be achieved by assuming a model of the PSF with radial symmetry
(Parthasarathy 2012) and by implementation of unbiased localization algorithms such as least-
squares (LS) fitting and maximum likelihood estimation (MLE) (Cheezum, Walker, and Guilford
2001). In the case of LS fitting, the square error S between the PSF model x(6) and the data n is
minimized:

X
& X
xx X
o @’; * (@ X X x
X X XX
X
X
* Low accuracy * High accuracy * High accuracy
(large bias) (small bias) (small bias)
* High precision * Low precision * High precision
(small variance) (large variance) (small variance)

Figure 25: Localization accuracy and precision: Accuracy describes bias of the fitting algorithm from
the true emitters position. Precision describes the variance of localized emitters position from repeated
measurements. Taken from (Lelek et al. 2021).
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N
S= ) [ - m(OF, 8)

1

yielding the optimized parameters 6. However, LS fitting assumes that the noise in each observed
pixel value n; is normally distributed, which is a priori not known (Abraham et al. 2009). Further
assuming that the fluorophore emits light isotropically without polarization, the PSF image of in-
focus fluorophores yields an Airy function (Gibson and Lanni 1991):
2
J1(kNAp)
Iuv)=Cl——| , 9
) ( Vo (©)

where J; is the first order Bessel function, k = 2w /A is the wavenumber, p is the radial distance
from the emitter in the image plane, NA is the numerical aperture of the objective and C reflects
the total integrated signal. For computational reasons it is convenient to approximate the airy
function with a Gaussian function (Zhang, Zerubia, and Olivo-Marin 2007)

Nig .02
I(u,v) = g2 P\ T 53 + Npg » (10)

where ¢ is the width of the Gaussian function. LS fitting with a Gauss model estimator avoids bias
and achieves localization precision described by

0% +a?/12 (16 8mN,, (03 + a?/12
o2 = PSF / <—+ bg( PSF / )>’ (11)

Nsig 9 Nsigaz

where opg is the width of the PSF and a? is the pixel area on the camera (Mortensen et al. 2010).
The above stated formula can be simplified assuming low background to the well-known inverse
proportionality between the localization precision and the number of detected photons; in other
words, the more photons one can collect, the better is the achieved localization precision

1
4/ Nsig .

The golden rule for localization algorithms is maximum likelihood estimation (MLE)
which approaches the best achievable localization precision (Ober, Ram, and Ward 2004). MLE
attempts to estimate a set of parameters of a given image formation model that give rise to the
measured signal, accounting for the noise statistics. In other words, MLE finds the parameters for
which the observed PSF is the most probable. This is done by maximizing the likelihood function
2(6|n), or equivalently the log-likelihood function, by varying the parameters 6 (Enderlein 1995).
Assuming that the Poisson noise is dominant, the log-likelihood function is

o X

(12)

N
2(01m) = ) [ In(1e(8)) ~1e(0)] (13)
k=1

where n; are the measured pixel values and p; (6) is the imaging model (Ober, Ram, and Ward
2004). Achieving good localization precision implies the use of the correct PSF model. This can be

38



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 1 Background

achieved via calculating the PSF shapes based on optical theories while also considering the
effects of optical aberrations caused by imperfections of the imaging system. Such aberrations
can be easily measured by recording a stack of images of fluorescent beads along the optical axis
(Li et al. 2018). In praxis, algorithms exploiting experimentally measured PSFs commonly
outperform algorithms that use idealized PSFs (Sage et al. 2019).

To assess and compare different localization algorithms, one can calculate the best
achievable localization precision. Since localization of an emitter is a parameter estimation
problem, tools from estimation theory can be used to analyze it (von Diezmann, Shechtman, and
Moerner 2017). For example, Fisher information provides a mathematical measure of sensitivity
of a given observable quantity, such as the image, to the changes of its underlying parameters, e.g.
the emitter’s position (Chao, Ward, and Ober 2016). The more the image changes upon changing
the emitter’s position, the more information about its position is contained in the image and,
therefore, the localization algorithm can achieve better localization precision. A mathematical
expression of Fisher information, given the dominance of Poisson noise and spatially uniform
background, yields

o1 owe\" 0
Hi Hi
0= o=5(5s) (G6): 1
k=1
where p, is the model of PSF in pixel k, § represents the number of background photons per pixel

and T denotes the transpose operation (von Diezmann, Shechtman, and Moerner 2017). The
inverse of the Fisher information is the Cramér-Rao lower bound (CRLB)

1
CRLB(6) = @) (15)

which states the lower bound on the variance with which the parameters 8 can be estimated by
using any unbiased estimator (Kay 1998). CRLB therefore represents an optimal localization
precision that can be achieved for a given imaging method, signal, noise and background, and has
been shown to be approachable in practice (Smith et al. 2010). The CRLB can be utilized to find
the optimal performance when designing new microscopy methods, for example in PSF
engineering of 3D SMLM.

In the last step of SMLM, all the localizations produced by the localization algorithm can
be further processed and rendered to obtain the super-resolved image. In the post-processing
step it is common to filter out all suboptimal localizations, e.g. based on the signal, CRLB
thresholds, or the match between the fitted image and the PSF model (Lelek et al. 2021).
Overcounting artifacts, stemming from the emitters that are detected several times during the
recording, can also be reduced by merging the localizations that appeared in subsequent frames
within the localization precision (Platzer et al. 2021). If ignored, overcounting can give rise to
artificial clustering (Annibale et al. 2011).

Moreover, localizations need to be corrected for drift of the sample during the recording.
Such sample drift stems from a variety of sources including vibrations and mechanical relaxation
of the microscope, and is often difficult to avoid (Deschout et al. 2014). A common approach is to
introduce fiducial markers to the sample which are tracked during the whole recording and used
for correction (Lee, Baday, et al. 2012). Fiducials should be bright enough to allow for better
localization precision than for the imaged molecules, however they should also not increase the
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background of the sample. This problem can be avoided by using spectrally separated fiducial
markers. Another approach to drift correction which avoids using fiducial markers is based on
spatial correlation between the subsequent super-resolution images (Geisler et al. 2012). In
super-resolved image rendering, the results can be visualized e.g. as scatter plots (Figure 23f) or,
more commonly, on a grid with small bin sizes on the scale of the localization precision; the
number of localizations per bin is then translated to the pixels intensity (Figure 23g) (Lelek et al.
2021).

The instrumentation of SMLM is relatively simple compared to the instrumentation of
STED or SIM techniques. SMLM utilizes wide-field fluorescence microscopes with high NA
objectives for efficient collection of photons and sensitive cameras with low noise, such as EM-
CCD or sCMOS camera (von Diezmann, Shechtman, and Moerner 2017).

1.2.6 3D Single molecule localization microscopy

There is a huge need in fluorescence microscopy to be able to observe samples in all three
dimensions since relying on the measurements of merely a 2D projection is not sufficient as they
can lead to misinterpretation of the results. For example, free diffusional motion of a particle on
the surface of a sphere, if visible only as a 2D projection, would be observed as confined diffusion
(Adler et al. 2010).

The main challenge in 3D fluorescence microscopy is that the PSF of a standard
fluorescence microscope changes only slightly with an axial shift of the emitter relative to the
focal plane. The diffraction limit for the axial direction is approximately two times larger than for
the lateral direction:

nAa

ZzNAzi (16)

where 4 is the wavelength of light, n is the refractive index of the medium and NA is the numerical
aperture of the imaging system (Blom and Widengren 2017). For example, a typically achievable
resolution for standard microscopy is around 250 nm in lateral and 600 nm in axial direction (Liu
et al. 2018). The insensitivity of the PSF to the emitter’s shifts in axial direction is equivalent to a
low Fisher information and, hence, poor precision in determining the z coordinate of the emitter.

There is a number of microscope modifications for SMLM that overcome this problem by
achieving a high Fisher information for the localization in both lateral and axial direction allowing
for robust 3D super-resolution imaging. These methods can be divided into several groups based
on the principle of how they achieve 3D localizations: Multifocal imaging, PSF engineering
methods and methods based on interference-, interface- or intensity-sensing (von Diezmann,
Shechtman, and Moerner 2017). Shortly, in multifocal imaging, the PSF is measured at different
focal planes. In PSF engineering methods, the shape of the PSF is manipulated to encode the axial
coordinate of the emitter. In the interference-, interface- and intensity-sensing methods, the
position of the emitter is measured in relation to features in the imaging geometry instead of
fitting the PSF shape. All of these methods have their strengths and weaknesses regarding the
amount of signal, background, noise, axial range and speed and are suitable for applications under
different conditions (Liu et al. 2018). A selection of the methods will be discussed in this chapter.
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Multifocal imaging:

Multifocal or multiplane imaging is based on recording in-focus as well as defocused images of
the same emitter resulting in an enhanced 3D localization precision. The in-focus image yields
good lateral precision while the defocused images yield good axial precision. The simplest form
of this method is biplane imaging with two focal planes (Figure 26A), but multiplane imaging with
up to 4 planes was also demonstrated (Prabhat et al. 2006). The biplane imaging can be realized
with a beam splitter in the imaging path and two cameras (Prabhat et al. 2004), or one camera
divided into two channels (Ram et al. 2008). The shift between the focal planes can be achieved
either by axially displacing one of the cameras or one of the tube lenses. The optimal off-set
between the focal planes can be calculated by Fisher information analysis (Tahmasbi et al. 2014).
3D localization in multiplane imaging is performed by simultaneous MLE or LS fitting of the set
of the measured PSF images from different planes with a theoretically or experimentally derived
model (Mlodzianoski et al. 2009). The advantage of multiplane imaging is superior performance
of the localization precision in comparison with one-plane imaging (Figure 26C), high temporal
resolution, relatively simple optical setup and a usable axial range of around 1,5 um. Among the
disadvantages are poorer SNR due to division of photons into multiple imaging pathways as well
as emergence of spherical aberrations which worsen the axial precision caused by misplacement
of the camera or the tube lens (Botcherby et al. 2007). Multiplane imaging has been applied to
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Figure 26: Experimental setup for biplane imaging (A). Fluorescence is collected via an objective and
the emission is split and imaged on two detectors with a relative shift in focus. PSF of a single emitter
as it appears on the two detectors depending on its z position in the sample (B). Achievable localization
precision for single plane imaging (0), biplane imaging (¢) and biplane imaging with 2 times longer
exposure time improved by a factor \/2 (*). Taken and adapted from (von Diezmann, Shechtman, and
Moerner 2017).
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super-resolution microscopy in thick samples (Juette et al. 2008) as well as 3D single-particle
tracking (Ram et al. 2012).

PSF engineering:

PSF engineering methods are based on encoding the axial position of the emitter into the shape
of PSF. With this approach, it is possible to localize the emitter in all three dimensions just by
fitting single images. The z position of the emitter is linked to the shape of the PSF via some
intrinsic parameter such as orientation, size or a combination of different features. While the
principle of all PSF engineering methods is the same, the resulting shapes of the PSF vary in their
applicability to different conditions. For example, a particular PSF shape can deliver high
localization precision in all three directions but only for a small range of axial positions. On the
other hand, a different PSF can yield somewhat worse but consistent localization precision over
alarge z range (Liu et al. 2018).

Encoding of the emitter’s depth to the shape of the PSF can be achieved by introducing
phase aberrations into the imaging pathway (Figure 27) (von Diezmann, Shechtman, and
Moerner 2017). For example, introducing a cylindrical lens in front of the camera causes
astigmatism which results in an elliptical shape of the PSF. A more general way of introducing
phase aberration into the imaging pathway is by placing a phase modulator in the plane which is
conjugated with the back focal plane of the objective. Such phase modulators include deformable
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Figure 27: Overview of PSF engineering methods with astigmatism (A), phase-ramp (B), double helix
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with a phase mask. Taken and adapted from (von Diezmann, Shechtman, and Moerner 2017).
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mirrors (Izeddin et al. 2012), liquid crystal spatial light modulators (Pavani et al. 2009) or a
lithographically etched dielectrics (Gahlmann et al. 2013). The relation between the image I (u, v)
in the imaging plane and the back focal plane is given by a Fourier transformation:

I(w,v;x,y,2) < |F{E(x',y";x,v,2) - P(x",y)}I?, (17)

where E(x',y") is the electrical field in the back focal plane caused by the emitter at (x,y, z),
P(x',y") is the phase modulation introduced into the back focal plane by a phase modulator and
F denotes the 2D Fourier transform (Goodman 2005). The principle of PSF engineering methods
is to choose a phase pattern P(x’, y") which makes the estimation of the emitter’s z position from
the image I(u,v) easier. Such PSF designs usually rely on eccentricity (Figure 27a), relative
position of two lobes (Figure 27b-d), lateral translation (Figure 27e) or a combination of these
features (Figure 27f-h) (von Diezmann, Shechtman, and Moerner 2017).

In the case of astigmatism, the z coordinate is encoded in the eccentricity and direction of
the ellipse (Figure 27a) (Kao and Verkman 1994). In order to restore the axial position, the width
of the PSF along the x and y axis can be fitted by two Gaussian functions, yielding a pair (ax, ay)
which is then compared with a theoretical model or an experimentally derived calibration curve.
The performance of astigmatic imaging in relation to a standard PSF and other engineered PSFs
is compared in the Figure 28. Clearly, astigmatic PSF brings a superior localization precision in
axial direction over the standard PSF and is suitable for a z-range of around 1 pm. Beyond this
range, the size of the PSF increases, which significantly decreases the signal to noise ratio as well
as the localization precision. The small size of the astigmatic PSF is also advantageous, as higher
emitter densities per frame without overlapping PSF can be tolerated, therefore decreasing the
recording time. As an application example, astigmatic imaging has been applied together with
STORM to study the 3D morphology of nanoscopic cellular structures achieving 20 nm lateral and
50 nm axial resolution (Huang, Wang, et al. 2008).

In order to achieve larger axial ranges, a double-helix point spread function using a spatial
light modulator was designed (Greengard, Schechner, and Piestun 2006). The shape of the doble-
helix PSF exhibits two lobes which rotate with changing axial position of the emitter (Figure 27c).
The lateral localization is estimated from the mid-point between the two lobes and the axial
position from the orientation of the line connecting them. The larger axial range of the method
comes from the fact that translation of the emitter along the optical axis does not impact the
overall size of the PSF, only the orientation changes. This yields superior localization precision
compared to astigmatic PSF over an axial range of 3 um (Figure 28). The double-helix point
spread function was used to localize molecules in a polymer sample with 10 to 20 nm resolution
(Pavani et al. 2009) as well as in biological structures with 20 to 30 nm resolution in lateral and
axial direction, respectively (Lee, Sahl, et al. 2012). One of the disadvantages of this method comes
from the use of the spatial light modulator, which has a lower photon transfer efficiency due to
the ability to modulate only one polarization of light. This fact results in a photon loss of up to
50%, hampering low photon applications (Grover etal. 2011). However, solutions to this problem
implementing a polarization beam splitter and half-wave plate to modulate all polarization
components have been proposed (Pavani, DeLuca, and Piestun 2009).

As mentioned above, the measure of the best achievable localization precision for a given
PSF lies in the Fisher information. One can design an optimal PSF by maximizing the Fisher
information for a specific axial range and under different experimental conditions including
photon numbers, background, noise, magnification, and pixel size (Shechtman et al. 2014). Using
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Figure 28: Comparison of CRLB in x, y and z direction for standard, astigmatic, double-helix, and
tetrapod PSFs. Taken and adapted from (von Diezmann, Shechtman, and Moerner 2017).

this method, a tertrapod PSF also known as saddle-point PSF was designed for conditions of high
background level and an axial range of 3 pm (Figure 27f). The saddle-point PSF features two
strong side lobes, whose orientation and distance change as a function of emitters axial position.
Such a design of a PSF provides a more consistent CRLB over the range of 3 um than the double-
helix PSF (Figure 28) (von Diezmann, Shechtman, and Moerner 2017). Further tetrapod PSFs
were designed by maximizing the Fisher information for 6 and 20 pm ranges (Figure 27g-h) and
applied to tracking lipid molecules on the surface of living, thick mammalian cells (Shechtman et
al. 2015). A disadvantage of tetrapod PSFs is that they have a larger size which limits the
localization density in a single frame. Furthermore, neural networks have been utilized recently
to design an optimal PSF for the case of dense SMLM with overlapping fluorophores’ signals
(Nehme et al. 2020).

Generally, the best way how to use all the information encoded in the shape of the PSF is
to fit it with a theoretical or experimentally derived model using MLE which uses information
from dim pixels more correctly (von Diezmann, Shechtman, and Moerner 2017). PSF engineering
can be further utilized not only to encode the axial position of the emitter but also its 3D
orientation (Backer etal. 2013) or its emission wavelength (Smith et al. 2016), demonstrating the
robustness of this approach.

Intensity sensing methods:

All above-described methods rely on the shape of the PSF to determine the axial position of the
emitter. However, the z position of the emitter can also be encoded in the emitter’s image by other
means. One example is to illuminate the sample with a z-dependent excitation gradient such as
an evanescent wave in the case of TIRF microscopy. Assuming constant fluorescence quantum
yield and absorption cross-section of the emitter, the z position of the fluorophore can be
extracted from the detected fluorescence intensity (Dickson et al. 1996). In the case of TIRF, the
excitation intensity decays exponentially leading to bright signals with good localization
precision for the emitters close to the coverslip, but faint signals with poor localization precision
for emitters further away from the coverslip. Better results can be achieved by sequential
illumination of the sample with evanescent fields with different penetration depths (Fu et al.
2016). In such cases the z position of the molecule is extracted from the intensity ratio obtained
from the two sequential images.
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Figure 29: Principle of supercritical angle fluorescence emission. The superctitical angle fluorescence
(SAF) appears when a fluorophore is closer to the coverslip than wavelength of the emission. SAF is
spatially separated from the undercritical angle fluorescence (UAF) in the objective pupil (A). Ratio
SAF/UAF intensity as a function of the emitter’s z position (B). Taken and adapted from (Bourg et al.
2015)

Interface sensing methods:

The axial position of a fluorophore can also be estimated from its interaction with a coverslip that
has a different refractive index than the sample. If the emitter is in the vicinity of a glass coverslip,
a part of the fluorophore’s near field fluorescence gets coupled into the coverslip as supercritical
angle fluorescence (SAF), which can be collected by a high NA objective (Ruckstuhl and Verdes
2004). The amount of SAF depends exponentially on the emitters axial position and disappears
for distances larger than the wavelength of the fluorescence light (Figure 29A). Since the SAF
travels to the objective under an angle that is beyond the critical angle for TIRF microscopy, it is
spatially separated from the undercritical angle fluorescence (UAF) in the back focal plane of the
objective. The z dependent SAF and z independent UAF can be discriminated by placing an
annular filter into a plane conjugated to the back focal plane, and the ratio SAF/UAF can be used
to determine the emitter’s axial position (Figure 29B). In practice, the emission path is split into
two channels, where the SAF light is blocked in one of them by an aperture. The ratio
(SAF+UAF)/UAF is used for calculation of the emitter’s z position (Deschamps, Mund, and Ries
2014). This technique has been demonstrated with DNA-origami nanostructures as well as with
single molecule imaging in cells (Bourg et al. 2015; Deschamps, Mund, and Ries 2014).

Interference methods:

A different approach to determine the molecule’s axial position is to utilize the self-coherence of
the emitted fluorescence. In this case, fluorescence is collected by two opposing objectives.
Interference is used to sense phase shifts between the two optical paths resulting from the
emitter’s z position (Hell and Stelzer 1992). In order to avoid the need of scanning the sample to
obtain the interferogram, one can measure the resulting intensity in different channels with
additional phase delays. In the case of two channels, a simple 50:50 beam splitter can be used to
recombine the signal from the two objectives and form the interference on two detectors (von
Diezmann, Shechtman, and Moerner 2017). However, the axial range of two channel approaches
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Figure 30: Schematic of four channel interference microscope utilizing two objectives and four beam
splitters (A). The resulting intensities on the four detectors as a function of emitters z position (B).
Taken and adapted from (von Diezmann, Shechtman, and Moerner 2017)

is limited to A/4n, where n is the refractive index of the media. A better axial range of A/2n can be
achieved by sampling the intensity onto more channels, for example three in the iPALM method
(Shtengel et al. 2009) or four in 4Pi-SMS (Middendorff et al. 2008) (Figure 30). Interferometric
approaches are capable of achieving a superior localization precision of 10 nm laterally and 5 nm
axially, however, at the cost of complexity of alignment and maintenance (von Diezmann,
Shechtman, and Moerner 2017).

1.2.7 Fluorophores for single molecule localization microscopy

Fluorescent labelling of the sample can be achieved by using synthetic dyes or fluorescent
proteins. For the purpose of SMLM, the fluorophores need to exhibit blinking behavior between
ON- and OFF-states, which allows recording images of single molecules without overlapping PSFs.
There are five different mechanisms how to achieve such a transition between ON- and OFF-
states: photoswitching, photoactivation, photoconversion, spontaneous blinking and temporary
binding, depicted in Figure 31 (Lelek et al. 2021).

Photoswitching:

Photoswitching is a reversible transition between an ON- and an OFF-state, which results in many
blinks of each photoswitchable fluorophore during the acquisition time. The transition occurs
upon irradiation of the fluorophore at a suitable wavelength and with the use of a blinking buffer
consisting of PBS, 10-100 mM thiol and optionally an enzymatic oxygen scavenging system (van
de Linde etal. 2011). During the ON-state, the fluorophore resides in the singlet ground state and
is able to emit fluorescence upon excitation. In the OFF-state, the fluorophore is in a reduced state
due to the thiol in the buffer, which can last from hundreds of milliseconds to several seconds.
The return of the fluorophore from the OFF-state to the ON-state takes place after interaction of
the reduced fluorophore with the residual oxygen in the buffer (van de Linde et al. 2011).
Irradiation of the sample with UV (405 nm) can further shorten the duration of the OFF-state and
therefore increase the number of bright fluorophores per image. The duration of the ON-state can
be influenced by the irradiation density, or by the concentration of thiol or pH of the buffer (Lin
etal. 2015). All these parameters should be optimized for a given sample and the used dye, while

46



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Chapter 1 Background

a Photoswitchable b Photoactivatable ¢ Photoconvertible
* Various synthetic dyes and fluorescent proteins * Fluorescent proteins and synthetic dyes = Green to red spectral shift
* Thiol and oxygen scavenger * Activation and photobleaching = Activation and photobleaching
o]
R R
=
3 N—R
o \ ) "
-0
N N "
R=2 RS 4
Alexa Fluor 647 CysB EosFP NT
.". hvma 1 hvmax ‘ hlei nm ‘ hum.:x hv105 nm [ ] humux X
o — . — —_— & — e —_— —_— 3
s % (+hv, ) ® +hvy,,) (+ AV 5 )
® nm o oo
e % . . . .
d Spontaneously blinking e Temporarily binding
* pH-dependent PAINT DNA-PAINT
« Cell p.ermealblel * Transient interactions * Complementary oligonucleotides
* Laser intensity-independent * Unlimited adjustable flucrophore reservoir
| N/ | R Imager
. + . | .
N Si =N 5 3
- N D [ T TTTTT®
> = A G GAGGA
- T CCTCZCT
N
N O
S05 Docking strand
R ATTOG55
HMSIR
o, " 'y ., * T e &
s — —_— . — — A = 2
% \ \ : 7% 2 %
4 . y . " s 5 s

Figure 31: Mechanisms of transitions between ON- and OFF-states for different dyes. Photoswitchable
dyes undergo a reversible transition between ON- and OFF-state upon irradiation at a suitable
wavelength and in the presence of a blinking buffer (a). Photoactivatable dyes require an activation
pulse to undergo an irreversible transition from OFF- to ON-state (b). Photoconvertible dyes undergo
a shift in their emission spectrum upon irradiation with a specific wavelength (c). Spontaneously
blinking dyes (d). Temporarily binding dyes utilize transient interactions such as complementary
binding of short nucleotides in DNA-PAINT (e). Taken and adapted from (Lelek et al. 2021).

keeping in mind that low laser intensities and longer illumination times generally lead to lower
photobleaching and increased resolution (Diekmann et al. 2020). In the beginning of the SMLM
experiment, most of the fluorophores are in the ON-state and can be driven to the OFF-state by
illumination with high excitation intensity of 10-30 kWcm-2. During the experiment, a lower
excitation intensity of 1-3 kWcm-2 is used to image single molecules and ensure blinking of the
dyes (Lelek et al. 2021). The most common synthetic dyes are carbocyanine dyes like Cy5 and
Alexa Fluor 647, rhodamine and oxazine dyes such as other Alexa Fluor and ATTO dyes (Klein,
Proppert, and Sauer 2014). In the case of fluorescent proteins, Dronpa can undergo
photoswitching upon excitation with a wavelength of 488 nm and an activation wavelength of
405 nm without the need of a special buffer (Andresen et al. 2007). Photoswitchable fluorophores
are the key players in the case of STORM (Rust, Bates, and Zhuang 2006) and dSTORM (Heilemann
et al. 2008) experiments. Toxicity of the blinking buffers mostly limits the application of
photoswitchable dyes to experiments with fixed cells. However, since cells contain the thiol
glutathione at millimolar concentrations some synthetic dyes can be used also for dSTORM in live
cells (Heilemann et al. 2009; Wombacher et al. 2010).
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Photoactivation:

Photoactivation is an irreversible transition of a fluorophore from an OFF-state to an ON-state,
which can occur upon irradiation with UV light or spontaneously in an aqueous environment. The
transition from the ON- to the OFF-state takes place by photobleaching with the excitation light
during the recording of the single molecule signals. No special buffer is needed and therefore
photoactivatable fluorophores are suitable also for live cell imaging (Lelek et al. 2021). Synthetic
photoactivatable dyes include photochromic rhodamine amides (Bossi et al. 2008), the silicon
rhodamine PA Janelia Fluor 646, the azetidinyl rhodamine PA Janelia Fluor 549 (Grimm et al.
2016) and the bridged carbocyanine Cy5B (Michie et al. 2017). Among the fluorescent proteins
are PAmCherry, PA-TagRFP, PAmKate, and PA-GFP (Lukyanov et al. 2005), which have been used
for PALM experiments in fixed (Betzig et al. 2006) as well as live cells (Manley et al. 2008).

Photoconversion:

Photoconversion is another irreversible transition, in which the fluorophore undergoes a shift in
its emission spectrum upon irradiation with a specific wavelength. For example, the transition
can occur between a green and a red fluorescence state. In such case, the green fluorescence state
is considered as OFF-state and can be spectrally filtered. The red fluorescence state is then
considered as ON-state and is used for imaging of the single molecule signals. Eventually, the
transition from ON- to OFF-state is achieved by photobleaching. Photoconvertible fluorescent
proteins include Eos, Dendra2 (Turkowyd, Virant, and Endesfelder 2016) and mMaple (McEvoy
etal. 2012).

Spontaneous blinking:

Some fluorophores blink spontaneously in aqueous solution without the need of a special blinking
buffer. Such blinking is driven by pH dependent chemical reactions in the sample and it is suitable
for live cell imaging (Uno et al. 2014). Spontaneously blinking dyes include HMSiR (Takakura et
al. 2017), HEtetTFER (Uno et al. 2018) and FRD (Macdonald et al. 2018).

Temporary binding:

A different approach how to achieve switching between ON- and OFF-states is to let fluorophores
bind temporarily to the target structure. In such cases, the bound, immobilized state is considered
as ON-state, in which the molecule can be localized. The OFF-state is represented by the unligated
receptor; freely diffusing, unbound fluorophores do not lead to localizations but just increase the
background fluorescence of the sample. This approach is named point accumulation in nanoscale
topography (PAINT) (Sharonov and Hochstrasser 2006). The most popular variant of this method
is DNA-PAINT, in which transient immobilization is achieved by hybridization of DNA strands
(Jungmann et al. 2010). Shortly, in DNA-PAINT the target molecule is labelled via a short
nucleotide called docking strand. The fluorescent label is attached to a complementary
oligonucleotide called imaging strand that is freely diffusing in the solution. The binding kinetics
can be influenced by the length of the nucleotide sequence and the concentration of the imaging
strands in the solution. The longer the imaging strand, the longer the ON-state due to its stability,
and the higher the concentration of the imaging strands, the shorter the OFF-state. Typically, the
binding lifetime of an 8 base pairs long duplex is around 500 ms (Jungmann et al. 2010).
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1.2.8 Labeling strategies for single molecule localization microscopy

In order to image the molecules of interest in the sample, they have to be labeled with a
fluorophore. There are multiple labeling strategies including genetic fusion of a fluorescent
protein to the target protein, immunostaining with dye-conjugated antibodies, genetic fusion
with a protein that can be tagged to a synthetic fluorophore, direct labeling of the target protein
via amino-acid residues or using transiently binding molecules carrying fluorophores (Figure 32)
(Lelek et al. 2021). An ideal labeling strategy should meet the following criteria: yielding a
minimal linkage error, achieving high labeling densities and preserving the physiological function
and localization of the target molecule.

Genetic fusion of fluorescent proteins to the target proteins has been demonstrated with
PALM (Betzig et al. 2006; Manley et al. 2008). Cells can be transiently or stably transfected to
express the fluorescently labeled protein, but expression levels can vary largely among the cells
(Thorn 2017). Fluorescent proteins are 2-5 nm large and hence produce a rather small linkage
error. However, genetic fusion can result in perturbation of the physiological function of the
target protein (Rodriguez et al. 2017).

Immunostaining is the most common approach to label proteins with synthetic dyes in
fixed cells (Lelek et al. 2021). In direct immunostaining a dye-conjugated antibody is used to label
the target protein. However, fluorescent modification of the antibody can lead to lower binding
affinity to the target protein. Therefore, in indirect immunostaining, dye-conjugated secondary
antibodies are used to bind to an unlabeled primary antibody. In this way, more secondary
antibodies can bind to the primary antibody which leads to signal amplification. The disadvantage
of immunostaining is the large size of antibodies and therefore the linkage error ranging from 10
nm for direct labeling to 20 nm for indirect labeling. Therefore, smaller molecules such as 2-4 nm
nanobodies are a good alternative to full antibody labeling (Ries et al. 2012).

Genetic fusion of tag proteins allows for highly specific labeling with low linkage error,
using synthetic dyes. The tag protein is expressed together with the protein of interest and
covalently binds the fluorescently labeled ligand. The most commonly used protein tags are
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Figure 32: Overview of labeling strategies with indicated corresponding linkage error. From left:
Indirect immunostaining, nanobody labeling, genetic fusion of fluorescent proteins, genetic fusion of
protein tags, direct labeling via a fluorescent ligand and incorporation of unnatural amino acid for click
chemistry. Taken and adapted from (Lelek et al. 2021)
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SNAP- and Halo-tags (Yan and Bruchez 2015; Liss et al. 2015). Tag proteins can be used also in
live cell imaging with membrane permeable fluorescent ligands.

Direct labeling via dye-coupled peptides or drugs is available for some biological
substrates like actin and microtubule filaments (Xu, Zhong, and Zhuang 2013). Proteins can also
be labeled site specifically via a single amino acid residue. However, such approaches often lead
to perturbation of the physiological function of the molecule of interest. Genetic expansion
enables incorporation of TCO*-lysine into the expressed proteins, which can be bound to a
synthetic dye via fluorogenic click reaction without perturbing the functionality of the proteins
and enabling live cell imaging (Neubert et al. 2018; Lang and Chin 2014).

Transiently binding molecules carrying fluorophores are used in the PAINT approach
(Sharonov and Hochstrasser 2006). For example, the DNA-paint approach involves labeling the
target molecule with a short oligonucleotide called docking strand. Usually, the short nucleotide
is attached to a secondary antibody that binds to a primary antibody bound to the target molecule
(Schnitzbauer et al. 2017).

1.2.9 Interference reflection microscopy

In order to study interactions between two surfaces, it is necessary to accurately measure their
separation. Interference reflection microscopy (IRM) offers an easy to implement and label free
approach to study adhesion of cells to the substrate by using interference of light (Curtis 1964).
It relies on the interference of reflected light rays from the glass-buffer and the buffer-sample
interface. With known sample properties and interference models this method can yield great
accuracy; for example, beads can be tracked with 10 nm lateral and 1 nm axial precision (Schilling
et al. 2004). However, such precise height measurements are hampered in cells as the cell shape
and refractive index is not known a priori (Limozin and Sengupta 2009). Nevertheless, IRM is
often used to qualitatively study the adhesion of cells; it is also used for cross-validation with
different techniques, such as fluorescence microscopy (Bunnell et al. 2003).

IRM is usually performed with a standard inverted microscope, an incoherent light source
and a detector, such as a CCD or CMOS camera. The illumination path is set up according to Kéhler
illumination to allow for homogeneous illumination and the ability to adjust the illumination
numerical aperture of the system. Since IRM highly relies on the reflection from the sample, any
additional reflections within the optical path can obstruct the final image. To overcome this issue,
a closely related technique to IRM called reflection interference contrast microscopy (RICM)
utilizes a set of two polarizers and an anti-flex objective with a quarter-wave plate (Figure 33).
RICM can greatly enhance the contrast of the image, however, requires a special objective to be
used (Limozin and Sengupta 2009).

The principle of IRM is shown in Figure 34. A monochromatic incident ray I is partially reflected
from a glass-medium interface resulting in a reflected ray I; and a transmitted ray. The
transmitted ray continues further through the medium until it is reflected from the sample,
producing ray I,. The rays I; and I, interfere with each other and give rise to the final intensity
on the detector I which depends on the distance of the sample to the coverslip:

I = Il + 12 + 2 1112}/12COS[2kh(x,y) + ¢] ’ (18)
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Figure 33: Schematic of a RICM setup. Light from a light source is coupled into the microscope via a
liquid fiber and adjusted for Kéhler illumination. Then the light passes through a polarizer and is
reflected by a semi-reflective mirror to the sample. Objective contains a quarter wave plate which
produces circularly polarized light that is reflected from the sample. The reflected light passes through
another polarizer which filters out reflections caused by elements in the optical path and is imaged on
a camera. Taken from (Limozin and Sengupta 2009).

where k = 2mn, /A, ¢ is a phase shift usually equal to m, h(x,y) is the distance of the sample to
the coverslip at the position x, y, and y; , is the mutual degree of coherence (Born and Wolf 2013).
The intensities of the reflected rays are governed by Fresnel laws with I; = r&1,, I, =
(1 —r¢)r&ly and rij = (ni - nj)/(ni + nj). For example, for the glass-water interface we obtain
ré, = 0.005, for the water-lipid interface 2, = 0.003. These small values show the need for
avoiding any reflection within the microscope.

Coherence of the light source also plays a large role in the quality of the final image. In the
case of an incoherent light source only rays coming from the same point of the source lead to a
stable interference pattern. This creates a rather small coherently illuminated volume at the focal
plane in the sample, given by the coherence length of the illumination light. The higher the
coherence the larger the volume of the sample that contributes to the interference fringes.
Therefore, using an incoherent light source is important to limit the contributions to the
interference fringes from structures further away from the focal plane (Limozin and Sengupta
2009).

In K6hler illumination, the NA of the light source is defined by the aperture diaphragm,
which is a disk with a radius p. The illumination numerical aperture INA is then defined as INA =
np/D = nsina, with refractive index n, source-image distance D and the angle of the cone of light
emerging from the objective a. The maximal distance x, between two coherently illuminated
positions in the sample corresponds to x, = 0.164/INA (Limozin and Sengupta 2009). Therefore,
high INA imposes a reduced coherence, in particular along the optical axis, which limits the depth
of focus. High INA is especially useful when studying adhesion of cells close to the substrate, as it
can prevent problems arising from multiple reflections within the cell sample (Geiger et al. 1984).
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Figure 34: Principle of IRM; light rays reflected from the glass — buffer interface and buffer —membrane
interface interfere with each other based on the distance h (A). IRM image of a 10 um diameter
polystyrene bead, scale bar 2 um (B). IRM image of a spreading monocyte, lamellipodium indicated
with an arrow, scale bar 5 um (C). Taken and adapted from (Limozin and Sengupta 2009).

The intensity in the IRM image can be used to calculate the distance between the sample
and the substrate. Let us define the maximum and minimum intensity from Equation (18),
assuming the degree of coherence ¥y, = 1: L =11 + 1, + Zm and Ly, =1 + 1, — 2/ 111,
Furthermore, let us define sum S and difference D of these intensities: S = I,;,4y + Lnin and D =
Lnax — Imin- Using ¢ = m, the image intensity I can be rewritten into the form

4mn
21=S—Dcos( Alh), (19)

with S and D as experimentally measurable parameters (Limozin and Sengupta 2009). However,
this simple equation ignores the effects of illumination numerical aperture, presence of multiple
interfaces, and tilt or curvature of the interface (Figure 35).

Considering the effect of illumination numerical aperture /NA on the high measurements
from the image intensity, one can express the following formula (Radler and Sackmann 1993)

_ siny 4ntn, 4
20=S-D Tcos{ - [h (1 — sin? (§)>]} (20)

with y = 2khsin?(a/2), where «a is the half angle of the illumination cone and n, is the medium’s
refractive index. Equation (20) shows two effects on the dependence of the intensity on the height
(Figure 35A): first, the fringe visibility decreases with increasing height and second, the fringe
spacing stretches. The higher the INA, the more prominent these effects become.

If multiple interfaces occur (Figure 35B), the intensity results from the interference of all
reflected rays. The following formula can be expressed that reflects the height-intensity relation
(Limozin and Sengupta 2007)

21 =S — 2Dcos{2k[h(x,y) — hol}, (21)
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thickness. Therefore, the presence of two interfaces leads to a shift h, to the interference fringes,

which depends on the refractive indices and the spacing of the two layers (Figure 35B).

-2 .
where hy = - arctan =:2—3(1 —1%) and § = 4nn,d,,/A, d,, is the membrane
1 12

Reflecting surfaces may also be tilted or curved, which leads to a displacement of the
reflected rays (Figure 35C). In such cases, one has to calculate the contribution of all reflected
rays which reach a given point in the image plane (Kithner and Sackmann 1996). The numerically
calculated radial profile of the interference fringes for a sphere is shown in Figure 35C. One can
see that the curved surface results in decreased inter-fringe distances with decreasing visibility.
The ability to detect the reflection from highly tilted surfaces is limited by the illumination
numerical aperture as well as the numerical aperture of the detection.
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Figure 35: Effects of illumination numerical aperture, multiple interfaces and curved surfaces on the
height-intensity relation. (A) The effect of illumination aperture (INA = 0, solid line; INA = 0.8,
dotted line; INA = 1, dashed line). (B) The presence of multiple interfaces leads to a shift of the
interference fringes (dashed line) compared to the reference (solid line). (C) The effect of curved
surfaces calculated for a sphere with 5 um radius (solid line) compared to a sphere surface with
horizontally oriented segments. Taken and adapted from (Limozin and Sengupta 2009).
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All these above-mentioned effects hamper quantitative measurements of the distance of
the cell surface from the substrate as precise orientations, refractive indices and presence of
multiple layers are not known a priori to construct an adequate model of interference (Limozin
and Sengupta 2009).
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2.1 Reagents and proteins

For a better overview, reagents and proteins are sorted according to experiments in which they
were used.

Buffers: Phosphate buffer saline with 1x or 10x salt concentration (PBS or 10xPBS) and Hanks’
balanced salt solution (HBSS) were purchased from Sigma Aldrich (Germany).

Fluorescent labeling of glass spheres (section 3.2.1): Glass spheres were from Schott (d=2mm,
Germany). Biotin labeled bovine albumin (BSA-biotin) was purchased from Sigma Aldrich
(Germany). Streptavidin-AF647 was from Thermo Fischer Scientific (USA).

Preparation of nuclear pore complexes (section 3.2.3): Dulbecco’s Modified Eagle Medium (DMEM),
FCS, non-essential amino acids (NEAA) and GlutaMax were from Gibco (USA). Triton X-100, NH4Cl
were purchased from Sigma Aldrich (Germany). BG-AF647 from New England Biolabs (USA).
ImagelT FX Signal Enhancer and DTT was from Thermo Fisher Scientific (USA).

Fluorescent labeling of ICAM-1 (section 3.3): Alexa 488 - NHS and Zeba Spin Desalting Column (7K
MWCO) were from Thermo Fisher Scientific (USA), NaHCO3 from Sigma Aldrich (Germany).

Preparation of supported lipid bilayers (section 3.3): 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-[(N-
(5-amino-1-arboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (Ni-NTA-DGS) were from
Avanti Polar Lipids (USA). B7-1 and ICAM-1 were from Sino Biological (China). I-Ek and MCC
peptide were prepared and labeled as described previously (Huppa, Axmann, Mortelmaier, et al.
2010). Chloroform was from Sigma Aldrich (Germany).

Preparation of T cells (section 3.3): Fetal bovine serum (FCS) and Histopaque-1119 were
purchased from Sigma Aldrich (Germany). Cell medium RPMI 1640, penicillin, streptomycin,
glutamate, sodium pyruvate, 1x non-essential amino acids and mercaptoenthanol were from
Gibco, Life Technologies (USA). IL-2 from Thermo Fischer Scientific (USA). H57-scFv was
expressed in inclusion bodies, refolded, site-specifically labeled with maleimide functionalized
AF647 (Thermo Fisher Scientific, USA), and purified as described in (Huppa, Axmann,
Mortelmaier, et al. 2010).

Ratiometric calcium imaging (section 3.3): FURA-2AM was from Thermo Fisher Scientific (USA),
DMSO from Sigma Aldrich (Germany).

Cell fixation (sections 3.2.3 and 3.3): Formaldehyde was from Thermo Fischer Scientific (USA) and
glutaraldehyde from Serva (Germany).

Gloxy STORM buffer for super-resolution imaging (sections 3.2.1, 3.2.3 and 3.3): Glucose, glucose
oxidase, catalase and cysteamine were purchased from Sigma Aldrich (Germany).

2.2 Microscopy systems

2.2.1 System for combined SMLM and IRM

A detailed description of the new setup will be given in section 3.1.4. Here, I provide a brief
summary of the major components. All SMLM and IRM experiments were performed on a home-
built experimental setup based on an Olympus IX73 (Japan) microscope body equipped with a
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high NA objective (Carl Zeiss, alpha-plan apochromat, 1.46 NA, 100x, Germany). Samples were
illuminated with 405, 488 or 640 nm laser light (100 mW nominal laser power, OBIS Laser box,
Coherent, USA) coupled by an optical fiber into a high-speed galvo back focal scanner (iLas?,
Visitron Systems, Germany). The iLas? system was used for rapid spinning of the laser in the back
focal plane of the objective (spinning TIR configuration), yielding a maximal excitation intensity
of 1 kW/cm? at the sample. Finally, lasers were reflected to the specimen and filtered from the
fluorescence signal by a quad dichroic mirror (Di01-R405/488/532/635, Semrock, USA) and an
emission filter (ZET405/488/532/642m, Chroma, USA) placed in the upper deck of the
microscope body. The same dichroic mirror was used for coupling in light from a blue LED (455
nm, Thor Labs, USA) for IRM imaging. An additional shortpass beamsplitter (HC BS 750 SP,
Semrock, USA) was placed in the lower deck of the microscope for coupling in a home-built focus
hold system based on a 785 nm laser diode (LM9LP, Thor Labs, USA), a camera (ac640-750um,
Basler, Germany) and an objective piezo stage (P721.SL2, Physik Instrumente, Germany). Finally,
the specimen was imaged on a camera (EM-CCD Ixon Ultra, Andor, UK). [llumination and image
acquisition was operated by VisiView (Visitron Systems, Germany).

2.2.2 System for calcium imaging

Ratiometric calcium imaging in section 3.3 was performed on an Axiovert 200M microscope (Carl
Zeiss, Germany) equipped with a 10x objective (UPlanFL N 10x/0.30 NA, Olympus, Japan) and a
monochromatic light source (Polychrome V, TILL Photonics, Germany) to allow sequential
illumination at 340 and 380 nm. The emission was filtered via a long pass filter (T400lp, Chroma,
USA) and an emission filter (510/80ET, Chroma, USA) and imaged on a camera (EM-CCD iXon
Ultra, Andor, UK). The system was operated via Live Acquisition software (TILL Photonics,
Germany)

2.3 Sample preparation and imaging

2.3.1 Preparation of fluorescent beads

Fluorescent beads attached to glass slides were used for characterization of drift in section 3.1.5
as well as for aberrations measurements in section 3.1.6. Glass slides (MENZEL-Glaser Deckgldser
24 x 60 mm #1.5, Thermo Fisher Scientific, USA) were plasma cleaned for 10 minutes (PDC-002,
Plasma Cleaner Harrick Plasma, USA) and glued on 8-well chambers (Nunc Lab-Tek, Thermo
Fisher Scientific, USA). 100 nm large TetraSpeck Microspheres (Thermo Fisher Scientific, USA)
were sonicated (ultrasound bath USC500TH, VWR, England) in the original tube for 5 min and
incubated with the glass slide (1-10 pl of the stock solution in 100 pl of water) for 10 minutes.
Next, 100 pl of poly-D-lysine (0.1 mg/ml, Sigma Aldrich, Germany) was added to the chambers
for 10 min to ensure immobilization of the beads. Finally, the sample was washed with 20 ml of
water and was ready for imaging.

2.3.2 Drift measurement

For characterization of drift in section 3.1.5, a sample with well separated fluorescent beads was
imaged at epi-configuration with 640 nm laser light at a rate of 1 frame per second for a total time
of 1 hour.
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2.3.3 Aberrations measurement

For aberrations measurements in section 3.1.6, a sample with a low density of fluorescent beads
was prepared so that the separation between the neighboring beads was at least 50 pixels (1
pixel=146.6 nm). A single fluorescent bead was imaged at different focal planes from -1600 nm
to +1600 nm with a step of 200 nm. 100 images were acquired and averaged per focal plane
position to ensure good signal to noise ratio. The recorded z-stack consisting of 17 images (51x51
pixels) was then used for phase retrieval and characterization of aberrations in the optical
system.

2.3.4 Preparation of Gloxy STORM buffer

Gloxy buffer was used for STORM measurements on glass spheres (section 3.2.1), nuclear pore
complexes (section 3.2.3) and T cells (section 3.3). Aliquots of glucose, glucose oxidase and
cysteamine were stored at -20°C and catalase was stored at 4°C (all from Sigma Aldrich,
Germany). The Gloxy STORM buffer was prepared fresh prior to every experiment by mixing 500
ul of 20% glucose, 200 pl of 10xPBS, 230 ul of ultra-pure water, 50 pl of 1 M cysteamine with pH
adjusted to 7.5, 10 pl of 50 mg/ml glucose oxidase and 10 pl of 12.6 mg/ml catalase. The buffer
was used for imaging for up to 2 h.

2.3.5 Glass sphere

Glass spheres were used for proof of principle experiments in section 3.2.1. Glass spheres (2mm
diameter, Schott, Germany) were plasma-cleaned (PDC-002, Plasma Cleaner Harrick Plasma,
USA) for 10 minutes and incubated with 5 % BSA-biotin (Sigma Aldrich, Germany) for 60 minutes.
The spheres were then washed with PBS and incubated with 1 pg/ml Streptavidin-AF647
(Thermo Fisher Scientific, USA) for 30 minutes. Afterwards, spheres were rinsed with PBS and
placed into 8-well chambers (Nunc Lab-Tek, Thermo Fisher Scientific, USA) with plasma cleaned
glass coverslip (MENZEL-Glaser Deckglaser 24 x 60 mm #1.5, Thermo Fisher Scientific, USA).
Prior to imaging, PBS was replaced with Gloxy STORM buffer. The 3D SMLM data were recorded
using dSTORM approach in combination with defocused imaging. The defocus magnitude was
adjusted to 500 nm, the sample was imaged in epi configuration with 640 nm laser light, 20 ms
illumination time and 10 ms delay. A total of 20000 frames was recorded. For the IRM image of
the glass sphere, 300 images were recorded with the 455 nm LED illumination and averaged to
produce a good signal to noise ratio image.

2.3.6 DNA-origami nanorulers

DNA-origami nanorulers were used for proof of principle experiments in section 3.2.2. GATTA-
PAINT 3D 30R Ultimate Line sample was purchased from GATTAQUANT (Germany). The sample
was imaged in TIRF with 640 nm excitation laser upon defocusing the objective 500 nm into the
sample. Blinking of the molecules was ensured via PAINT approach. 20000 frames were acquired
with illumination time of 100 ms and delay of 10 ms.

2.3.7 Nuclear pore complex

Nuclear pore complex was used for proof of principle experiments in section 3.2.3. U;0S cells
expressing Nup96-SNAP-tag (Thevathasan et al. 2019) were a kind gift from Jonas Ries (EMBL
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Heidelberg, Germany). The cells were cultured in DMEM medium supplemented with 10% FCS,
NEAA and GlutaMax (Gibco, USA). A day before the imaging, the cells were split and seeded into
8-well chambers (Nunc Lab-Tek, Thermo Fisher Scientific, USA) with plasma cleaned coverslips
(MENZEL-Glaser Deckglaser 24 x 60 mm #1.5, Thermo Fisher Scientific, USA). All following steps
took place at room temperature. After 24 hours the cells were washed 2 times with HBSS (Sigma
Aldrich, Germany) and pre-fixed with 200 pl of 2.4% PFA (Thermo Fisher Scientific, USA) for 30
s. Then the cells were permeabilized with 200 pl of 0.4% Triton-X100 (Sigma Aldrich, Germany)
for 3 min. Next, the cells were fixed with 200 pl of 2.4% PFA for 30 min. The fixation was quenched
by incubating cells with 200 pl of 50 mM NH4Cl (Sigma Aldrich, Germany) for 5 min. T cells were
then washed 2 times with PBS and incubated with two drops of ImagelT Signal Enhancer (Thermo
Fisher Scientific) for 30 min. Labeling was performed by incubating cells with 1 uM BG-AF647
(New England Biolabs, USA) in 0.5 % BSA (Sigma Aldrich, Germany) and 1 uM DTT (Thermo
Fisher Scientific, USA) for 2 h. In the end the cells were rinsed 3 times with PBS and stored at +4
°C until imaged on the same or the next day. Prior to imaging, PBS was exchanged for the Gloxy
STORM buffer. The 3D SMLM data were recorded using dSTORM approach in combination with
defocused imaging. The defocus magnitude was adjusted to 500 nm, the sample was imaged in
TIRF configuration with 640 nm laser light, 20 ms illumination time and 10 ms delay. A total of
65000 frames was recorded.

2.3.8 Fluorescent labeling of ICAM-1

ICAM-1 was fluorescently labeled in order to determine its surface density on a supported lipid
bilayer in section 3.3. 50 pg of mouse ICAM-1 protein (His Tag) (Sino Biological, China) was
dissolved in ultrapure water to a final concentration of 1 mg/ml and 10 pl of 1 M NaHCO3 (Sigma
Aldrich, Germany) was added. Next, Alexa488-NHS (Thermo Fisher Scientific, USA) was added at
20x molar excess to ICAM-1 and incubated for 1 h at room temperature. Afterwards, the protein
was purified from the unbound dye in Zeba Spin Desalting Column (7K MWCO, Thermo Fisher
Scientific, USA) and the final concentration of the protein and the degree of labeling was measured
by microplate reader (Synergy H1, Agilent, USA). The protein was stored in -20°C in PBS with
50% glycerol (Sigma Aldrich, Germany) to prevent crystallization.

2.3.9 Supported lipid bilayers (SLBs)

Supported lipid bilayers were prepared for T cell experiments in section 3.3. 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
arboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (Ni-NTA-DGS) (both Avanti Polar Lipids,
USA) were dissolved in chloroform and mixed in a glass tube at a molar ratio of 98 (DOPC) : 2 (Ni-
NTA-DGS), and subsequently dried under N; flow for 20 minutes. Next, the lipid mixture was
resuspended in 1 ml of PBS and sonicated for 10 minutes (ultrasound bath USC500TH, VWR,
England) to form small unilamellar vesicles (SUVs). Glass slides (MENZEL-Glaser Deckglaser 24 x
60 mm #1.5, Thermo Fisher Scientific, USA) were plasma cleaned for 10 minutes and glued on 8-
well chambers (Nunc Lab-Tek, Thermo Fisher Scientific, USA). To form supported lipid bilayers,
the freshly cleaned glass slides were incubated with SUVs for 20 min and washed extensively with
PBS. Next, SLBs were incubated with His-tag proteins (Activating conditions: 10 ng I-EX/MCC, 50
ng B7-1 and 30 ng or 0.3 ng ICAM-1; resting conditions: 30 or 0.3 ng ICAM-1) for 1 hour, and
extensively rinsed with PBS. B7-1 and ICAM-1 were from Sino Biological (China), I-Ek and MCC
peptide were prepared and labeled as described previously in (Huppa, Axmann, Moértelmaier, et
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al. 2010). Before seeding the cells, PBS was exchanged for HBSS (Sigma Aldrich, Germany).
Immobile SLBs for field aberrations measurement in section 3.1.6 were prepared identically,
except for the following changes: we used a lipid mixture of 98 % 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 2 % Ni-NTA-DGS. For sonication the ultrasound bath was preheated
to 50 °C and coverslips were incubated with SUVs on a hot plate (65°C). Finally, SLBs were
incubated with 10 ng of I-Ek/MCC-AF647.

2.3.10 Determination of ligand densities on SLBs

In order to determine the density of ligands on the supported lipid bilayer (SLB) in section 3.3,
fluorescent variants of the proteins, [CAM-1-AF488 and I-Ex/MCC-AF647 were used at the same
concentrations as their unlabeled counterparts used for the T cell experiments. To find out the
fluorescence intensity of a single molecule, SLBs with low density of ligands were prepared and
imaged in TIRF configuration with 488 or 640 nm laser excitation. For high density bilayers with
unknown ligand concentration, a single image of SLB containing ICAM-1-AF488 or I-Ek/MCC-
AF647 was taken in TIRF with the same intensity and exposure time as for the single molecule
recording.

2.3.11 T cells

T cells were used in experiments in section 3.3. T cells were obtained from transgenic 5c.c7 mice
as described previously (Huppa et al. 2003). Briefly, T cells were isolated from lymph nodes and
stimulated with 2 uM HPLC-purified moth cytochrome C (MCC) peptide (ANERADLIAYLKQATK,
Intavis Bioanalytical Instruments) in a T cell medium (RPMI 1640 containing 10% FCS (Sigma
Aldrich, Germany), 100 U/mL penicillin/streptomycin, 2mM glutamate, 1 mM sodium pyruvate,
1x non-essential amino acids, and 50 puM-Mercaptoenthanol (Gibco, USA)). Culture volume was
doubled and 100 U/mL IL-2 (Thermo Fisher Scientific, USA) was added on day 2. On days 3 and
5, T cell cultures were expanded in a ratio of 1:1. On day 6, dead cells were removed by
centrifugation trough a Histopaque-1119 cushion (Sigma Aldrich, Germany). T cell experiments
were performed on days 7-9 after initial stimulation.

2.3.12 Animal model and ethical compliance statement

5c.c7 aff TCR-transgenic mice bred onto the B10.A background were a kind gift from Michael
Dustin (University of Oxford, UK). Both 8-12 weeks old male and female mice were randomly
selected and sacrificed for isolation of T cells from lymph nodes and spleen, which was evaluated
by the ethics committees of the Medical University of Vienna and approved by the Federal
Ministry of Science, Research and Economy, BMWFW (BMWFW-66.009/0378-WF/V/3b/2016).
Animal husbandry, breeding and sacrifice of mice was performed in accordance to Austrian law
(Federal Ministry for Science and Research, Vienna, Austria), the guidelines of the ethics
committees of the Medical University of Vienna and the guidelines of the Federation of Laboratory
Animal Science Associations (FELASA), which match those of Animal Research: Reporting in vivo
Experiments (ARRIVE). Further, animal husbandry, breeding and sacrifice for T cell isolation was
conducted under Project License (I4BD9B9A8L) which was evaluated by the Animal Welfare and
Ethical Review Body of the University of Oxford and approved by the Secretary of State of the UK
Home Department. They were performed in accordance to Animals (Scientific Procedures) Act
1986, the guidelines of the ethics committees of the Medical Science of University of Oxford and
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the guidelines of the Federation of Laboratory Animal Science Associations (FELASA), which
match those of Animal Research: Reporting in vivo Experiments (ARRIVE).

2.3.13 T cell imaging

Experiments with T cells are described in section 3.3. In order to label the T cell receptor, appr.
106 T cells were washed twice by centrifugation (300 RCF for 3 min) with 2 ml of HBSS containing
2% FCS (Sigma Aldrich, Germany). Next, T cells were incubated with H57-scFv conjugated with
AF647 at saturating conditions for 20 min on ice (H57-scFv was expressed in inclusion bodies,
refolded, site-specifically labeled with maleimide functionalized AF647 (Thermo Fisher Scientific,
USA), and purified as described in (Huppa, Axmann, Mortelmaier, et al. 2010)). After incubation
the cells were washed twice by centrifugation with 2 ml of HBSS + 2% FCS at 4°C. The cells were
then immediately seeded on the prepared SLBs and fixed after 5-15 minutes of spreading with
4% formaldehyde (Thermo Fisher Scientific, USA) + 0.2% glutaraldehyde (Serva, Germany) for
10 min. Afterwards, the fixing solution was rinsed with PBS. Finally, PBS was exchanged with
Gloxy STORM buffer for dSTORM. To acquire 3D SMLM data of T cell receptor we used dSTORM
with defocused imaging as described in (Zelger et al 2020). Before the experiment, single
molecules adhered to the glass coverslip next to the cells were brought into focus, and the
objective was displaced by 500 nm towards the sample by the piezo stage (P721.SL2, Physik
Instrumente, Germany). For the dSTORM experiment, 20.000 frames at 20 ms illumination time
and 9 ms delay time were recorded for each analyzed image. After 10.000 frames a 405 nm UV
laser was added to the illumination sequence (1 mW laser power, OBIS Laser box, Coherent, USA).
The distance of the objective to the coverslip was maintained by the focus hold system for the
entire recording of the cells. In order to acquire the IRM image of the T cell, the sample was
illuminated via 455 nm LED. The final IRM image was constructed as an average of 100 recorded
images of the same spot for better signal to noise ratio.

2.3.14 Ratiometric calcium imaging

Ratiometric calcium imaging on T cells was performed in section 3.3. Appr. 106 T cells were
washed by centrifugation (300 RCF for 3 min) with 2 ml of imaging buffer composed of HBSS +
2% FCS (Sigma Aldrich, Germany). The supernatant was removed and 0.5 pl of FURA-2AM (1
mg/ml in DMSO, Thermo Fisher Scientific, USA) was added to the cell suspension and incubated
at room temperature for 30 min. Next, the cells were washed twice by centrifugation with the
imaging buffer. Finally, the pellet was resuspended in 100 pl of imaging buffer and 15 pl of the
cell suspension was added per chamber. The cells were imaged from the very beginning of their
contact with the SLB. The imaging was performed by sequentially illuminating the sample with
340 and 380 nm at 1 Hz for at least 10 min.

2.4 Data Analysis

2.4.1 Localization of single molecules

The single molecule coordinates x, y, and z the single molecule brightness (B) and the
background signal (bg) were determined by maximum likelihood fitting of the calculated PSF
model on a 21 by 21 pixel subregion around the signal, as previously described (Zelger et al.
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2018). Shortly, we assumed a Poissonian probability for the number of photons n, detected in
pixel k:

Nk

Pre(nie|uo ) = e_”e’kl;le_'l.(- (22)
k-

The expectation values pg ) depend on the parameter vector 6 = (bg,B,x,y,z) and the PSF
model h:

tox =bg + Bh(x,y,2). (23)

The PSF model was based on vectorial imaging theory described in (Axelrod 2012). For every
recorded image, the parameter vector 8 is estimated by finding a minimum of the total negative
log-likelihood function using the MATLAB tool fiinunc:

6 = argmin, Z[Mg'k - nkln(,ue'k) ] . (24)
K

The initial parameter values required for the minimum search were provided by fitting a Gaussian
model plus offset to the raw data.

2.4.2 Aberrations

The PSF model includes optical aberrations of the experimental setup retrieved from z-stack
measurements of 100 nm fluorescent beads (TetraSpeck Microspheres, Thermo Fisher Scientific,
USA) described in section 3.1.6. We refine the PSF model by taking phase aberrations in the
objective pupil into account, which we express in a Zernike mode basis using Noll coefficients
(Noll 1976) ranging from 2 (tip) to 37 (3rd order spherical) plus the 4th order spherical mode
Zsg:

37
b= aiZi+aselss, (25)
i=2

where a; represent the magnitudes of the Zernike modes Z;. Furthermore, the transmission
function of the objective is modeled using a circular polynomial:

5
b= Z (' +y?)", (26)
n=1

where g, are the coefficients of the transmission function, x’and y’ are coordinates in the back
focal plane of the objective. In the first step, a focus stack Iy, of a single 100 nm bead is recorded.
All images are laterally centered according to the centroid of the in-focus image. Subsequently, all
images are cropped to a size of 40x40 pixels, with one pixel measuring 146.6 nm in the focal plane.
Finally, constant background values are subtracted. A matching image stack I, is simulated
using a vectorial model (Axelrod 2012). This simulated point response is convolved with the
shape of the bead (Hanser et al. 2004) as well as with an additional Gaussian kernel (o = 0.5 pixels,
empirically determined), to closer match the experimental images. For the monochromatic
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simulation we assume the maximum emission wavelength (measured to be 680 nm) as well as
unpolarized emission. The phase retrieval algorithm compares the simulated 3D model stack
Lsim (i, j, k) with the experimental data I, (i, j, k) by calculating the differences and summing up

their absolute values:

n, Ny ng

E= "2 latm (i) = lexp (1, 10] 27)

i=1j=1k=1

where n,, n,, and n, denote the respective dimensions. We empirically found this metric to yield
robust results in conjunction with the MATLAB function fminunc. By varying the Zernike mode
coefficients of the simulation and the coefficients of the transmission function, the algorithm fits
the model to the experimental stack. After those Zernike magnitudes which minimize the error E
have been found, the coefficients a,, a; (corresponding to tip and tilt) are set to zero and high-NA
defocus (Botcherby et al. 2007) is subtracted in order to center the PSF model on the
computational grid. The final PSF model h is obtained by calculating one last focus stack using the
updated Zernike coefficients and normalizing it to an integral value of one.

2.4.3 Cramér-Rao lower bound calculations

The Cramér-Rao lower bounds (CRLBs) for parameter uncertainties are given by the
corresponding diagonal elements in the inverse Fisher information matrix, which is calculated as
follows (Chao, Ward, and Ober 2016):

K
1 Apg e Apig i
FI =Z S 28

mn k—1'u6'k Aem A9n ( )

The CRLB for parameter 8,, then corresponds to:
CRLB, =FI; . (29)

The signal and background photon numbers required for CRLB calculation were provided by the
maximum likelihood estimates.

2.4.4 Analysis of drift

Fluorescent beads measured in section 3.1.5 were localized in 3D and localizations corresponding
to a single bead were grouped by a tracking algorithm (Trackpy, (Allan et al. 2021)). The
trajectories of single beads were then averaged in %, y and z direction to obtain a single, more
precise trajectory of the whole sample drift. To test the performance of cross-correlative drift
correction on the bead sample, the localizations were then drift corrected using the Image]J plugin
ThunderStorm (Ovesny et al. 2014).

2.4.5 SMLM corrections of field aberrations and offset

It is necessary to correct for field-dependent aberrations, as they would introduce bias into the
determined z-positions of the localized signals. For this purpose, we imaged immobile supported
lipid bilayers functionalized with I-Ek/MCC AF647-as a ground truth sample (section 3.1.6), in
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which all dye molecule should be located in the same z-plane. The localizations were fitted with
a planar surface, which was then subtracted from all localizations for correction. To find the z =
0, average z position of the molecules adsorbed to the glass in the sample of interest was
subtracted.

2.4.6 Analysis of glass spheres

Glass sphere experiments are described in section 3.2.1. Single molecule signals were localized in
3D and corrected for the field aberrations. Localizations with very low (B < 500) or very high (B
> 2500) photon numbers were filtered out. The localizations were then drift corrected in Xy plane
by calculating cross correlations using Image] plugin ThunderStorm (Ovesny et al. 2014).

The SMLM data were then fitted with a sphere surface of 1 mm radius to find the contact point of
the sphere with the coverslip and to find the z offset of the SMLM data which was eventually
subtracted. The expected distance z, of the glass sphere from the coverslip was calculated via

ZO :R_ RZ_TOZ, (30)

where R = 1 mm is the radius of the sphere and ry is the radial distance to the contact point.

For the correlative SMLM and IRM imaging on the glass sphere the contact point of the sphere to
the glass coverslip was determined by fitting a 2D second-order polynomial to the IRM intensity
profile in Figure 52b between the central intensity minimum and the first intensity maximum.
The dependence of the normalized IRM intensity on the expected distance of the sphere to the
coverslip zo was fitted with

Zg

IRM = a,e~%2% cos (Zn a_> +ay, (31)
3

yielding @ = —0.54, @, = 0.0036 nm'!, a3 = 188,42 nm, a, = 0.56.

For Figure 52d we put the origin of the z-coordinates to the surface of the glass coverslip, to which
we referenced all obtained z-positions. In Figure 52e the distance of the localizations to the
coverslip zsmim was correlated with the IRM intensity of the corresponding pixels and overlaid
with the fit from Equation (31). The Cramér-Rao lower bounds shown as dashed lines were
calculated considering the localizations’ brightness, background level, z position and the PSF
model including aberrations.

2.4.7 Analysis of DNA nanorulers

DNA nanorulers experiments are described in section 3.2.2. Single molecule signals were
localized in 3D and corrected for the field aberrations. Localizations with very low (B < 1500) or
very high (B > 15000) photon numbers were filtered out. The localizations were then drift
corrected in xy plane by calculating cross correlations using Image] plugin ThunderStorm
(Ovesny et al. 2014).

To identify the labeled positions on the nanorulers two rounds of clustering were
performed with DBSCAN algorithm (Ester et al. 1996). Shortly, DBSCAN is an algorithm for
density-based clustering, capable of discovering clusters of different shapes and sizes from a large
amount of data containing also noise and outliers. Advantage of DBSCAN is that a total number of
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clusters does not have to be specified. The algorithm uses two parameters: the minimum number
of points minPts clustered together for a region to be considered dense and a distance measure
eps. A point p is considered a core point if at least minPts points are within distance eps of it
(including p). A point q is reachable from p if point q is within distance eps from core point p. All
points which are not core nor reachable are noise points. In the first step, localizations were
clustered with eps = 20 nm and minPts = 40, thereby identifying localizations belonging to
single nanorulers. In the second step, the localizations belonging to a single nanoruler were
further clustered with eps = 10 nm and minPts = 10, thereby identifying the two labeled
positions on the nanoruler. The parameters were determined empirically. Only nanorulers with
two identified sub clusters were considered for further analysis. Lastly, from the mean position
of the localizations per sub-cluster, the length and the angle with the horizontal plane were
calculated for every nanoruler.

To analyze the achieved localization precision, the 3D localizations were merged by a
tracking algorithm Trackpy into groups (parameters: 100 nm radius and 5 allowed gaps) and a
standard deviation in X, y and z direction was calculated from the localizations for each group.

2.4.8 Analysis of NPC

Experiments on nuclear pore complexes are described in section 3.2.3. Single molecule signals
were localized in 3D and corrected for field aberrations. The localizations were then drift
corrected in xy plane by calculating cross correlations using Image] plugin ThunderStorm
(Ovesny et al. 2014). The data were then manually searched for single NPCs.

To analyze the achieved localization precision, the 3D localizations were merged by a tracking
algorithm Trackpy into groups (parameters: 100 nm radius and 5 allowed gaps) and a standard
deviation in x, y and z direction was calculated from the localizations for each group. We
additionally calculated the dependence of the x, y and z standard deviations on the average z
position of the localizations within each group.

2.4.9 SLBligand density

Ligand densities on bilayers were characterized for experiments in section 3.3. Single molecule
brightness B was analyzed from SLBs with a low concentration of the fluorescent ligand by fitting
the single molecule signals with a 2D Gaussian function using Image] plugin ThunderStorm
(Ovesny et al. 2014) in a small region of interest (128x128 pixels). Background per pixel bg was
estimated from the recording after all fluorescent molecules bleached. To estimate the density of
ligands on a densely labeled SLB we measured the average fluorescence intensity per pixel I in
the ROI using Image]. The ligand density was then calculated as follows:
I —bg
D=—" (32)

where A = 0.0215 pm? is the pixel area. In the case of sparsely occupied SLBs with distinguishable
single molecules, the number of observed molecules was divided by the area of ROI.
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2.4.10 Analysis of T cells

SMLM corrections: Single molecule signals from TCR in section 3.3 were localized in 3D and
corrected for field aberrations. All z-positions were referenced against z-positions determined
from signals observed around the cells, which correspond to traces of fluorescent H57-scFv
molecules adsorbed to the glass surface. In order to correct for overcounting artifacts,
localizations were merged by a tracking algorithm (Trackpy) (Allan et al. 2021), yielding the
average three-dimensional position and the average single molecule brightness. Parameters of
Trackpy were the three-dimensional search radius, and the maximally allowed size of gaps within
a given trajectory which may occur due to molecular blinking or fitting problems. Both
parameters should be chosen sufficiently large to include most blinks originating from the same
molecule, and sufficiently small to avoid connecting blinks from different molecules. To identify
an appropriate choice of the three-dimensional search radius and the maximally allowed gap size,
we analyzed the standard deviation of all determined z-coordinates o,. Beyond a search radius of
60 nm and a gap size of 5 we observed a plateau in o, (Figure 63a); in the following we hence
analyzed all data with a search radius of 60 nm and a gap size of 5. To find out whether the
obtained values of 0, correspond to the underlying surface roughness we simulated 3D-SMLM
experiments (Figure 63b), using experimentally derived single molecule blinking statistics and
localization precision. For a simulated surface roughness of 26 nm we found high quantitative
agreement between our simulations and data recorded on T cells seeded on activating supported
lipid bilayers. For the selected values of 60 nm search radius and 5 gaps we overestimated the
surface roughness only by 1.5 nm. Finally, localizations were filtered for the single molecule
brightness B (500 < B <4000) in order to avoid fitting of camera noise or of strong signals arising
from overlapping molecules.

Correlative SMLM and IRM: In Figure 54c, localizations were plotted versus the IRM intensity I;zy
of the corresponding pixels; the localizations with zswim < 100 nm were fitted with

B I
ZsmiM = ﬁarccos (% - ,83> ) (33)

yielding g; = —0.50, B, = 225.69 nm, B; = 0.39.

The z histogram of the lamellipodium shown in Figure 54b (ii) was fitted with a sum of 2 Gaussian
functions with center positions at 68 and 228 nm (Figure 56).

Localization precision: To determine the localization precision for x, y and z direction (Figure 53)
we first calculated the standard deviation of localizations from signals occurring in subsequent
frames within a three-dimensional distance of 60 nm and a maximum gap size of 5, yielding the
single frame localization precision oy ; for molecule i. Merged localizations show an improved

localization precision o,; = 0y ;/,/N;, with N; the number of observations per molecule. The

overall localization precision is then given by o = \/a . (afi)i +(1—-a)- (02211-)1-, where a denotes

the fraction of molecules observed only once. CRLBs were calculated from the estimates for each
single molecule observation, CRLB;, accordingly. The histograms in Figure 53 show the weighted
sums of the normalized histograms of g, ; and o ;.

Reconstruction of diffraction-limited images: To reconstruct diffraction-limited images from
SMLM recordings (Figure 57 ii), localizations were convolved with the PSF model taking into
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account the single molecule brightness B and the z position. The PSF model was calculated for a
focus position at z = 0 and included the aberrations of our optical setup.

TCR microclusters: For specific analysis of TCR microclusters, we ascribed pixels to TCR
microclusters based on intensity thresholding of the diffraction limited images of activated T cells
(threshold: MC intensity per pixel > 1.5-times mean intensity per pixel of the whole cell) (see
Figure 59 for an example). Localizations were assigned either to microcluster pixels (termed “in”
or to the complementary pixels (termed “out”). The ratio in/out of the single molecule brightness
values was calculated based on the single molecule brightness B. The density ratio was calculated
from counting the number of localizations, N, per IN and OUT area.

2.5 Simulations

2.5.1 Simulations of overcounting

Simulations were performed to estimate parameters for overcounting correction in section 3.3.
To produce a continuous, rough surface we first generated a random 3D surface on a 10 nm grid
with a size of 10 x 10 pm2 by placing normally distributed z-coordinates on every grid-point; the
normal distribution was centered around zero with a standard deviation of 26 nm. Next, a
Gaussian smoothing with a standard deviation of 0.5 um (in x/y) was applied, and the z-
coordinates were rescaled to preserve a standard deviation of 26 nm in z. Finally, the resulting
surface was shifted along the z-axis so that the lowest point of the surface yielded z=0 nm. Onto
this surface, we placed 1000 molecules randomly distributed in the x/y plane. For each molecule
a blinking sequence of on- and off-states was generated (total of 20000 frames), using the single
molecule blinking statistics determined by analyzing the blinking kinetics of AF647 in
underlabeled T cells. We observed a slight z-dependence of the mean on-time t,,, = k; + k, -
Zsyiym, With ky = 1.5 frames and k, = 0.01 frames/nm, which was taken into account by
including each molecule’s z-position; the off-time t,rr = 5000 frames was largely independent
of the z-coordinate. Both on- and off-times were assigned using exponential distributions with
the corresponding mean values t,, and t,ss. Localizations were assigned to each molecule’s
position in the on-periods according to the determined localization errors of 12 nm in x and y
direction. In case of localization errors along the z-direction we took into account the decreased
excitation along the optical axis upon using TIR excitation, which was determined from sparsely
labeled cells; we obtained o, = k3 + k4 - Zgpy, With k3 = 12 nm and k, = 0.05. The final data
set was used for merging analysis via Trackpy with the different search radii and gap sizes (see
Figure 63b).
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Chapter 3 Results and Discussion

3.1 3D Single molecule localization microscopy via
defocused imaging

This chapter is based on the following publication: Zelger, P., Bodner, L., Velas, L., Schiitz, G. ]., &
Jesacher, A. (2020). Defocused imaging exploits supercritical-angle fluorescence emission for
precise axial single molecule localization microscopy. Biomedical optics express, 11(2), 775-790.

3.1.1 Introduction

Single molecule localization microscopy (SMLM) is a powerful method for obtaining super-
resolved images of fluorescent samples with a spatial resolution on the order of <50 nm (Rust,
Bates, and Zhuang 2006). This is achieved by temporal separation of the signals from the
fluorescent molecules and fitting their positions. Early SMLM experiments focused mainly on
localizing the fluorophores in x and y direction, however, with the 3D nature of biological samples
it has soon become necessary to provide tools for localization of molecules along the optical axis
with a similar precision. Unfortunately, the point spread function (PSF) of the optical microscope
is stretched in z-direction, resulting in a poorer localization precision. I discussed several
approaches in the 3D SMLM chapter, which have been applied to overcome this problem
including multifocal imaging, PSF engineering, intensity or interface sensing methods and
interference methods. All these methods have different advantages and disadvantages such as the
complexity of the optical path, the achievable localization precision and the z-range.

In a special case, when the region of interest lies within a wavelength of the fluorescence
light from the coverslip, alternative information becomes accessible to improve the axial position
estimates. One example is the dependence of the fluorescent lifetimes on the distance of the
fluorophore from a dielectric or metallic surface (Enderlein and Bohmer 2003). Alternatively, if
the fluorophore is in a close vicinity to the coverslip, a part of its non-propagative near field
fluorescence turns into propagating waves inside a nearby material with higher refractive index
than the solvent. This part of light is called supercritical angle fluorescence (SAF) and its amount
shows a strong dependence on the distance between the fluorophore and the coverslip
(Ruckstuhl et al. 2000).

SAF has been exploited in order to obtain z-information about the sample by various
techniques including scanning confocal microscopy (Ruckstuhl and Verdes 2004), widefield
fluorescence microscopy (Axelrod 2001) and STED (Sivankutty et al. 2020). In the context of
SMLM, the amount of SAF is typically measured by splitting the detection path into two channels
and blocking the SAF contribution in one of them. The ratio of the photon counts in the two
channels is then used to estimate the z position of individual fluorophores. This technique has
been published simultaneously by two groups who called it either supercritical angle localization
microscopy (SALM) (Deschamps, Mund, and Ries 2014) or direct optical nanoscopy with axially
localized detection (DONALD) (Bourg et al. 2015).

We show that the effect of SAF can be exploited in a simple defocused imaging which
doesn’t require emission path splitting and provides localization precision in z-direction that is
superior to SALM/DONALD. Our findings are supported by the calculation of the corresponding
Cramér-Rao lower bounds (CRLB) and SMLM measurements via dSTORM on a number of
different samples.
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3.1.2 Method

The SALM/DONALD approach takes advantage of the fact that the SAF and UAF (undercritical
angle fluorescence) are spatially separated in the back focal plane (BFP) of the objective. This
allows to filter out the contribution of the SAF in one of the imaging channels by placing a circular
aperture to a plane conjugated to the BFP. The z-position of the fluorophore can then be estimated
from the signal ratio between the two images (Figure 36a).

A different approach needs to be taken in the case of a single channel method. One
possibility would be to place a specific phase contrast filter into the BFP of the objective, which
would introduce a phase shift of = between the SAF and UAF components. Such phase shift would
result in a destructive interference of the SAF and UAF in the center of the PSF whenever a SAF
contribution would appear, thus turning the presence of SAF into a visible PSF change on the
camera. Interestingly, we found that a similar phase shift between the SAF and UAF in the BFP
can be achieved by defocusing the objective less than a wavelength towards the sample. Upon
defocusing, the PSF becomes very sensitive to the emitters z-position. Precise z-position can be
estimated from fitting a calculated PSF model to the recorded single molecule images using a
maximum likelihood estimation. The main advantage of defocused imaging is that only one
emission path is needed for a precise z-position estimation, which facilitates its application on a
regular wide-field fluorescence microscope. A comparison between the SALM/DONALD and off-
focus imaging is shown in Figure 36 panel (a) and (b), respectively.

(a) SALM / DONALD
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SAF ’

UAF splitting

SAF ‘ |

Information about the
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SAF stop

(b) Off-focus imaging
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z-position is drawn
from evaluating the

}:
£ image shape
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curved wavefront 5> phase delay between SAF and UAF

Figure 36: Comparison of SALM/DONALD and Off-focus imaging exploiting the SAF for localization
microscopy. (a) SALM/DONALD uses beam splitting of the emission path and SAF stop to block the SAF
in one channel. The z-position of the fluorophore is drawn from the signal ratio of both images. (b) Off-
focus imaging introduces a phase-shift between the SAF and UAF which results in a PSF highly sensitive
to the z-position of the fluorophore. I' denotes the defocus magnitude. Taken and adapted from
(Zelger et al. 2020).
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The defocus magnitude I" is an important parameter in the defocused imaging which
influences the localization precision for X, y and z directions. It is defined as the distance over
which the objective lens is moved towards the sample, starting from the position where the
coverslip surface is in focus. The defocus magnitude is a freely selectable parameter and can be
chosen either for a balanced x, y and z localization precision or a particularly good z-performance
as discussed in the following chapter.

3.1.3 Precision calculations

In order to find the optimal defocus magnitude I' we have calculated the Cramér-Rao lower
bounds for the 3D localization uncertainties o, , and o, (Chao, Ward, and Ober 2016). The PSF
model was based on a vectorial imaging theory (Axelrod 2012). In the calculations we have
assumed a sample immersed in an aqueous medium with a refractive index of 1.33, an objective
with a NA of 1.7 or 1.49, an ideal detector with no readout and dark noise but including shot noise,
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Figure 37: Calculated dependency of the localization precision in x, y and z direction on the defocus
magnitude I and the z-position of the fluorophore. (a) shows results for NA 1.7 objective, (b) shows
results for NA 1.49 objective. PSF images for various combinations of I' and z positions are shown on
the right. Taken and adapted from (Zelger et al. 2020).
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an effective pixel size of 115 nm, an emission wavelength of 670 nm and single molecule images
with a size of 15x15 pixels. The number of collected photons was set to 2000 and the background
level was 100 photons per pixel, rendering realistic experimental conditions. The resulting
dependence of the localization uncertainties on the defocus magnitude I" and the z-position of the
fluorophore are shown in Figure 37, panel (a) for the objective with NA 1.7 and panel (b) for the
objective with NA 1.49. Images of the PSF are also shown for various combinations of I" and z-
position. From the resulting uncertainty maps it is clear that the best achievable localization
precision for the x, y direction can be obtained by matching the defocus magnitude I with the z-
position of the fluorophore, however, higher values of I" are necessary to obtain good localization
precision in z-direction. For the objective with the NA of 1.7, I' 500 nm provides a good
compromise for the xyz localization precision. Increasing the I" slightly beyond 500 nm leads to
improving the localization precision in z direction but at the same time decreasing the xy
performance due to a large PSF footprint. Similarly, I' & 400 nm offers a good compromise for
the xyz localization precision in the case of NA 1.49 objective.

As the next step we compared the performance of defocused imaging with the
SALM/DONALD approach assuming the same experimental conditions as previously and a 1.7 NA
objective. Itis important to note that in our calculations we define a number of photons collected
by the objective and not a number of photons detected by the camera. The difference between
these two numbers can be significant, as using the SAF stop in one of the channels of the
SALM/DONALD approach blocks up to 25% of the total signal. Similarly for the defocused
imaging, in the case of PSF with a large footprint, a portion of photons lands outside of the
analyzed 15x15 pixel region and is therefore not detected. Additionally, we propose a new
approach based on the DONALD/SALM principle, in which not only the photon numbers but also
the PSF shapes in the two channels are analyzed in order to boost the localization precision and
denote it as SALM/DONALD+. The results of the calculated localization precisions for defocused
imaging with I' = 500 nm, the original SALM/DONALD approach and the newly proposed
SALM/DONALD+ approach are compared in Figure 38. In the case of xy-precision, all three
approaches yield similar performance; the SALM/DONALD(+) approach has a slight advantage
for lower z-positions of the fluorophore and off-focus imaging performs better at higher z values
(Figure 38a). Regarding the z-precision, the off-focus imaging clearly performs better than the
other two approaches up to the z-position of 200 nm (Figure 38b). Moreover, we can see a clear

(a) xy - precision (b) z - precision
40 - - ‘ 150 ' ,
___ SALM / DONALD ---- SALM / DONALD
30| SALM /DONALD+ | — SALM/ DONALD+
£ — off-focus (I'=500 nm) g 100 — off-focus (F'=500 nm) .-~
c c
g 20 1 1 g
10 ><
0 50 100 150 200 250 0 50 100 150 200 250

z/nm z/nm

Figure 38: Comparison of xy (a) and z (b) localization precisions between defocused imaging,
SALM/DONALD and an improved version SALM/DONALD+. Taken and adapted from (Zelger et al.
2020).
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advantage in the additional analysis of the PSF’s shape for the SALM/DONALD+ approach as it
significantly outperforms the original SALM/DONALD.

3.1.4 Design of the experimental setup

Performing 3D super-resolution imaging on the scale of tens of nanometers requires a robust and
stable experimental setup. Within this project we have designed and built a microscopy system
based on an Olympus [X73 (Japan) inverted microscope. A scheme of the setup is depicted in
Figure 39. To minimize the vibrations of the system, the whole experimental setup was placed on
an air damped table (SMART table UT2, Newport, USA). Additionally, all components which could
cause vibrations, such as fan cooled lasers and controllers were decoupled from the table. The
camera was water-cooled and the internal fan was switched off.

The microscope was equipped with a high NA objective, either a 1.7 NA Olympus objective
(NA 1.7 APON100xHOTIRF, Japan) or a 1.46 NA Zeiss objective (alpha-plan apochromat, 1.46 NA,
100x, Germany), to allow for TIRF excitation and collection of supercritical angle fluorescence.
With the two different objectives, immersion oils with refractive indices 1.78 (Cargille Labs, USA)
or 1.52 (Immersol 518 F, Carl Zeiss, Germany) were used, respectively, matching the refractive
index of the used coverslips; the high refractive index coverslip (HIGHINDEX-CG, Olympus, Japan)
and the standard coverslip (MENZEL-Glaser Deckgldaser 24 x 60 mm #1.5, Thermo Fisher
Scientific, USA). While the higher NA of the 1.7 NA objective brings the advantage of better
localization precision it requires special immersion oil and coverslips with high refractive indices.
We found it to be more practical to use the regular coverslips and immersion oil with the 1.46 NA
objective, despite the slightly worse localization precision. The sample was resting on a micro-
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Figure 39: Design of the experimental setup for 3D SMLM via off-focus imaging. Excitation lasers with
wavelengths at 405, 488, 532 and 640 nm are coupled into a single optical fiber via beam combiner
and directed into a spinning TIRF module. The laser beams are then reflected towards the sample via
a dichroic mirror. The sample is illuminated in TIRF by a high NA objective. The fluorescence is collected
via the objective and imaged on an EM-CCD camera.
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positioning sample stage (MicroStage, Mad City Labs, USA) to allow for precise sample positioning
and minimizing the sample drift. Furthermore, the objective was mounted on a piezo stage
(P721.SL2, Physik Instrumente, Germany) to allow for defined positioning of the objective along
the optical axis in a nanometer range.

The excitation part consisted of an OBIS laser box (Coherent, USA) with four different
lasers, 405 nm, 488 nm, 532 nm and 640 nm. The lasers were first coupled into individual optical
fibers and eventually combined to a single optical fiber in a beam combiner. The optical fiber was
then attached to a spinning TIRF module (iLas?, Visitron Systems, Germany), consisting of
collimator lens, beam expanding lenses, alignment mirrors and two galvo mirrors which were
placed closely to the conjugated plane with the sample plane. The role of the two galvo mirrors
was to create a circular laser pattern in the back focal plane of the objective resulting in a spinning
TIRF configuration. The advantage of the spinning TIRF is that the resulting illumination pattern
on the sample is more homogeneous and without interference stripes which can occur in TIRF.
The collimated excitation laser was then focused into the back focal plane of the objective by a
built-in lens. For illumination, the excitation laser was reflected towards the sample via a quad
dichroic mirror (Di01-R405/488/532 /635, Semrock, USA).

The fluorescence signal collected via the objective passed the quad dichroic mirror and
quad emission filter (ZET405/488/532/642m, Chroma, USA) and was focused via a tube lens on
the EM-CCD camera (Ixon Ultra, Andor, UK). The exact distance of the camera to the tube lens was
adjusted by shining a collimated LED light through the tube lens and finding the focal spot. This
step was important to minimize spherical aberrations of the system. The camera was cooled to -
60 °C to minimize the dark noise and water cooled to prevent vibrations from fan cooling.
Triggering of the lasers and the camera, as well as the adjustment of the TIRF angle and the
spinning frequency was controlled via VisiView software (Visitron Systems, Germany).

A critical parameter for off-focus imaging is the defocus magnitude, which influences the
localization precision and is the prerequisite for calculating the correct PSF model. Therefore, the
defocus magnitude must remain constant during the whole SMLM recording. Defocusing is a
common problem during long measurements due to a mechanical drift of the objective or the
sample along the optical axis. In order to solve this problem, we have implemented a focus hold
system which maintains the distance between the objective and the sample on the scale of few
nanometers. Implementation of the focus hold system to our experimental setup is depicted in
Figure 40. It is based on the total internal reflection of a 785 nm laser beam (LM9LP, Thor Labs,
USA) from the sample coverslip, its collection and detection by a CMOS camera (ac640-750um,
Basler, Germany). The separation of the 785 nm laser from the fluorescence is achieved via a
dichroic mirror (HC BS 750 SP, Semrock, USA). In such a configuration, any change in the distance
between the objective and the sample results in a shift of the reflected beam which is detected on
the camera. In order to keep the distance between the sample and the objective constant, changes
in the position of the reflected beam are detected and used for adjustment of the piezo stage via
a feedback loop. Measurement of the beam position on the camera as well as the feedback loop
are operated with LabView software.

Additionally, we have equipped the experimental setup with a module allowing for
interference reflection microscopy (IRM), shown in Figure 41. This is important to allow for direct
comparison of the acquired 3D SMLM images with IRM images on the same cells and within a
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Figure 40: Addition of a focus hold system for stabilization of z-drift. A 785 nm laser beam is reflected
from a secondary dichroic mirror towards the sample. The back reflection from TIR is collected by the
objective and imaged onto a secondary CMOS camera. Changes in the distance between the objective
and the sample result in shifts of the reflected beam which are detected by the camera. In order to
maintain a constant distance between the sample and the objective, the objective is moved along the
optical axis by a piezo stage.

short time frame. The IRM module consisted of 455 nm LED (Thor Labs, USA) illumination which
was focused on a plane conjugated with the back focal plane of the objective. In this plane a
circular aperture was placed for the adjustment of the illumination numerical aperture. The
illumination beam was then collimated and coupled into the excitation pathway via a dichroic
mirror (zt 473 RDCXT, AHF, Germany). The illumination beam was then focused into the back
focal plane of the objective and reflected via the quad dichroic mirror towards the sample. An
important parameter of the quad dichroic mirror is that it partially reflects the LED light towards
the sample but also transmits the reflected light from the sample towards the camera. The sample
was illuminated via the objective and the reflected light was imaged on the EM-CCD camera.
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Figure 41: Addition of Interference reflection microscopy to the experimental setup. The light beam
from the 455 nm LED is focused into a plane conjugated with the back focal plane of the objective. An
aperture at this place is used to control the illumination numerical aperture. The light beam is
collimated and coupled into the excitation pathway by a dichroic mirror. The light beam is then
partially reflected towards the sample and the reflected beam is imaged on the EM-CCD camera.

3.1.5 Stability

Acquisition of the super-resolved images via SMLM takes time on the order of >10 minutes. Any
drift of the sample, or of the experimental setup within this time frame leads to smeared images.
Especially in 3D SMLM, drift along all three axes is problematic. In order to assess the stability of
our experimental setup we have tracked 100 nm fluorescent beads over a period of 1 hour, which
represents the higher end of the duration of the 3D SMLM data acquisition. To limit the bleaching
of the fluorescence beads over such a long time, the sample was imaged with a reduced frame
rate of 1 fps. Also, the sample was illuminated via EPI illumination and not in TIR configuration,
as this would lead to biased bleaching of fluorophores closer to the coverslip. For the first 30
minutes, the beads were tracked with an active focus hold system, which was then turned off. The
drift was calculated for every bead in respect to its initial position and then averaged over all
beads. The result is shown in Figure 42. In this measurement, the experimental system has shown
a substantial and continuous drift along the x- and y-axis with average speeds of 2.5 and 1.4
nm/min, respectively. In addition to the long-term drift of the system we could also observe
fluctuation on short time scales. Regarding the z axis, no z drift was observed while the focus hold
system was in operation. After the focus hold system was turned off, the system continuously
drifted along the z axis with an average speed of 1.4 nm/min, also showing fluctuations in the z
position. No substantial change in the x- and y-drift was observed after the focus hold system was
turned off.

This measurement clearly demonstrates the need for the drift correction in SMLM
experiments. While the z-drift could be successfully prevented by the active focus-hold system,
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Figure 42: Drift measurement of fluorescent beads along the x, y and z axis. The focus hold (FH) system
was switched off after 30 minutes. Drift in x and y direction was continuous and showed fluctuations
on shorter time scales. The active focus hold system prevented the drift in z direction in the first 30
minutes. After the focus hold system was turned off, the drift along the z-axis was continuous.
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Figure 43: Drift of the fluorescent beads after application of an x/y cross-corelative drift correction.
The long term x/y drift was corrected, but fluctuations up to 10 nm in amplitude remained.
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the x, y-drift remained problematic. A number of solutions to this problem is available which
involve post-processing of the SMLM data, including cross-correlative drift correction and fiducial
markers (Geisler et al. 2012). Figure 43 shows an application of a 2D cross-correlative drift
correction to our measurement using the ThunderStrom plugin of Image] (Ovesny et al. 2014).
Clearly, the long term x, y drift was removed, however, the fluctuations on the order of few
nanometers remained uncorrected.

[t is important to note that the drift of the experimental system is hardly predictable and
not reproducible. It depends on multiple factors such as sample mounting, previous movement
of the stage, temperature equilibrium of the setup, air flow in the laboratory and external factors
such as vibrations within the building. The aim of this measurement was to show the importance
of the active focus hold system and the application of post-processing drift correction methods.

3.1.6 Aberrations

In order to achieve optimal localization precision in 3D SMLM, an accurate PSF model needs to be
fitted to the recorded SM signals. We have chosen to employ the PSF model based on a vectorial
imaging theory (Axelrod 2012). However, optical systems often suffer from aberrations such as
spherical aberrations, coma and astigmatism which arise either from non-ideal optical
components or their misalignment and distort the aberration-free PSF. Therefore, we have
decided to refine the PSF model by taking phase aberrations in the objective pupil into account.
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Figure 44: Noll Zernike term expansion for characterization of optical aberrations in the back focal

plane of the objective. The colormap denotes the phase profile in the objective pupil for a given Zernike
mode. Taken and adapted from (Sacek 2006).
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Aberrations in the objective pupil can be expressed in a Zernike mode basis using Noll
coefficients (Noll 1976) as shown in Figure 44. We have used the coefficients ranging from 2 (tilt)
to 37 (3 order spherical) plus the 4th order spherical mode:

37
b= aiZi+aseZse (34
i=2

where a; represent the magnitudes of the Zernike modes Z;.

We have implemented a phase retrieval method related to previous work on this topic
(Quirin, Pavani, and Piestun 2012; Hanser et al. 2004). In the first step, a z-stack of 100 nm
fluorescent bead was imaged, ranging from -1.6 pm to 1.6 pm with 200 nm steps, yielding a stack
Iexp consisting of 17 images. The laser intensity was increased for the out of focus images to
maintain good signal to noise ratio. The images were cropped to 51x51 pixels and constant
background value was subtracted. Next, a matching image stack Iy, was simulated using a
vectorial model (Axelrod 2012). The simulated point response was convolved with the shape of
the bead to closer match the experimental images. The objective transmission function was also
taken into account as described in Methods, section 2.4.2 (Zelger et al. 2018). The phase retrieval
algorithm then fitted the simulated stack Iy, to the experimental stack I, by varying the
Zernike mode coefficients and the transmission function of the objective.

The experimentally measured, fitted and aberration-free stacks are shown in Figure 45,
panel (a). From their comparison it is clear that aberrations were present in our imaging path.
Probably most apparent is the presence of slight astigmatism as the PSF appears elongated along
the vertical axis at -1.6 um and along the horizontal axis at +1.6 um. Further Zernike coefficients
from the phase retrieval are shown in Figure 45b. Apparently, the Zernike modes Zg
(astigmatism), Z;; (1st order spherical), Z,, (214 order spherical), Z3, (34 order spherical), Zsq
(4t order spherical) are dominant and non-negligible. Retrieved phase and transmission are
shown in Figure 45c. We have calculated the CRLB for the retrieved PSF and compared it with the
aberration-free PSF in Figure 46. Clearly the aberration-free PSF performs better in all three
dimensions. However, the aberrated-PSF shows an advantage for the z-precision in the range
above 200 nm and the astigmatism is responsible for slightly worse performance along the y-
direction.

Aberrations can slightly vary over the field of view due to imperfections in the optical
pathway, the presence of optical elements and misalignments. Our PSF model is, however,
measured only at the center of the field of view and therefore does not account for these
deviations. Presence of field aberrations can lead to biased estimates of z positions. Especially,
astigmatism and coma are the dominant field aberrations when imaging away from the center of
the objective’s field of view. Furthermore, slight tilt of the sample or the camera can result in a
somewhat different defocus magnitude over the field of view. In order to determine the z position
bias over the field of view, we have imaged a fluorescently labeled planar supported lipid bilayer
as a sample with a known ground truth. In more detail, a glass coverslip was coated with a gel
phase SLB consisting of 98% DPPC and 2% DGS-NTA, which was functionalized via His-tag
binding with AF647 labeled pMHC. Hence, the z distance of the fluorophores to the glass coverslip
is constant over the whole sample. The resulting image is shown in Figure 47a with color coded
z-position estimates. The localizations clearly show a tilt in z-direction, starting at 20 nm at the
top of the image and ending at 120 nm at the bottom of the image. We assume that this behavior
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Figure 45: Characterization of the aberrations of the experimental setup. Comparison of the
experimentally measured PSF of a fluorescent bead, the fitted simulated PSF and the aberration-free
PSF (a). A z-stack of 5 images is shown ranging from -1.6 um to +1.6 um. Retrieved coefficients of
Zernike modes (b). Retrieved phase profile in the objective pupil and retrieved transmission of the
objective (c).

was caused by a joint effect of field aberrations and a slight tilt of the sample, the camera or the
objective with respect to the optical axis. In order to correct for this field curvature, we fitted a 1st
order polynomial surface to the data and subtracted it to achieve a flat z-distance over the field
of view, shown in Figure 47b. Obviously, correction of the field curvature is critical for accurate
evaluation of 3D SMLM data. We recommend correcting the data by recording a calibration
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Figure 46: Comparison of the achievable localization precisions for the simulated PSF retrieved from
the measured data and the aberration-free PSF. Z-position dependence of the localization precision
based on the CRLB calculation for x (a), y (b) and z (c) direction are shown. The simulated PSF shows
slightly worse precision than the aberration-free PSF for all three directions.

sample with a known ground truth as was demonstrated here or use the localizations of
fluorophores attached to the coverslip within the sample of interest if possible.

The overall z-offset in the SMLM data in Figure 47a is largely due to a not precisely known
value of the defocus magnitude I with which the experiment was carried out because its accuracy
depends on the ability of the experimenter to focus on the surface of the glass coverslip in order
to define z = 0. Manual focusing usually brings an error on the scale of 100 nm. However,
systematic errors in the defocus magnitude cause to a very good approximation only an axial shift
of the SMLM data, which is tolerable for most applications (Zelger et al. 2021). In applications,
where an accurate distance from the coverslip is desired, localizations of molecules attached to
the glass coverslip can be used to set the z = 0.

z/nm

=20
Figure 47: Correction of z-bias caused by field aberrations. Uncorrected 3D SMLM image of

fluorescently labeled proteins attached to a supported lipid bilayer (a). 3D SMLM image corrected by
subtracting a fitted surface to the original data (b). Scale bar 5 um
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3.2 Proof of principle measurements

In order to test the performance of defocused imaging and its potential biases I performed a
number of 3D SMLM experiments on samples with a known ground truth. These experiments
included a glass sphere labeled with fluorescent dyes on the surface, which has previously been
proposed as a calibration sample for 3D SMLM (Cabriel et al. 2018), DNA-origami nanorulers with
a defined spacing between two labelled positions (Schmied et al. 2013) and nuclear pore
complexes which provide a well-known structure within a cellular environment (Thevathasan et
al. 2019).

3.2.1 Glass sphere

Glass spheres represent a suitable calibration sample for 3D SMLM, as the distance z, of its
surface from the coverslip can be easily calculated as a function of the distance 1,y from the contact
point between the sphere and the coverslip (Figure 48 panel a), yielding

ZO :R_ RZ_TOZ, (35)

where R is the radius of the sphere. For our experiment, we have chosen a sphere with a radius
R =1 mm, as it covers z distances up to 200 nm for 1y up to 20 um. The sphere was incubated
with BSA-biotin and labeled with streptavidin-AF647. The glass coverslip was additionally coated
with unlabeled streptavidin in order to minimize Brownian motion of the glass sphere in the
buffer. Imaging via dSTORM was performed in classical epi-illumination, since TIR excitation led
to coupling of the evanescent field into the glass sphere and caused a high background signal.
High background signals were observed also in epi-illumination as fluorophores on the whole
glass sphere surface were excited. Additionally, the vicinity of the sphere’s surface to the
fluorophores captures a portion of the near field fluorescence which - in consequence - is not
collected by the objective. Even though the high background level and dimmer fluorescence signal
compromitted the achievable localization precision, this experiment is useful to evaluate the
possible z distance biases coming from unaccounted aberrations or refractive index mismatch
between the buffer and the glass. The acquired localizations corrected for the field curvature are
shown in Figure 48b. A sphere surface was fitted to the localizations in order to find the contact
point 1, = 0 and to identify the set-point z = 0. We have plotted all z-positions over the distance
19, which clearly follows the calculated sphere surface z, (Figure 48c). We have additionally
binned the localizations along r, with a bin size of 100 nm and calculated their mean z position
to visualize the agreement of the experimental result with the ground truth. The measurement
reveals no strong bias effects in the z direction. Figure 48d shows the acquired localization
precision o for X, y and z direction in this experiment. The localization precision was calculated
as the standard deviation of localizations which appeared in subsequent frames within a radius
of 200 nm. The mean localization precisions are 23, 24 and 34 nm for x, y and z direction,
respectively. The slight inequality of x and y localization precisions comes from the astigmatism
of the PSF.

83



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 3 Results and Discussion

200
b

175

150
Glass sphere

d=2mm

125

AF647

Zy

Glass coverslip ro

C 250 d
—— binned data
2004 — 2p

data

z/nm
# [a.u.

0 20 40 60 80 100

Figure 48: 3D SMLM on a glass sphere. The glass sphere with d=2mm was coated with AF647 and
imaged via dSTORM (a). The distance of the sphere’s surface z, to the coverslip is known due to the
known sphere’s shape. Panel (b) shows the 3D localization map. The contact point of the sphere with
the coverslip is indicated with a cross. Panel (c) shows the z position of the single molecule localizations
with respect to their distance to the sphere’s contact point ry. The black line indicates the ground truth
and the red line shows the mean z position of binned localization data along 1y. Panel (d) shows a
histogram of the measured localization precision for x, y and z direction with the mean values of 23,
24 and 34 nm, respectively.

3.2.2 DNA origami nanorulers

To test the limits of our method we have imaged a DNA origami sample. In our case, we used DNA
origami nanorulers with a rod-like shape, which contain two rings of ssDNA docking strands on
both ends of the rod separated by 30 nm. One end of the nanorulers was attached to the coverslip
while the other end was freely oriented in space, therefore covering all possible z positions
between 0 to 30 nm. This sample is therefore well suited to study the resolution capabilities of
our method in all three dimensions. The docking strands allow for transient binding of ssDNA
imaging strands conjugated to ATTO655, which freely diffuse in the sample’s buffer. We used
DNA-PAINT for acquisition of the super-resolution data, where the dye blinking kinetics is
defined by the base pairing of the imaging and docking strand. We imaged the sample in TIRFM
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configuration as this led to a lower fluorescent background from the freely diffusing imaging
strands. In total, 20000 frames were acquired with an illumination time of 100 ms.

The results are shown in Figure 49. Panel (a) shows a schematic of DNA nanorulers
attached to a coverslip with length Lyg and angle 8y and two labelled positions. To make the
search for the nanorulers more effective we used density based clustering algorithm DBscan
(Ester et al. 1996). The algorithm uses two parameters: the minimum number of points minPts
clustered together for a region to be considered dense and a distance measure eps. A point p is
considered a core pointifatleast minPts points are within distance eps of it (including p). A point
q is reachable from p if point g is within distance eps from core point p. Core and reachable points
are considered part of the cluster and all points which are not core nor reachable are noise points.
The DBscan was applied on our data in two steps. The first step aimed at identifying all
nanorulers. For this, we clustered the 3D localization data with eps = 20 nm and minPts = 40
localizations, yielding 296 clusters in the field of view. The second step aimed at finding the two
ends of the nanorulers. Here, we performed a secondary clustering on the previously clustered
data with eps = 10 nm and minPts = 10 localizations. This has resulted in 1 or more subclusters
for every primary cluster. For further analysis, we considered only those localizations which gave
rise to 2 subclusters, yielding 46 nanorulers in the field of view.

The localizations belonging to the identified nanorulers are shown in Figure 49b. Panel
(c) shows exemplary images of two distinct nanorulers, with lengths 29 and 33 nm and tilt angles
86° and 31°, and the two subclusters in red and blue color. Next, we have plotted the length versus
angle for all resolved nanorulers in Figure 49d, with the red line indicating the distance between
the two imaged positions as specified by the manufacturer. Clearly the measured distances agree
well with the ground truth, yielding the mean nanoruler length of 32.6 nm and a standard
deviation of 6.1 nm. The distribution of angles appears to be biased towards small angles, despite
the manufacturer’s prediction of equally distributed angles of nanorulers in the sample. This has
two possible explanations. First, unspecific binding of the imaging strands to the coverslip surface
can result in localization clusters that can be misinterpreted as nanorulers, adding to the portion
of nanorulers with angles close to 0. Secondly, due to a slightly poorer localization precision in z
direction of 11.2 nm in comparison to x and y direction with 7.4 and 6.6 nm (Figure 49e), it might
be more difficult for the clustering algorithm to resolve the upright standing nanorulers as two
sub-clusters, thereby reducing the number of nanorulers with higher angles.

In conclusion, defocused imaging performed very well in resolving DNA origami
nanorulers structures as small as 30 nm oriented freely along all three dimensions. The method
benefited from a number of advantages in this experiment. Firstly, the position of the
fluorophores on the DNA origami is within a range of 30 nm from the coverslip, boosting the
sensitivity of the method due to high contribution of the SAF component. Secondly, the
background of the sample was relatively low, especially when using TIRF microscopy. Thirdly,
the DNA-PAINT method allows to localize the same position on the nanoruler multiple times due
to constant rebinding of fresh imaging strands without the problem of photobleaching.
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Figure 49: 3D SMLM on 30 nm DNA origami nanorulers. A sketch of DNA origami nanorulers with two
labeled positions (a). Lyr denotes the nanoruler’s length and 6yy its angle with respect to the

coverslip. Panel (b) shows filtered localizations belonging to the resolved nanorulers. Panel (c) shows

two exemplary images of nanorulers with 29 and 33 nm length and an angle of 86 and 31°. The blue

and red color denote two different subclusters in the localization data corresponding to the two

labeled positions on the nanoruler. Panel (d) shows the length versus angle dependence for the

resolved nanorulers. Red line indicates the ground truth. Panel (e) shows a histogram of the measured

localization precision for x, y and z direction with the means of 7.4, 6.6 and 11.2 nm, respectively.
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3.2.3 Nuclear pore complex

Several biologically relevant control samples have been used to test and benchmark the quality
of different super-resolution imaging techniques, including histones (Betzig et al. 2006),
mitochondria (Huang, Jones, et al. 2008), microtubules (Huang, Wang, et al. 2008) and nuclear
pore complexes (Thevathasan et al. 2019). An ideal reference sample for 3D super-resolution
microscopy should fulfill the following criteria: it is abundant in cells, has a well-preserved
structure which features distances resolvable by the technique, and spans all three dimensions.
Nuclear pore complexes (NPCs) fulfill all these criteria. They are abundantly present on the
nuclear membrane of cells fulfilling the role of selective transporters of macromolecules. The
structure of the NPCs has been solved by electron microscopy (Von Appen et al. 2015). NPCs are
made of around 30 different proteins providing a great variety for fluorescent labelling. One of
the commonly labelled proteins is a nucleoporin Nup96, which is present in 32 copies per NPC,
forming two concentric rings on the cytoplasmic and nucleoplasmic side with a diameter of 107
nm and a separation of 50 nm. Each ring consists of 8 corners separated by 42 nm and the two
rings are registered, conserving the 8-fold symmetry of the whole structure. Each corner is
formed by two copies of Nup96 with a separation of 12 nm (Figure 50a).

High labeling efficiency is a prerequisite to successful imaging of NPCs. We have used a
cell line where the nucleoporin Nup96 was endogenously tagged with SNAP-tag (Thevathasan et
al. 2019). Cells were cultured in the imaging chambers for 2 days, fixed and labeled with AF647.
The lower side of the nuclear membrane was sufficiently close to the coverslip, allowing for TIRF
microscopy. The sample was imaged via dSTORM. The resulting 3D localization map is shown in
Figure 50b. Hundreds of NPCs appeared in a 10x10 um field of view ranging from 50 to 300 nm
in z position along the surface of the nuclear membrane. We have selected two regions of interest,
region (i) with NPCs located at distance >250 nm from the coverslip surface, and region (ii) with
NPCs located at a distance <150 nm from the coverslip surface.

Panel (c) shows the region (i) with well resolved ring structures of the NPCs. Within the
region, we have selected a single NPC where the 8-fold symmetry can be clearly seen and the
localizations form a ring with a diameter of 107 nm, indicated with the red circle. However, the z
projection of this NPC does not show the two rings separated by 50 nm. The histogram of z
positions is shown in Figure 50d. The observed characteristic was similar for all NPCs within this
region. Region (ii) is shown in Figure 50e with NPCs clearly showing a ring structure. In contrast
to the region (i), the 8-fold symmetry of the NPC cannot be resolved anymore. On the other side,
the z projection of the selected NPC shows two distinct planes separated by 50 nm, as shown also
in the histogram in Figure 50f. Similar characteristic was also observed for other NPCs within
region (ii).

This phenomenon can be explained by differences in the achieved localization precision.
We have analyzed the standard deviation of localizations which appeared in subsequent frames
within 100 nm radius. Histograms of these standard deviations are shown in Figure 51a, with
mean values of 8.4, 8.8 and 10.9 nm for %, y and z direction, respectively. Additionally, we have
plotted the standard deviation of the repeating localizations versus their mean z position in
Figure 50b. Interestingly, the localization precision in x and y is worse for molecules close to the
coverslip due to the large PSF footprint and improves with the higher z position as the PSF
footprint is getting smaller. The localization precision in z shows an opposite trend with the best
localization precision close to the coverslip, as the SAF component is then largest. Furthermore,
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the data agree with the theoretically calculated localization precisions based on the calculation of
CRLB.
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Figure 50: 3D SMLM on nuclear pore complexes. Nup96 protein was labeled with AF647 and imaged
with dSTORM via defocused imaging. Panel (a) shows the NPC structure based on electron microscopy
with C termini of Nup96 indicated in red. Panel (b) shows a 3D localization map of a 10x10 um cell
nucleus region with two selected regions (i) and (ii). Panel (c) shows the region (i) with well resolved
NPCs in the x/y plane. (d) shows a histogram of z positions from the selected NPC. Panel (e) shows the
region (ii) with well resolved NPCs in z direction. (f) shows a histogram of z positions from the selected
NPC. Panel (a) taken and adapted from (Thevathasan et al. 2019)
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From the analysis of the z dependency of the localization precision it is clear that NPCs
located close to the coverslip show a localization precision of around 13 nm in x and y and 9 nm
in z direction. This allows to resolve the two planes of the NPC but not the 8 corners. NPCs located
further away from the coverslip achieve a localization precision of around 6 nm in x and y and 15
nm in z direction. This allows to resolve the 8 corners of the NPC but not the two planes.

In summary, the defocused imaging has succeeded in resolving the structure of the NPC,
visualizing the ring shape with a diameter of 107 nm and the two planes of the NPC with a
separation of 50 nm. However, we didn’t observe NPCs with good resolution simultaneously in
all three dimensions. This is due to the dependence of the localization precision on the z position
of the NPC. The desired localization precision for resolving the NPC structure would be around 6
nm for x and y direction and 9 nm for z direction. This could probably be achieved by further
optimization of the imaging parameters and increase of the labeling efficiency.
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Figure 51: Histogram of localization precision in x, y and z direction (a). Panel (b) shows the
dependence of the localization precision on the z position of the fluorophores. Points represent the
experimentally measured localization precisions; the dashed lines represent the calculated CRLBs for
the corresponding signals and background.
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3.3 3D SMLM of the Immunological synapse

This chapter is based on the following publication: Velas, L., Brameshuber, M., Huppa, ]. B, Kurz,
E., Dustin, M. L., Zelger, P., Jesacher, A., & Schiitz, G.]. (2021). Three-Dimensional Single Molecule
Localization Microscopy Reveals the Topography of the Immunological Synapse at Isotropic
Precision below 15 nm. Nano letters, 21(21),9247-9255

3.3.1 Introduction

Understanding the topography of cellular interfaces is central for addressing many cell biological
questions. The distance between the two juxtaposing cell surfaces not only regulates the affinity
of protein-protein trans-interactions (Hu, Lipowsky, and Weikl 2013; Dustin et al. 1997), but the
extension of the intercellular cleft also affects the spatial distribution of membrane proteins with
differently-sized ectodomains (Cartwright, Griggs, and Davis 2014). A prominent example is the
size-exclusion of the large phosphatase CD45 upon contact formation between a T cell and an
antigen-presenting cell (APC), which is suspected to represent an important regulatory
mechanism for the phosphorylation of the T cell receptor (TCR) (Davis and van der Merwe 2006);
according to this model, shifting the balance between Lck-mediated phosphorylation and CD45-
mediated dephosphorylation induces downstream signaling.

A common way to study antigen-specific T cell activation involves the use of
functionalized glass-supported lipid bilayers (SLBs) as surrogates of APCs (Grakoui et al. 1999;
Huppa, Axmann, Mortelmaier, et al. 2010; Groves and Dustin 2003). This experimental design has
several advantages when it comes to the application of high-resolution microscopy techniques,
while still preserving the essential hallmarks of T cell signaling, including the formation of an
immunological synapse, the recruitment of the kinase ZAP-70 and other downstream signaling
effectors, the increase in intracellular calcium and the release of cytokines.

First, interfacing cells with a glass coverslip further allows for exploiting the interference
of light reflected from the glass-water interface and light reflected from the cell membrane for
imaging purposes (Curtis 1964; Limozin and Sengupta 2009). This technique, termed
interference reflection microscopy (IRM), yields high precision information on the separation of
the cell surface from the surface of the glass coverslip, eventually limited only by the signal-to-
noise ratio of the data and by the knowledge of the interference model (Limozin and Sengupta
2009). IRM has been frequently applied to qualitatively assess the homogeneity of T cell adhesion
to activating or inert surfaces (Smith et al. 2008; Grakoui et al. 1999; Balagopalan et al. 2011; Cai
etal. 2017), often yielding patches of close contact next to areas of substantial elevation of the T
cell surface. Quantitative interpretation of the data, however, is often hampered by unknowns of
the interference model (Limozin and Sengupta 2009). For example, tilted membranes or the
presence of second or third order interferences are difficult to account for. In addition, multiple
reflections from different layers of varying refractive index induce phase shifts in the IRM
intensity profiles, thereby impeding absolute distance measurements. In fact, protein
ectodomains and the glycocalyx contribute to the change in refractive index between the aqueous
environment and the cell, rendering the plane of reflection rather poorly-defined. Finally, IRM
images are of diffraction-limited spatial resolution, and thereby yield averages of the interference
contrast over a few 100 nm. Fluctuations at smaller scales would hence be averaged out.
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As a second advantage of hybrid synapses, they facilitate the application of total internal
reflection (TIR) excitation to accentuate the signal of dyes proximal to the glass surface over
intracellular background (Axelrod, Burghardt, and Thompson 1984). Using TIR excitation,
researchers discovered for example the formation of TCR microclusters upon T cell activation
(Hashimoto-Tane and Saito 2016; Yokosuka et al. 2005; Varma et al. 2006).

A third advantage relates to the use of single molecule localization microscopy (SMLM)
for studying the organization of signaling molecules in the course of T cell activation (Rossy et al.
2013; Pageon et al. 2016; Rossboth et al. 2018; Simoncelli et al. 2020; Jung et al. 2016; Jung et al.
2021). SMLM achieves superior spatial resolution by precisely localizing well separated single
molecule signals that can be obtained from blinking chromophores (Sauer and Heilemann 2017).
While a two-dimensional localization precision below 20 nm was frequently reported, it is
difficult to achieve similar precision along the optical axis (Hajj et al. 2014). In this context, the
presence of the glass coverslip in the vicinity of the fluorophores of interest allows for using the
supercritical angle fluorescence as a parameter for determining the distance between the dye
molecule and the glass surface (Oheim, Salomon, and Brunstein 2020; Bourg etal. 2015). We have
demonstrated that, when combined with defocused imaging, supercritical angle three-
dimensional SMLM (3D SMLM) achieves isotropic localization precision down to ~10 nm in all
three dimensions (Zelger et al. 2020).

Here, we used 3D SMLM based on supercritical angle microscopy to study the topography
of the immunological synapse formed between primary murine CD4* T cells and functionalized
SLBs at isotropic localization precision below 15 nm. The obtained TCR localization maps were
correlated with IRM images of the same synapse, thereby allowing not only cross-validation of
the two approaches, but also the identification of artifacts inherent to IRM images. From the TCR
z-coordinates we quantified the roughness of the T cell surface within the synapse, as well as its
separation from the SLB: Both for activating and non-activating conditions we observed multiple
TCR-proximal spots of close contact, which would qualify for CD45 exclusion. We finally
quantitatively compared 3D-SMLM images with diffraction-limited TIR fluorescence microscopy
of T cell synapses to disentangle different contributions to the appearance of TCR microclusters.

3.3.2 Correlative 3D SMLM and Interference Reflection Microscopy

In order to evaluate the correlation between 3D SMLM and IRM data we used a system with
known separation of the detected single dye molecules from the glass surface. We opted for an
AlexaF647-coated glass sphere of 2 mm diameter adhered to a glass coverslip, which yielded z-
distances of up to 200 nm within the field of view of 22 x 22 pm?, depicted in Figure 52a. Figure
52b shows an IRM image recorded next to the contact point between the sphere and the glass
surface. Concentric interference fringes are clearly visible. When plotting the recorded IRM
intensity values versus the distance of the according pixels from the glass surface, z,, we observed
the characteristic cosine-dependence (Figure 52c). In this case, three branches of the IRM
intensity can be distinguished, corresponding to different orders of the interference pattern. The
first branch covers zgy; s values up to 90 nm, the second 90-180 nm, and the third values above
180 nm. A slight decrease in amplitude and wavelength of the recorded IRM curve is noted for
increasing IRM interference orders, which is a consequence of reflections on the curved surface
(Limozin and Sengupta 2009). In Figure 52b we also included the recorded 3D SMLM data, with
the color-code indicating the calculated displacement from the glass surface, zg,; 5. When plotted
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Figure 52: Control experiment on a fluorescently labeled glass sphere. A glass sphere of 2 mm diameter
was labeled with BSA-Biotin-Streptavidin-AF647. Based on the known size of the sphere, the distance
of the AF647 to the coverslip zo was calculated from the measured radial distance rofrom the contact
point of the sphere with the coverslip (a). (b) IRM and SMLM images were recorded next to the contact
point of the sphere with the coverslip (red cross). (c) We plotted the z, corresponding to the center of
the respective pixel against the normalized IRM intensity and fitted with Eq. (31). (d) The measured
distances zsmum of all localizations were plotted against their radial distance ro. The solid line indicates
the expected behavior for a spherical surface Eq. (30), dashed lines indicate the square root of the
Cramér-Rao lower bound. (e) Dependence of zsmum on the normalized IRM intensity. Solid line indicates
fit results from panel (c), dashed lines the square root of the Cramér-Rao lower bound. (f) The
difference between the measured values zswum and the calculated values zp showed a standard
deviation of 21 nm. Scale bar 5 um. Taken from (Velas et al. 2021).

against the radial distance from the sphere’s contact point, r,, the measured single molecule
displacements zgy; s follow closely the surface of the sphere (Figure 52d). We further correlated
Zsyy With the IRM intensity values recorded on the corresponding pixels (Figure 52e), yielding
very good agreement of the two data sets. The solid black line shows the calibration curve
obtained in Figure 52c, the dashed lines indicate the expected Cramér-Rao lower bound (CRLB)
(Ober, Ram, and Ward 2004; Zelger et al. 2020). To obtain a quantitative measure of the method’s
z-precision we calculated for each localization the difference between zgy; 5, and the theoretical
7,y (Figure 52f). The determined standard deviation of 21nm agrees well with the Cramér-Rao
lower bound of 17nm.

3.3.3 Correlative IRM, TIR and 3D SMLM of the immunological synapse

Next, we applied the method to image the 3-dimensional topography of the immunological
synapse formed between CD4* murine 5c.c7 TCR-transgenic T cells and stimulatory or inert
surfaces. To visualize the position of the TCR, T cells were labeled with an AlexaF647-conjugated
single chain antibody fragment (Huppa, Axmann, Mortelmaier, et al. 2010) against the TCR 8
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Figure 53: Histogram of localization precision in x, y and z direction. Localization precision was
calculated as the standard deviation of localizations of the same molecule appearing in consecutive
frames. The mean localization precision and the CRLB are indicated for the different dimensions. Taken
from (Velas et al. 2021).

subunit. An isotropic mean precision of 12.7 nm, 12.0 nm, and 14.6 nm was determined for single
molecule localization along the x, y, and z axis, respectively (Figure 53).

We first addressed the three-dimensional organization of the TCR in activated T cells. To
this end, T cells were seeded onto fluid SLBs functionalized with MCC-loaded I-Ek at a surface
density of 100 + 30 molecules/ um?, which is known to stimulate intracellular calcium release
(Hellmeier et al. 2021); in addition, bilayers contained the adhesion molecule ICAM-1 and the
costimulatory molecule B7-1 (Figure 54a). For all applied conditions, T cell activation was
controlled via ratiometric calcium imaging by using FURA-2 dye (Figure 55). An increase in the
FURA-2 ratio reflects an increase in the intracellular calcium levels upon T cell activation. Prior
to conducting imaging experiments, T cells were fixed at specific time points (here 5 minutes)
after their seeding onto the SLBs, and imaged both via IRM and 3D SMLM. The IRM images show
substantial contrast fluctuations (Figure 54b), indicating corresponding fluctuations in the
distance of the T cell membrane from the SLB. This is supported by the 3D SMLM data, where the
determined TCR z-positions spread between 0 nm and 300 nm. Plotting zg,; ) versus the IRM
intensity revealed a good correlation between the two data sets for the first branch of the IRM
signal (Figure 54c, solid black line). This correlation vanished, however, for higher order IRM
branches. We attribute this lack of correlation to additional parameters affecting the measured
IRM contrast such as unknown angles of the reflecting surfaces or the occurrence of multiple
interferences, which particularly disturbs IRM signals originating from reflections at larger
distances from the glass surface. We therefore did not fit those regions of the IRM curves. In
addition, different resolutions of the two methods impede direct comparison of the two data sets:
While 3D-SMLM data report on z-distances specific for 2D coordinates that can be determined
with a precision below the diffraction-limit, IRM images are limited by diffraction and hence
provide average values over areas given by the size of the 2D point spread function.
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Figure 54: Correlative 3D SMLM and IRM within the immunological synapse. (a) Experiments were
performed on a T cell adhering to an SLB functionalized with I-E¥/MCC, B7-1 and ICAM-1; the TCR was
labeled via AF647-conjugated H57-scFv. (b) IRM (left) and SMLM/IRM overlay images (right) of the
immunological synapse. The areas i, ii and iii are shown in magnification below. (c) Correlation plots
between zswim and the normalized IRM intensity for the areas indicated in panel (b). Data points with
Zsum < 100 nm were fitted with Eq. (33) (solid line). The dashed lines indicate the square root of the
Cramér-Rao lower bound. Scale bars 2 um. Taken from (Velas et al. 2021).
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Figure 55: Release of intracellular calcium assessed via the median FURA-2 ratio. Data are shown as a
function of time post seeding for T cells subjected to activating and non-activating conditions while
employing the ICAM-1 at indicated densities. Taken from (Velas et al. 2021).

For detailed assessment we selected in region i) of Figure 54b the cell center, in which the
left half of the region was well adhered to the SLB surface while the right half featured a
separation of ~60 nm from the SLB. Here, results obtained with the two imaging modalities are
in very good agreement. In region ii) showing the cell edge, where the T cell formed a narrow
lamellipodium, we observed two distinct clusters in the zgy;; 5, data, one reflecting the bottom, the

# /a.u.
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Figure 56: Histogram of zSMLM positions in the area of the lamellipodium shown in Figure 54b (ii),
yielding 2 peaks at a mutual distance of 160 nm. Taken from (Velas et al. 2021).
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other the top membrane of the lamellipodium. The two clusters were separated by ~160 nm
(Figure 56), which corresponded to the thickness of the lamellipodium (Abraham et al. 1999).

Interestingly, the z-positions of this particular region hardly correlated with the IRM
patterns, likely due to high inclinations of the reflecting membrane at the lamellipodium edge
possibly causing additional interferences in the IRM image. In region iii), another feature of
membrane topography became apparent: the central dark IRM area did not indicate an area of
close contact, but instead showed rather distal lamellipodium regions reflected by zgpm
coordinates more than 100 nm away from the glass surface. Also in this region, the separation of
the two lamellipodia membranes of ~160 nm became apparent from two well-separated
localization clusters in the zgy; 5, data.

[tis also instructive to compare the obtained 3D SMLM and IRM images with conventional
diffraction-limited TIR fluorescence microscopy images as shown in Figure 57 (see also Figure 58
for an additional example of a T cell seeded on an activating bilayer with low ICAM-1 density and
Supplementary Gallery in Appendix). In this particular example, the cell had been fixed just before
the formation of the central supramolecular activation cluster (cSMAC), when TCR microclusters
were observed in a ring-like structure around the cell center (Figure 57i). This image hence
presumably reflects a snapshot of the directional microcluster transport towards the cSMAC
(Hashimoto-Tane et al. 2011). While TCRs in the ring itself showed tight contact with the glass
surface - likely due to binding to the cognate pMHC -, 3D SMLM revealed that the engulfed
circular membrane patch contained TCRs substantially elevated by ~100nm (Figure 57 iii & ix),
in agreement with the observation that the cSMAC is a site of TCR endocytosis (Onnis and Baldari
2019). In addition, some of the SLB engaged TCR in the cSMAC reside in ~ 100 nm extracellular
microvesicles that elevate the non-engaged TCR bearing plasma membrane by ~100 nm above
the SLB (Choudhuri et al. 2014), potentially contributing to the two layers of TCR in the cSMAC.

We next analyzed TCR microclusters in more detail. In principle, TCR microcluster
contrast is not only determined by protein enrichment, but also by the closer proximity of the
fluorophores to the glass surface, yielding both increased excitation intensity in the evanescent
field as well as increased detection efficiency due to the collection of supercritical angle
fluorescence. Since our method allows for disentangling single molecule fluorescence brightness,
z-position, and local clustering, we addressed the different contributions to the diffraction-
limited TIR images. For this, we compared the diffraction-limited TIR images (Figure 57i) with
data obtained from 3D SMLM. The single molecule brightness indeed showed some correlation
with the positions of microclusters in the diffraction-limited image (Figure 57vii), which was also
reflected in a map of the single molecule z-positions (Figure 57ix). Furthermore, single molecule
localizations were strongly clustered at the positions of the microclusters (Figure 57viii). We
sought to reconstruct the diffraction-limited image by convolving the single molecule localization
map with the brightness-weighted point spread function (PSF) (Figure 57ii). The reconstructed
image agreed well with the original diffraction-limited image, down to the level of the individual
TCR microclusters.
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Figure 57: Correlative 3D SMLM, IRM, and diffraction-limited TIR microscopy of the immunological
synapse. T cells were activated on a SLB functionalized with I-EX/MCC, B7-1 and high density of ICAM-
1 (125 + 22 molecules/um?), and fixed 10 minutes post seeding. The T cell was imaged with IRM
and fluorescence microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the
diffraction-limited image by convolving the 3D SMLM image with the corresponding PSF. (iii) Overlay
of the diffraction-limited TIR image with the 3D SMLM image. The color-code indicates distances to
the coverslip zsmum. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi)
Overlay of the IRM and the 3D SMLM image. Bottom row images were generated by calculating the
pixel-wise average of the 3D SMLM images (pixel size of 146 nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) brightness (vii), pixelated number of
localizations (viii) and pixelated mean zswyum (ix). Scale bars 5 um. Taken from (Velas et al. 2021).
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Figure 58: Correlative 3D SMLM, IRM, and diffraction-limited TIR microscopy of the immunological
synapse. T cells were activated on a SLB functionalized with I-EX/MCC, B7-1 and low density of ICAM-1
(4 + 2 molecules/um?), and fixed 10 minutes post seeding. The T cell was imaged with IRM and
fluorescence microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the
diffraction-limited image by convolving the 3D SMLM image with the corresponding PSF. (iii) Overlay
of the diffraction-limited TIR image with the 3D SMLM image. The color-code indicates distances to
the coverslip zsmum. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi)
Overlay of the IRM and the 3D SMLM image. Bottom row images were generated by calculating the
pixel-wise average of the 3D SMLM images (pixel size of 146 nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) brightness (vii), pixelated number of
localizations (viii) and pixelated mean zsmum (ix). Scale bars 5 um. Taken from (Velas et al. 2021).
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To quantitatively disentangle the different contributions, we identified TCR microclusters
by intensity-thresholding the diffraction-limited images (Figure 59), and analyzed the single
molecule properties separately for localizations coinciding with the TCR microcluster regions
versus localizations outside of TCR microclusters. Figure 60 shows the ratios of single molecule
brightness and number of single molecule localizations per pixel, which were obtained from
multiple cells. While the brightness levels in microclusters increased only by 20%, we observed
about 3-fold enrichment of localizations. The product of the two ratios quantitatively matched
the average brightness ratios of pixels corresponding to microclusters versus pixels of outside

Diffraction-limited Mask Diffraction-limited / Mask

Figure 59: Intensity thresholding was applied to the diffraction-limited images of T cells to identify TCR
microclusters. Pixels with an intensity exceeding the mean intensity of the cell by a factor of 1.5 were

considered as part of microclusters (“in”), all other pixels as outside of the microclusters (“out”). Scale
bar 5 um. Taken from (Velas et al. 2021).
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Figure 60: Disentangling single molecule brightness and molecular enrichment in TCR microclusters:
We quantified the average single molecule brightness, B, and the number of localizations, N, in pixels
corresponding to TCR microclusters (“in”) and the complementary regions of the synapse (“out”).
Plotted are the ratios in/out for B, N, the product B x N, and the average diffraction-limited brightness
per pixel. Each data point corresponds to the average ratio per cell. Colors indicate the time point of
fixation post seeding (orange: 5-10 minutes, green: 10 minutes, red: 10-15 minutes). (n=30 cells).

Taken from (Velas et al. 2021).
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regions obtained from the diffraction-limited images. Importantly, as this analysis was based on
pixel-wise discrimination of microclusters in the diffraction-limited images, it was not affected by
residual overcounts in the SMLM images. Taken together, we conclude that the increased
brightness of TCR microclusters in diffraction-limited images is mainly explained by enrichment
of TCR molecules. Of note, we observed the expected increased brightness of microclusters fixed
at late time-points (red data points) compared to those fixed at early time-points (orange data
points) (Varma et al. 2006); also this effect is explained by an increase in the number of single
molecule localizations.

We further studied T cells contacting SLBs that were functionalized with the adhesion
molecule ICAM-1 only, so that no calcium signal was triggered (see Figure 55 for ratiometric
calcium analysis). Exemplary image for high ICAM-1 density is shown in Figure 61 and for low
ICAM-1 density in Figure 62 (Additional images are shown in Supplementary Gallery in
Appendix). As expected, we did not observe the formation of bright TCR microclusters as in the
activated state. While in general the cells spread well on such substrates, areas of close contact
appeared more fragmented than in the activated situation. This effect was more pronounced
when we reduced the density of the adhesion molecule ICAM-1 in the SLB from 125 +
22 molecules/um? to 4 + 2 molecules/pum?.
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Figure 61: Correlative 3D SMLM, IRM, and diffraction-limited TIR microscopy of the immunological
synapse. T cells were seeded on a SLB functionalized with high density of ICAM-1 (125 +
22 molecules/um?), and fixed 10 minutes post seeding. The T cell was imaged with IRM and
fluorescence microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the
diffraction-limited image by convolving the 3D SMLM image with the corresponding PSF. (iii) Overlay
of the diffraction-limited TIR image with the 3D SMLM image. The color-code indicates distances to
the coverslip zsmum. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi)
Overlay of the IRM and the 3D SMLM image. Bottom row images were generated by calculating the
pixel-wise average of the 3D SMLM images (pixel size of 146 nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) brightness (vii), pixelated number of
localizations (viii) and pixelated mean zswuum (ix). Scale bars 5 um. Taken from (Velas et al. 2021).
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Figure 62: Correlative 3D SMLM, IRM, and diffraction-limited TIR microscopy of the immunological
synapse. T cells were seeded on a SLB functionalized with low density of ICAM-1 (4 +
2 molecules/um?), and fixed 10 minutes post seeding. The T cell was imaged with IRM and
fluorescence microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the
diffraction-limited image by convolving the 3D SMLM image with the corresponding PSF. (iii) Overlay
of the diffraction-limited TIR image with the 3D SMLM image. The color-code indicates distances to the
coverslip zsmum. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi)
Overlay of the IRM and the 3D SMLM image. Bottom row images were generated by calculating the
pixel-wise average of the 3D SMLM images (pixel size of 146 nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) brightness (vii), pixelated number of
localizations (viii) and pixelated mean zswum (ix). Scale bars 5 um. Taken from (Velas et al. 2021).
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3.3.4 Quantitative Analysis of T cell surface topography within the immunological
synapse

For quantification, we determined the roughness of the T cell surface within the immunological
synapse. To prevent the inclusion of data originating from the top membrane of lamellipodia we
only considered localizations with zgy;,, < 100 nm. Before analysis, all 3D SMLM images were
corrected for overcounts, which eventually allowed us to obtain a valid estimation of the surface
roughness, as overcounting increases the standard deviation of zgy; . The correction method
was based on merging localizations appearing from a single emitter in subsequent frames within
a given 3D radius and with a number of maximally allowed gaps. To find the optimal set of
parameters we have calculated the standard deviation g, of zg,; ), from all localization obtained
after merging using the indicated 3D search radius and maximally allowed gaps (Figure 63a).
Increasing the search radius in the range of 0-40 nm led to a decrease in o, and further increase
did not result in a significant change of g,. Similarly, a decrease in g, was observed for increasing
the maximally allowed gaps from 0 to 5, and further increase did not result in a significant change.
Therefore, we chose the search radius of 60 nm and maximally 5 allowed gaps as optimal
parameters for the correction of overcounting. We further supported this selection by analyzing
simulated data via the same approach Figure 63b. The simulated 3D SMLM data followed a
surface with a roughness of 26 nm with experimentally derived single molecule blinking statistics
and localization precision (see Methods, section 2.5.1 for details).

At non-activating conditions and low ICAM-1 densities we observed substantial
fluctuations of the recorded z-positions (Figure 64a). For quantitative determination of the

a Activating, high ICAM, fixation after 5-10 min b Simulation
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Figure 63: Selecting the appropriate parameters for correction of overcounts. a) 3D SMLM experiments
were performed on T cells recorded under activating conditions as described for experiments shown in
Figure 57. We determined the standard deviation of zsmum, 0,, of all localization obtained after merging
using the indicated three-dimensional search radius and maximally allowed gaps. The chosen value is
highlighted by the red square. b) For comparison, we analyzed simulated 3D SMLM data via the same
approach. The simulation was based on experimentally derived single molecule blinking statistics and
localization precision (see Methods for details). For the simulations we assumed a surface roughness
of 26nm. Taken from (Velas et al. 2021).
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surface roughness, we compared the obtained variances o7;cz with values obtained for

fluorescently labeled SLB-anchored I-EX/MCC, 6.2, according to o = \/GZZ,TCR — 02 yuc yielding

a standard deviation of 0 = 37 nm. Fluctuations decreased to 29 nm when we increased the
density of the adhesion molecule ICAM-1 in the lipid bilayer. Upon activation via higher densities
of I-Ek/MCC, T cells adhered more smoothly to the surface, as indicated by reduced overall z-
fluctuations of 19 nm. Also, in case of activation we observed the T cell surface flattening out to a
considerable extent with ICAM-1 present at higher densities.

According to the kinetic segregation model, the axial dimension of the intercellular cleft
determines the accessibility of the large phosphatase CD45. We hence quantified the absolute
distance of the TCR from the SLB, when compared to fluorescently labeled SLB-anchored I-
Ek/MCC. Generally, we observed similar trends as for the standard deviations: with increasing
densities of [-Ek/MCC and ICAM-1 the TCR was observed to be closer to the SLB surface (Figure
64b). The separation varied between 18 nm at high densities of I-Ek/MCC and ICAM-1 up to 31
nm for scanning T cells recorded at low densities of ICAM-1. When selecting only signals
corresponding to TCR microclusters for our distance analysis, we observed the expected close
contact between TCR and I-Ek/MCC, with a calculated separation of 5 nm. The residual separation
reflected in all likelihood the distance separating the dye site-specifically conjugated to the single
chain antibody fragment and the dye coupled to the MCC peptide’s C-terminus as presented by I-
Ek (Huppa, Axmann, Moértelmaier, et al. 2010).
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Figure 64: Contact analysis for T cells recorded under activating and non-activating conditions: T cells
were seeded on SLBs either functionalized with I-EX/MCC, B7-1 and ICAM-1 (termed “activating”) or
with ICAM-1 only (termed “non-activating”). To vary adhesive strength, we used 125 ICAM-1 molecules
per um? (termed “high ICAM-1") or 4 ICAM-1 molecules per um? (termed “low ICAM-1”). T cells were
allowed to spread on SLBs and were fixed after 5-10 (orange), 10 (green) or 10-15 (red) minutes post
seeding. As a control, unlabeled T cells were seeded on SLBs containing I-EX/MCC labeled with AF647.
The recorded localizations were filtered for zsyum < 100 nm in order to exclude contributions from the
upper surface of lamellipodia. (a) The variance of zswum per cell was plotted for different conditions.
Arrows indicate the difference in variance to the control I-EX/MCC data, numbers the corresponding
square root. (b) Mean zsuum per cell was plotted for different conditions. Arrows indicate the difference
to the control I-EX/MCC data. To calculate the mean distance of TCR microclusters from the glass
surface we considered only localizations within microclusters (termed "only MCs”) in experiments
performed both at high and low densities of ICAM-1. (n = 15 cells per condition). Taken from (Velas et
al. 2021).
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3.3.5 Discussion

We applied here a novel 3D SMLM method to map and analyze the position of the TCR within the
immunological synapse at isotropic localization precision below 15 nm, and put it in the context
of IRM imaging. IRM contrast arises from interferences due to optical path-length differences
between the beam reflected at the glass-water interface and beams reflected from surfaces within
the sample. Recording 3D SMLM localization maps is fundamentally different from IRM. Using
supercritical angle detection combined with defocused imaging, our method essentially
determines the three-dimensional position of all visible dye molecules. We employed here an
AlexaF647-conjugated single chain antibody fragment that specifically recognizes the TCR (3
subunit (Huppa, Axmann, Mortelmaier, et al. 2010). In previous studies we have shown that
labelling neither activates T cells nor impedes specific antigen recognition (Huppa, Axmann,
Moértelmaier, et al. 2010). Of note, we used TIR excitation in order to confine imaging to the
synapse region. While the evanescent field was narrow enough to prevent contributions from
TCRs at the top of the T cell, we could observe both the bottom and the top membranes of
lamellipodia.

Indeed, there was in general a good qualitative agreement between the two imaging
modalities. Substantial differences, however, arose when distal membrane regions contributed to
the IRM contrast values. Then, contrast values did not unequivocally correspond to the axial
membrane separation. This was especially observed in lamellipodia, where both the bottom and
the top membrane contributed to the signal.

Two aspects of our study contain important immunological implications for
understanding T cell antigen recognition:

1) What is the physical reason for the observation of TCR microclusters?

In TIR excitation, fluorescent molecules close to the glass coverslip naturally contribute with
higher brightness than distal molecules. This effect is further amplified by the collection of
supercritical angle fluorescence when using high NA objectives (Oheim, Salomon, and Brunstein
2020). Taken together, what appears as a bright spot in diffraction-limited fluorescence
microscopy could be the consequence of increased density or of increased brightness of the
fluorophores. Given the close contact between TCR microclusters and the surface (Cai et al. 2017)
researchers became concerned, whether microclusters actually reflect TCR enrichment.

3D SMLM provides ground truth information on the origin of apparent TCR microclusters
in diffraction-limited TIR microscopy, as it allows for disentangling molecular enrichment from
brightness changes. We observed only marginal contributions from single molecule brightness
increase; as brightness was largely attributable to molecular enrichment. This finding is in accord
with our observation of a rather smooth interface between the SLB and the T cell membrane
under activating conditions, so that there are globally only minor variations in the single
molecule’s z-distance in comparison to the TIR penetration depth.

2) Does the observed cleft size support CD45 segregation?

A prominent model for TCR triggering involves the balance in the activities of the kinase Lck and
the phosphatase CD45 for ITAM phosphorylation. In this kinetic segregation model, proteins with
bulky extracellular domains - such as the large phosphatase CD45 - are proposed to be
segregated locally from the comparably short pMHC-TCR complexes (Davis and van der Merwe
2006). While there are ample of reports that would be consistent with this model (Chang et al.
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2016; Santos et al. 2018; Choudhuri et al. 2005; Taylor et al. 2017; Fernandes, Ganzinger, Tzou,
Jonsson, et al. 2019) the community has not reached a consensus yet (Al-Aghbar et al. 2018;
Courtney et al. 2019; Cai et al. 2018).

One difficulty has been the precise measurement of the cleft size between the T cell
surface and the opposing membrane. Given the dimension of the TCR-pMHC-CD4 ternary
complex of 10 nm (Yin, Wang, and Mariuzza 2012) and our apparent distance measurements
between TCR and I-Ek/MCC within TCR microclusters of 5 nm, the obtained distance undervalues
the cleft size by 5 nm. Upon correcting for this effect, an average cleft size within the whole
synapse ranging between 23 nm and 36 nm for the conditions shown in Figure 64b can be
estimated. In addition to the average cleft size, however, distance fluctuations within the synapse
were of the same order (Figure 64a), indicating the presence of multiple contact sites between
the two membranes. Assuming an axial length of CD45R0, the smallest CD45 isoform, of
approximately 22 nm (Chang et al. 2016), our measurements hence indicate the existence of
numerous membrane contact sites that would be too narrow to host CD45, both for resting and
activating conditions. In particular, an average cleft size of 30 nm together with an average
surface roughness of 29 nm, as observed for scanning T cells at high ICAM-1 densities, render the
presence of multiple CD45 exclusion zones likely. Similar data were recently reported for the tips
of microvilli which showed segregation of the TCR and CD45 prior to T cell activation (Jung et al.
2021). Given that none of these scenarios promoted T cell activation it is possible that the ITAMs
of these segregated TCRs are not accessible to kinases (Lanz et al. 2021). In addition, TCR-CD45
segregation may be too transient to trigger stable phosphorylation of TCR ITAMs. Kinetic data
about protein mobility in conjunction with the super-resolution images would be needed in order
to obtain a quantitative understanding of these key aspects of the TCR triggering process.
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3.4 Conclusion

Within this thesis, a novel 3D single molecule localization microscopy method was developed and
applied to study the topography of the immunological synapse. The method relies on extracting
the 3D coordinates of each fluorophore from the shape of the point spread function upon
defocusing. Such approach is similar to other point spread function engineering methods (von
Diezmann, Shechtman, and Moerner 2017), however, doesn’t require addition of other optical
elements to the emission pathway, such as spatial light modulators, thereby keeping the
experimental setup simple and more efficient in collection of photons (Zelger et al. 2020). The
method is meant to be used for imaging close to the coverslip as there it achieves high localization
precision due to the profound effect of depth-dependent supercritical angle fluorescence on the
shape of the defocused point spread function. The detection of supercritical angle fluorescence is
achieved simply by using an objective with high numerical aperture. Our single channel defocused
imaging approach leverages the advantage of supercritical angle fluorescence better than other
methods based on splitting of the supercritical angle fluorescence and undercritical angle
fluorescence (Bourg et al. 2015; Deschamps, Mund, and Ries 2014). This was supported by
calculations of the Cramér-Rao lower bounds for the two methods. Of note, optimal performance
of the method regarding localization precision and accuracy can be achieved only with an
accurate point spread function model. We have used a vectorial model of the point spread
function including the effects of supercritical angle fluorescence (Axelrod 2012) and modified it
with experimentally measured aberrations of the optical system (Quirin, Pavani, and Piestun
2012). Overall, the method achieves state-of-the-art localization precision of the single molecule
localization microscopy techniques while conserving simplicity of its experimental
implementation. Slightly better results regarding the localization precision and z range can be
achieved using bi-plane imaging, however, at the cost of the complexity of the experimental
system (Zelger et al. 2021).

In order to implement the method experimentally, we have designed and built a new
microscopy system equipped for single molecule localization microscopy. As defocus magnitude
is the most important parameter of the method, we have mounted the objective on a piezo stage
that allows precise defocusing and have built a focus hold system to ensure that the defocus
magnitude stays constant during the whole recording. The performance of the method was tested
on a number of samples with a known ground truth. We have used fluorescently coated glass
spheres to confirm no z bias of the method. 30 nm long DNA origami nanorulers were used to
confirm high localization precision of the method, achieving about 10 nm in all three dimensions.
Finally, to prove the performance of the method in cellular environment, we have successfully
resolved the structure of nuclear pore complex in 3D.

Application of 3D single molecule localization microscopy to study the topography of the
immunological synapse was one of the main motivations for this thesis. The positions of
membrane bound T cell receptor molecules correlated well with interference reflection
microscopy images of well adhered T cells, which allowed to cross-validate the two methods. The
only differences arose in the regions of lamellipodia where the interference model is poorly
defined due to the presence of multiple reflecting interfaces and tilted membranes (Limozin and
Sengupta 2009).

Mapping the positions of T cell receptors and comparing the images with diffraction
limited images of the immune synapse obtained by total internal reflection fluorescence
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microscopy revealed that the T cell receptor microclusters appearing as bright spots correlate
with regions of close proximity of the T cell receptors to the supported lipid bilayer. This raises a
question about the true molecular enrichment of the T cell receptor in the microclusters (Cai et
al. 2017) as the proximity of these regions to the coverslip could result in higher brightness due
to detection of the supercritical angle fluorescence and the exponential decay of the exciting
evanescent field. Our measurements revealed that this effect only contributes by around 20% to
the higher intensity observed in diffraction limited images and that T cell receptor microclusters
are 2-5 times enriched with T cell receptor molecules.

Finally, we quantified the average cleft sizes and their fluctuations within the synapses of
activated and non-activated T cells. We observed smaller cleft sizes for activated cells with
regions likely corresponding to the bound T cell receptors, qualifying for exclusion of the CD45
phosphatase. Despite the larger cleft sizes observed for non-activating T cells, higher fluctuations
of these synapses indicate possible contact zones which would also qualify for exclusion of the
CD45. It is therefore unclear, why these possible exclusion zones don’tlead to activation of T cells.
One possibility is that these zones are short-lived and the separation of the T cell receptor and
CD45 doesn'’t last long enough to trigger activation. T cells have been shown to initiate contacts
with antigen presenting cells via microvilli protrusions. These protrusions are highly dynamic
and only get stabilized upon T cell activation (Cai et al. 2017). Another explanation would be that
the T cell receptor can freely diffuse through the CD45 exclusion zones and only trapping of the T
cell receptor in these tight contacts leads to the T cell receptor phosphorylation and T cell
activation (Chen et al. 2021). Our implementation of the method provides a static picture of the
synapse as it requires fixed cells. However, measuring stability or dynamics of these contacts in
live cells could help in understanding why not all close contacts lead to T cell activation. Besides
the super-resolution microscopy, our method can be used for 3D single molecule tracking as well,
allowing to address dynamic aspects of the T cell receptor within the immune synapse. Single
molecule tracking relies on connecting localizations of the same molecule over a period of time.
In the case of diffusing molecules, extra care has to be taken to ensure that the recorded single
molecule images are not distorted by the movement as this could lead to localization bias in z
direction. This can be ensured by choosing a short illumination time in comparison to the
molecule’s diffusion.

As an outlook, due to the simple implementation of the 3D single molecule localization
microscopy via defocused imaging and single channel approach, the method can be easily
adjusted for two-color 3D microscopy using a dichroic mirror and a second channel. It would be
of great interest to the community to simultaneously observe the 3D distribution of the T cell
receptor and the phosphatase CD45 in order to directly confirm or rule out their mutual exclusion
in the close contacts.
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Chapter 4 Appendix

Supplementary Gallery

The Supplementary Gallery contains a set of 60 correlative 3D-SMLM, IRM and TIR microscopy
images of T cells analyzed in section 3.3. The images are sorted according to activating or non-
activating conditions, ICAM-1 density and the timepoint of fixation post seeding.

Activating conditions, high ICAM-1 density, fixation: 5-10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with [-Ek/MCC, B7-1 and high density of ICAM-1,
and fixed 5-10 minutes post seeding. The T cell was imaged with IRM and fluorescence
microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-
limited image by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the
diffraction-limited TIR image with the 3D-SMLM image. Color-code indicates distance to the
coverslip zswum. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image.
(vi) Overlay of the IRM and the 3D-SMLM image. Bottom row images were generated by
calculating the pixel-wise average of the 3D-SMLM images (pixel size of 146nm is consistent with
diffraction-limited image) according to pixelated mean single molecule (SM) intensity (vii),
pixelated number of localizations (viii) and pixelated mean zsmim (ix). Scale bars 5 um. Taken from
(Velas et al. 2021).
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Chapter 4 Appendix

Activating conditions, high ICAM-1 density, fixation: 10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with I-Ek/MCC, B7-1 and high density of ICAM-1,
and fixed 10 minutes post seeding. The T cell was imaged with IRM and fluorescence microscopy:
(i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image
by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the diffraction-
limited TIR image with the 3D-SMLM image. Color-code indicates distance to the coverslip zswiu.
(iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of
the IRM and the 3D-SMLM image. Bottom row images were generated by calculating the pixel-
wise average of the 3D-SMLM images (pixel size of 146nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) intensity (vii), pixelated number of
localizations (viii) and pixelated mean zswim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Activating conditions, high ICAM-1 density, fixation: 10-15 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with I-Ek/MCC, B7-1 and high density of ICAM-1,
and fixed 10-15 minutes post seeding. The T cell was imaged with IRM and fluorescence
microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-
limited image by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the
diffraction-limited TIR image with the 3D-SMLM image. Color-code indicates distance to the
coverslip zswim. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image.
(vi) Overlay of the IRM and the 3D-SMLM image. Bottom row images were generated by
calculating the pixel-wise average of the 3D-SMLM images (pixel size of 146nm is consistent with
diffraction-limited image) according to pixelated mean single molecule (SM) intensity (vii),
pixelated number of localizations (viii) and pixelated mean zsmim (ix). Scale bars 5 um. Taken from
(Velas et al. 2021).
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Chapter 4 Appendix

Activating conditions, low ICAM-1 density, fixation: 5-10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with I-EkX/MCC, B7-1 and low density of ICAM-1,
and fixed 5-10 minutes post seeding. The T cell was imaged with IRM and fluorescence
microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-
limited image by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the
diffraction-limited TIR image with the 3D-SMLM image. Color-code indicates distance to the
coverslip zswim. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image.
(vi) Overlay of the IRM and the 3D-SMLM image. Bottom row images were generated by
calculating the pixel-wise average of the 3D-SMLM images (pixel size of 146nm is consistent with
diffraction-limited image) according to pixelated mean single molecule (SM) intensity (vii),
pixelated number of localizations (viii) and pixelated mean zsmim (ix). Scale bars 5 um. Taken from
(Velas et al. 2021).

Diffraction-limited PSF-convolved SMLM Diffraction-limited / SMLM
(] w
15000 £ 10000 € 80
= = E
5 S 60 €
10000 —~ ~ e
oy ey 5
& 5000 & 40 =
5000 & £ &
€ € 20
0 0 0
IRM IRM / SMLM
100
" 20000 »
22000 € € & "
] 15000 § 60
20000 > > =
.‘5; 10000 E '+ 40 E‘
3 ] 2]
18000 £ 5000 g 20
0 0
pix. SMLM
2500 10 _ 100
wn a
= 2
2000 5 8 = 80
= o £
L 5 = 60 <
1500 u g P
g s R il
- N N
1000 -E’ = 20
= 3 5
0

121



Appendix

|
|
|
|

Chapter 4

Diffraction-limited / SMLM

PSF-convolved SMLM

Diffraction-limited

100
80

S3UN0D [ AJIsuajul

15000

wu / Wiksz

[=
o

10000

o
3

o
o
o
n

2

0

IRM / SMLM

IRM / Diffraction-limited

100

SjUN0d f AJIsuajul

15000

80

wu / WISz

6

4

wu / WSz wu / WINSZ wu / WISz
o (=}
o o (=2 (=] (=] o o [=} o o Q
~ o — @ o < (] o — =] o =t ™~ o

10000

o
(=]
o
N

pix. SMLM
IRM / SMLM
pix. SMLM

Diffraction-limited / SMLM

19x1d Jad suoijezi|eso| SJUN0d [ Ajsuajul S3uUnNod / AjIsuajul

0

o o
(=] —

o o (=] o
o (=] <t ~ o o o (=] o o o o2}
o o o o Q o o
— S = S 9 S B =T =1
o ~ — — wn o — — Tg] o

PSF-convolved SMLM
pix. # of localizations

pix. # of localizations
IRM / Diffraction-limited

suojoyd / ssauiyblg S3UN0d / AJIsuaiul s3unod / AjIsuaiul

2500
2000
1500
1000
10000
5000
22000
20000
18000
2500
2000

pix. SM brightness
pix. SM brightness

Diffraction-limited

"Yauy1o1|qig usIpn NL Te wid ul ajqe|reAe si sisay) [210100p SIYl JO UOISIBA feulblio panoidde syl
“regBniian yayiolgig Usipn N1 Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg

wiu / Wiksz

19xid sad suoijezijedo|

o < ~N

suojoyd / ssaulybLq

1500
1000

qny aSpajmoud| INoA

S1ayzolqie

122



Appendix

Chapter 4

Diffraction-limited / SMLM

PSF-convolved SMLM

Diffraction-limited

wu / Wiksz

100
0

Q O o
L=

8
2

0

100

80

wiu / Wiksz

6

4

wu / WSz wu / WINSZ wu / WISz wu / WiWsz
o (=} o o
o o o o ©o o c o 9o o o c o o o o o o o o o
~ o — 2] o < ™~ o — =] o =t ™~ o — o o < o~ o — «© o < ~N o

|
|
|
|
|
|

SJUN0D [ Ayisuajul

IRM / SMLM

IRM / Diffraction-limited

SjUNo0d / Aysuajui

10000

S3Uno3 / AJIsuajul

22000

o
(=]
[Tal
~

20000

5000

pix. SMLM
IRM / SMLM
pix. SMLM

Diffraction-limited / SMLM

19xid Jad suoijezi|eso| SJUN0d [ Ajsuajul S3uUnNod / AjIsuajul

o (=} o
— —

o [=] o o o
o o o < ~N [=] o o o o o (=] 1e]
o o o o o (=] o o
n (=] n (=] (=] =] < ~ (=]
~N O o~ — — [Te] o

pix. # of localizations

PSF-convolved SMLM
IRM / Diffraction-limited

pix. # of localizations

suojoyd / ssaujyblLq

18000
2500
2000
1500
1000
2500
2000

pix. SM brightness
pix. SM brightness

Diffraction-limited

"Yauy1o1|qig usIpn NL Te wid ul ajqe|reAe si sisay) [210100p SIYl JO UOISIBA feulblio panoidde syl
“regBniian yayiolgig Usipn N1 Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg

19xid sad suoijezijedo|

o < ~N

suojoyd / ssaulybLq

1500
1000

qny aSpajmoud| INoA

S1ayzolqie

123



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4 Appendix

Activating conditions, low ICAM-1 density, fixation: 10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with I-EkX/MCC, B7-1 and low density of ICAM-1,
and fixed 10 minutes post seeding. The T cell was imaged with IRM and fluorescence microscopy:
(i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image
by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the diffraction-
limited TIR image with the 3D-SMLM image. Color-code indicates distance to the coverslip zswiu.
(iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of
the IRM and the 3D-SMLM image. Bottom row images were generated by calculating the pixel-
wise average of the 3D-SMLM images (pixel size of 146nm is consistent with diffraction-limited
image) according to pixelated mean single molecule (SM) intensity (vii), pixelated number of
localizations (viii) and pixelated mean zswim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Chapter 4 Appendix

Activating conditions, low ICAM-1 density, fixation: 10-15 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were activated on an SLB functionalized with I-EkX/MCC, B7-1 and low density of ICAM-1,
and fixed 10-15 minutes post seeding. The T cell was imaged with IRM and fluorescence
microscopy: (i) Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-
limited image by convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the
diffraction-limited TIR image with the 3D-SMLM image. Color-code indicates distance to the
coverslip zswim. (iv) IRM image. (v) Overlay of the IRM image with the diffraction-limited image.
(vi) Overlay of the IRM and the 3D-SMLM image. Bottom row images were generated by
calculating the pixel-wise average of the 3D-SMLM images (pixel size of 146nm is consistent with
diffraction-limited image) according to pixelated mean single molecule (SM) intensity (vii),
pixelated number of localizations (viii) and pixelated mean zsmim (ix). Scale bars 5 um. Taken from
(Velas et al. 2021).

Diffraction-limited PSF-convolved SMLM Diffraction-limited / SMLM
8000 w n ;
= 10000 £ 80
3 3 £
6000 3 ] 60 £
> > =
40002 5000 & 40 =
5 5 ~
2000 ‘é’ E 20
0 0 0
IRM / SMLM
p 100
0 10000 o
18000 £ = 80
3 7500 3 £
o o 60 <
> > s
16000 £ 5000 2 20 3
3 ] 2]
.E 2500 E 20
1400
g 0 0
pix. SM brightness
" 2500 10 _ 100
VIl wn ]
< 2
2000 5 8 2 80
£ o £
Q. 6 o 60 £
1500 u e P
3 - 40 3
- N N
1000 'E, = 20
g = 2 [w]
S k<l
0

127



Appendix

Chapter 4

Diffraction-limited / SMLM

PSF-convolved SMLM

Diffraction-limited

wu / WikSz wu / WIWSz wu / WISz wu / WINSZ wu / WISz wu / WInSZz
(] o o (] o o
o =] [= (=] o o [= j=] (=] (=3 o [=] o (=] (=] o =] [=3 o f= o f= (=] (=] (=] o o =] (=) o
— w0 o < o~ (=] — w o < ~ (= — oo o ) ~ (=) — w0 o = o~ o — @ Yo} < o~ (= — @ el A ~ o

|
|
|
|
|
|

=
—
=
wn
biag
5 = 3 5 =
= = = = =
& = € & =
wn wn
= X c = X
= o 2 x| o
=
(%)
m
£
a
sjunod / Ajisuajul sjunod [ Ajisuajul |ox1d 1ad suoiezeso| sjunod / Ajisuajul |ox1d 1ad suoijez||eso|
o o o (=] (=] (=] (=] o (=] (=] (= o
o o [=] o (=] o o — [=0] o < ~ o o o — o o <t ™~
o (=] o o (=] o o Q o o
§ m & = o A — | m N A o — |
D w0 o w0
2 = % 2 =
E 2 = E 2
= o n < o
c — o | =4 Ll
L2 © (] 2 ©
o o > = o
2 kel =] - kel
ot Y = _ —
£ 5 g £ 5
[a] H# v [a] +*
-~ F = w ~ =
s X n = X
= 2 = x 2

Shioyd sEsuyBRg suojoyd / ssaujybuq

o o o
(=] =] (=]
(=] un o
™~ — —

— |

18000
16000
14000
2500
2000
1500
1000
2500

pix. SM brightness
Diffraction-limited
pix. SM brightness

"Yauy1o1|qig usIpn NL Te wid ul ajqe|reAe si sisay) [210100p SIYl JO UOISIBA feulblio panoidde syl < any a3pajmou| InoA
“regBniian yayiolgig Usipn N1 Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg v—@-._u.o__ﬂ__m

128



Appendix

Chapter 4

Diffraction-limited / SMLM

PSF-convolved SMLM

Diffraction-limited

wu / Wiksz wu / WISz wu / WInSZz wu / WISz wu / WINSZ
=} (= o =} o
o [=] [= o o o (=] j= (=] o o (=2 (=] =] o o [=] f=3 o o o =] (=] o (=]
— [==] o < ~ (=] — [o=] (=] < ~ o — @ o < (] o — [==] o =t ~ o — o (=] <t o~ o

|
|
|
|
|

wu / WISz

=
-
=
w
s = s
e
S 3 D S 3
= = h = =
n el E k] n
—~ . = == H
= X = = X
4 a o == o
« = =
= ;
1]
=
=
(=)
S3UN0D [ AJIsuajul 19x1d Jad suoijezi|eso| S3UNOd / Ajsuajul
(=] o =] (=] o o
o (=] o (=] o (=) o —~ o (=] <t ~ — [+0]
o o o (=] o b= (=)
© § & o S o o 0 — ]
— M~ (Ta] o~ o
=] o
E 3 &
£ ) = = )
= I n = ©
c M o ) N
o ™ o =] ©
= [¥] .W =} [¥]
= =) =] o o
= B Y W = Y
= o s = o
o # %] o #
-— & w ~ %
= B £ = &
« e«

suojoyd / ssauiyblg

2500
2000
1500
1000

pix. SM brightness
Diffraction-limited
pix. SM brightness

"Yauy1o1|qig usIpn NL Te wid ul ajqe|reAe si sisay) [210100p SIYl JO UOISIBA feulblio panoidde syl
“regBniian yayiolgig Usipn N1 Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg

19x1d 4ad suoijeziedo|

w <t o~

— ]

suojoyd / ssauiybuq

2500
2000
1500
1000

qny aSpajmoud| INoA

S1ayzolqie

129



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4 Appendix

Non-activating conditions, high ICAM-1 density, fixation: 5-10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with high density of ICAM-1, and fixed 5-10 minutes
postseeding. The T cell was imaged with IRM and fluorescence microscopy: (i) Diffraction-limited
TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by convolving the 3D-
SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited TIR image with
the 3D-SMLM image. Color-code indicates distance to the coverslip zsmim. (iv) IRM image. (v)
Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM and the 3D-
SMLM image. Bottom row images were generated by calculating the pixel-wise average of the 3D-
SMLM images (pixel size of 146nm is consistent with diffraction-limited image) according to
pixelated mean single molecule (SM) intensity (vii), pixelated number of localizations (viii) and
pixelated mean zsvim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Diffraction-limited / SMLM
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Chapter 4 Appendix

Non-activating conditions, high ICAM-1 density, fixation: 10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with high density of ICAM-1, and fixed 10 minutes
postseeding. The T cell was imaged with IRM and fluorescence microscopy: (i) Diffraction-limited
TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by convolving the 3D-
SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited TIR image with
the 3D-SMLM image. Color-code indicates distance to the coverslip zsmim. (iv) IRM image. (v)
Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM and the 3D-
SMLM image. Bottom row images were generated by calculating the pixel-wise average of the 3D-
SMLM images (pixel size of 146nm is consistent with diffraction-limited image) according to
pixelated mean single molecule (SM) intensity (vii), pixelated number of localizations (viii) and
pixelated mean zsvim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Chapter 4 Appendix

Non-activating conditions, high ICAM-1 density, fixation: 10-15 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with high density of ICAM-1, and fixed 10-15
minutes post seeding. The T cell was imaged with IRM and fluorescence microscopy: (i)
Diffraction-limited TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by
convolving the 3D-SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited
TIR image with the 3D-SMLM image. Color-code indicates distance to the coverslip zZsmm. (iv) IRM
image. (v) Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM
and the 3D-SMLM image. Bottom row images were generated by calculating the pixel-wise
average of the 3D-SMLM images (pixel size of 146nm is consistent with diffraction-limited image)
according to pixelated mean single molecule (SM) intensity (vii), pixelated number of
localizations (viii) and pixelated mean zswim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Chapter 4 Appendix

Non-activating conditions, low ICAM-1 density, fixation: 5-10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with low density of ICAM-1, and fixed 5-10 minutes
postseeding. The T cell was imaged with IRM and fluorescence microscopy: (i) Diffraction-limited
TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by convolving the 3D-
SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited TIR image with
the 3D-SMLM image. Color-code indicates distance to the coverslip zsmim. (iv) IRM image. (v)
Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM and the 3D-
SMLM image. Bottom row images were generated by calculating the pixel-wise average of the 3D-
SMLM images (pixel size of 146nm is consistent with diffraction-limited image) according to
pixelated mean single molecule (SM) intensity (vii), pixelated number of localizations (viii) and
pixelated mean zsvim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).

Diffraction-limited PSF-convolved SMLM Diffraction-limited / SMLM 100
0 6000 .,
= t 80
4000 3 3 =
- 4000 2 60 £
oy ) 5
@ o 40 =
2000 @ @
3 2000 § N
£ £ 20
0 0 0
IRM
100
“ 6000
22000 € £ 80
= £
8 S 60 €
= 4000 &£ E
20000 3, e z
E @ 40 =
5 2000 § N
18000 £ g 56
0 0
pix. SMLM
2500 10 _ 100
7] [}
5 X -
2000 5 g8 =
£ o E
£ 6 & 60 =
1500 u 2 s
(i 2 40 =
5 4 B &
1000 £ = 20
= 2 v
o il
0

139



Appendix

Chapter 4

wuy / Wikisz wu / WIWSz wiy [ Wiksz wu /f WINSZ wu / WISz wu / WISz
(] o o o o o
o =] [= (=] (=] o (=] j=] (=] o o [=] o o (=] o [=] o o o o =] (=] o (=] o (=2 o = o
— oe] o < ™~ (=] — w o < ~N (= — [=0] te] < ™~ o — [==] o =t ~ o — o (=] <t o~ o — =] (=] <t ~N =]

|
|
|
|
|
|

= =
— -
= =
wn w
] < 5 =
2 2 = )5 3 5
= = = £ = s
E n ] E n &
= S~ - = = .
c = X c = X
k] o a 8 = o
- s vy —
(o] v
[a) (=)
sj3uno3 / Ajsuajul sjunoa / Aysuajul j2x1d Jad suonezijelo) 53unod / Aysuaiul s3unod / Aysuaiul
o [=]
3 3 3 3 8 3 S © ©w ¥ 9~ 2 2 92 9 g 2 2 € |1ox1d Jad suonez||exo|
8 § & o & § & o E—=———mm S & 2 & 2 2 E 2 2
— r~ [Tg] ~N o — r~ un o~ o — [ee] (] <t ~
o
[ wu o
=5 = 5 z 2 £
= E = s E 2
n =< Q »n = 1o
N T
o c = - o M
4] o © ] o ©
2 - o > =] [v]
o o o 5 o s)
= — — > m .
5 = G 2 £ =
v [} +* S o #
g —~ »% w -~ 3
o] >
B - W Q % DMn o
sjunod / Ajisuajul sjunod / AJsualul suojoyd / ssaujybrg SIUN0D / ANsuaiul s3unod / AjIsuaiul suojoyd / ssaulybug
o o o (=] o o o [=] [= o o (=] o (=] o o (=] o (=] o o
o o o (= o o o o o [=] (=] o (=] (=) (=) (=] o o (=] (=] (=]
(=) (=] [=] (=) [=] [Ts] [=] N [=] o o o o o o o o un (=] Ta] o
< ~ (=] b ™~ o ~ ™~ Ll — [se] o <t ~ o < o~ o o] ~N ~ — —
~ o™ ~ ™~ ™ ~ —
wun wn
2 g g g
= c = =
E 2 £ £
z s 2 & s 2
=] o« a o x 2
& = g 5
o 0 © n
T % = %
[a] a o =
"Yay1ol|qig uaIpn NL e 1uud ul 9|ge|ieAe sI SISay) [e10100p SIY1 JO uoisiaA [eulblio paroidde ay | any 3pajmou JnoA

“regBniian yayiolgig Usipn N1 Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg AV—@F—HO__Q_M

140



Appendix

Chapter 4

Diffraction-limited / SMLM

PSF-convolved SMLM

Diffraction-limited

wu / Wiksz wu / WIWSz wu / WSz wuy / Wiksz wu / WISz wu / Wiksz
(=] o o (] o o
o [=] =) o o o (=] j= (=] o o (=2 (=] (=] o o =] [=3 o o o f= (=] (=] [=] o o =] (=) o
— [==] o < ~ (=] — [o=] (=] < ~ o — @ o < (] o — w0 o = ™~ o — @ Yo} < ™~ (= — @ el A ~N o
=
—
=
w
= iy =
el
o] 2 7 = =
..M: S & W =
= 2 £ 2 »
= ) c = 2=
[ o o 4 a
=1
[}
M
—
£
=}
sjuUnod / Aysuaiul sjunod / Aysusiul |ox1d Jad suoezi|edo| Sjunod / Aysuajul
g o o o 8 8 8 8 S o o < 9~ g8 g g [oxid sad suonezijeso)
& ® &8 n 8 8 ¥ R o 2 2 8
— m~ wn o~ o ©o = ™~ (=]

o
— oe] o < o~
L
[

PSF-convolved SMLM

IRM / Diffraction-limited
pix. # of localizations
IRM / Diffraction-limited

pix. # of localizations

s3unod / AJisuajul S3Unod / AJIsuaiul
S3uUnod / AJIsuajul suojoyd / ssaulyblg 3| { AJisuajul al [ Aisua1ul suoyoyd / ssaujybLq
o (=) o (=] o o o o o o o o o o o
(=] (=] o o o o o o (=] o o [=] o [=] o o (=] o o
=] o o o N S n =1 S =] =) =) =] <) o =) = = =)
< o~ o @ ~N ~ — — V=] < o~ =] <t o~ o =] n [=] [T o
™~ ™~ ~N —~ o~ o~ ™~ — o~ ™~ — —

|

pix. SM brightness

pix. SM brightness
Diffraction-limited

"Yay1ol|qig uaIpn NL e 1uud ul 9|ge|ieAe sI SISay) [e10100p SIY1 JO uoisiaA [eulblio paroidde ay | < any 98pajmou} NoA
“reqbnyan 1ayiolqig usipn NL Jop ue 1sI uoneuassiq 1asalp uoisianeulbiO apjonipab ausiqoidde aig v_ﬂ_._u.O__D_m

141



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4 Appendix

Non-activating conditions, low ICAM-1 density, fixation: 10 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with low density of ICAM-1, and fixed 10 minutes
postseeding. The T cell was imaged with IRM and fluorescence microscopy: (i) Diffraction-limited
TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by convolving the 3D-
SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited TIR image with
the 3D-SMLM image. Color-code indicates distance to the coverslip zsmim. (iv) IRM image. (v)
Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM and the 3D-
SMLM image. Bottom row images were generated by calculating the pixel-wise average of the 3D-
SMLM images (pixel size of 146nm is consistent with diffraction-limited image) according to
pixelated mean single molecule (SM) intensity (vii), pixelated number of localizations (viii) and
pixelated mean zsvim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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Chapter 4 Appendix

Non-activating conditions, low ICAM-1 density, fixation: 10-15 min post seeding

Correlative 3D-SMLM, IRM, and diffraction-limited TIR microscopy of the immunological synapse.
T cells were seeded on an SLB functionalized with low density of ICAM-1, and fixed 10-15 minutes
postseeding. The T cell was imaged with IRM and fluorescence microscopy: (i) Diffraction-limited
TIR image of the T cell. (ii) Reconstruction of the diffraction-limited image by convolving the 3D-
SMLM image with the corresponding psf. (iii) Overlay of the diffraction-limited TIR image with
the 3D-SMLM image. Color-code indicates distance to the coverslip zsmim. (iv) IRM image. (v)
Overlay of the IRM image with the diffraction-limited image. (vi) Overlay of the IRM and the 3D-
SMLM image. Bottom row images were generated by calculating the pixel-wise average of the 3D-
SMLM images (pixel size of 146nm is consistent with diffraction-limited image) according to
pixelated mean single molecule (SM) intensity (vii), pixelated number of localizations (viii) and
pixelated mean zsvim (ix). Scale bars 5 pm. Taken from (Velas et al. 2021).
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List of Abbreviations

TCR T cell receptor

MHC Major histocompatibility complex

pMHC peptide-Major histocompatibility complex
APC Antigen presenting cell

STORM Stochastic optical reconstruction microscopy
SMLM Single molecule localization microscopy

SLB Supported lipid bilayer

TIRF Total internal reflection fluorescence

SAF Supercritical angle fluorescence

PRR Pattern recognition receptor

BCR B cell receptor

CDR Complementarity-determining region

ITAM Immunoreceptor tyrosine-based activation motif
LAT Linker for activated T cells

IP3 Inositol triphosphate

ER Endoplasmic reticulum

cSMAC Central supramolecular activation cluster
pSMAC Peripheral supramolecular activation cluster
dSMAC Distal supramolecular activation cluster
EDTA Ethylenediaminetetra-acetic acid

LED Light emitting diode

PSF Point spread function

FWHM Full width at half maximum

NA Numerical aperture

EM-CCD Electron-multiplying charge-coupled device
sCMOS Scientific complementary metal-oxide semiconductor
PALM Photoactivated localization microscopy

SIM Structured illumination microscopy

SOFI Super-resolution optical fluctuation imaging
PAINT Point accumulation in nanoscale topography
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STED Stimulated emission depletion

SNR Signal to noise ratio

ROI Region of interest

LS Least-squares

MLE Maximum likelihood estimation

CRLB Cramér-Rao lower bound

UAF Undercritical angle fluorescence

IRM Interference reflection microscopy

RICM Reflection interference contrast microscopy

INA [llumination numerical aperture

PBS Phosphate buffer saline

HBSS Hanks’ balanced salt solution

BSA Bovine serum albumin

DMEM Dulbecco’s Modified Eagle Medium

NEAA Non-essential amino acids

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

Ni-NTA-DGS 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-arboxypentyl)iminodiacetic
acid)succinyl] (nickel salt)

FCS Fetal calf serum

MCC Moth cytochrome C

Suv Small unilamellar vesicle

SALM Supercritical angle localization microscopy

DONALD Direct optical nanoscopy with axially localized detection

BFP Back focal plane

NPC Nuclear pore complex
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Figure 60: Disentangling single molecule brightness and molecular enrichment in TCR microclusters
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