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Summary

Summary

Humans tend to believe in what they can see with their own eyes. Hence, visualization methods
like microscopy have always been extremely popular since their invention in the 17th century.
With the advent of super-resolution microscopy, the diffraction limit of ~200 - 250 nm could be
overcome to enable more detailed insights into biological samples. Especially the single mol-
ecule localization microscopy method dSTORM offers the possibility of quantitative bioimag-
ing. Hereby, the repetitive photoswitching of organic dyes in the presence of thiols is exploited
to enable a lateral resolution of 20 nm. Another, recently introduced super-resolution method
is expansion microscopy (ExM) which physically expands the sample to increase the resolution
by the expansion factor from four to even twenty. To enable this, the sample is embedded into
a hydrogel, homogenized using an unspecific proteinase and expanded in distilled water.
Within this thesis, both methods were used to shed light on plasma membrane receptor distri-
butions and different bacterial and fungal pathogens.

In the first part of this thesis dSTORM was used to elucidate the “Receptome”, the entirety of
all membrane receptors, of the cell line Jurkat T-cells and primary T-cells. Within this project
we could successfully visualize and quantify the distribution of the plasma membrane receptors
CD2, CD3, CD4, CD5, CD7, CD11a, CD20, CD28, CD45, CD69 and CD105 with receptor
densities ranging from 0.8 cluster/um? in case of CD20 and 81.4 cluster/um? for the highly
abundant CD45 in activated primary T-cells at the basal membrane. Hereby, we could also
demonstrate a homogeneous distribution of most receptors, while only few were clustered. In
the case of CD3-clusters were detected in Jurkat T-cells and in primary activated T-cells, but
not in naive ones, demonstrating the activation of this receptor.

This was followed by the application of dSTORM to three different clinical projects involving
the receptors CD38, BCMA and CD20 which are immunotherapeutic targets by monoclonal
antibodies and CAR T-cells. In the first two projects dSTORM was applied to determine the
receptor upregulation upon exposure of various drugs to MM1.S cells or primary multiple my-
eloma patient cells. This increase in membrane receptor expression can subsequently en-
hance the efficacy of therapies directed against these receptors.

Within the CD20-project, the superior sensitivity of dSTORM compared to flow cytometry could
be demonstrated. Hereby, a substantially higher fraction of CD20-positive patient cells was
detected by dSTORM than by flow cytometry. In addition, we could show that by dSTORM
CD20-positive evaluated cells were eradicated by immunotherapeutic CAR T-cell treatment.
These studies were followed by whole cell super-resolution imaging using both LLS-3D
dSTORM and 10x ExM to exclude any artifacts caused by interactions with the glass surface.
In 10x ExM signal amplification via biotinylated primary antibodies and streptavidin ATTO 643

was essential to detect even single antibodies directed against the heterodimer CD11a with
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Summary

standard confocal microscopes. Albeit probably not quantitative due to the process of gelation,
digestion and expansion during the ExM protocol, even some putative dimers of the receptor
CD2 could be visualized using 10x ExM-SIM, similar to dSTORM experiments.

Within the second part of this thesis, expansion microscopy was established in bacterial and
fungal pathogens. ExM enabled not only an isotropic fourfold expansion of Chlamydia tracho-
matis, but also allowed the discrimination between the two developmental forms by the chla-
mydial size after expansion into reticulate and elementary bodies.

Hereafter, a new a-NHz2-w-Ns-Ces-ceramide was introduced enabling an efficient fixation and
for the first time the use of lipids in both, 4x and 10x ExM, termed sphingolipid ExM. This
compound was used to investigate the ceramide uptake and incorporation into the cell mem-
brane of Chlamydia trachomatis and Simkania negevensis. For Chlamydia trachomatis the
combined resolution power of 10x ExM and SIM even allowed the visualization of both bacterial
membranes within a distance of ~30 nm.

Finally, ExM was applied to the three different fungi Ustilago maydis, Fusarium oxysporum and
Aspergillus fumigatus after enzymatic removal of the fungal cell wall. In case of Ustilago maydis
sporidia this digestion could be applied to both, living cells resulting in protoplasts and to fixed
cells, preserving the fungal morphology. This new protocol could be demonstrated for im-

munostainings and fluorescent proteins of the three different fungi.



Zusammenfassung

Zusammenfassung

Menschen neigen schon immer dazu, vor allem das zu glauben, was sie mit eigenen Augen
sehen kdnnen, weswegen mikroskopische Methoden seit ihrer Erfindung im 17. Jahrhundert
schon immer sehr beliebt waren. Mit der Einfihrung der hochauflésenden Mikroskopie konnte
das Auflésungslimit von ~200 - 250 nm durchbrochen werden, was genauere Einblicke in bio-
logische Proben ermdéglichte. Insbesondere die Einzelmolekil-Lokalisations-Mikroskopie Me-
thode dSTORM bietet hierbei die Moglichkeit der quantitativen Bildgebung. Sie nutzt das wie-
derholte Schalten organischer Farbstoffe in Anwesenheit von Thiolen, was eine Auflésung von
bis zu 20 nm mdglich macht. Eine weitere kirzlich entwickelte hochauflosende Mikroskopie-
methode ist die Expansionsmikroskopie (ExM), in welcher die Probe isotrop vier- bis sogar
zwanzigfach vergrofl3ert wird, womit sich auch die Auflosung um diesen Faktor vergro3ert. Um
dies zu erméglichen, wird die Probe in ein Hydrogel eingebettet, mittels einer unspezifischen
Proteinase homogenisiert und in destilliertem Wasser expandiert. Innerhalb dieser Arbeit wur-
den beide Methoden genutzt, um sowohl die Verteilung von Plasmamembran Rezeptoren als
auch unterschiedliche bakterielle und pilzliche Pathogene zu beleuchten

Im ersten Teil dieser Arbeit wurde dSTORM genutzt, um das ,Rezeptom®, die Gesamtheit aller
Membranrezeptoren, sowohl von Jurkat T-Zellen als auch von priméaren Patientenzellen zu
entschlisseln. In dieser Arbeit konnten die Rezeptoren CD2, CD3, CD4, CD5, CD7, CD11a,
CD20, CD28, CD45, CD69 und CD105 erfolgreich visualisiert und quantifiziert werden, welche
Dichten von 0,8 Cluster pro um2 im Falle von CD20 und 81,4 Cluster pro um2 fur den stark
exprimierten Rezeptor CD45 in aktivierten primaren T-Zellen auf der basalen Membran auf-
wiesen. Hierbei konnten wir fiir einen Grof3teil der Rezeptoren eine homogene Verteilung
nachweisen, wohingegen nur wenige andere Rezeptoren Cluster zeigten. Fir CD3 konnten
sowohl in Jurkat T-Zellen als auch in aktivierten primaren Zellen Cluster detektiert werden,
was auf deren Aktivierung hinweist, wohingegen CD3 in naiven Zellen homogen verteilt war.
Im Weiteren wurde dSTORM im Rahmen von drei klinischen Fragestellungen angewandt, in
welche die Rezeptoren CD38, BCMA und CD20 involviert waren, die in Immuntherapien mit
monoklonalen Antikérpern oder auch CAR T-Zellen adressiert werden. In den beiden erstge-
nannten Projekten wurde dSTORM genutzt, um die Erhdhung der Rezeptoren-Expression
nach Zugabe verschiedener Medikamente sowohl in der Zelllinie MM1.S als auch in priméren
Zellen von Patienten mit multiplen Myelomen zu bestimmen. Durch das CD20-Projekt hinge-
gen wurde die Uberlegene Sensitivitdt von dSTORM gegentber der Durchflusszytometrie un-
ter Beweis gestellt. Hier konnte verglichen mit der Durchflusszytometrie eine deutlich héhere
CD20-positive Fraktion in Patientenzellen detektiert werden, welche nach Behandlung mit
CD20 CAR T-Zellen eliminiert wurde.

Vi



Zusammenfassung

Hierauf folgte hochauflosende Bildgebung ganzer Zellen sowohl mit LLS-3D dSTORM als
auch 10x ExM, um Interaktionen mit der Glasoberflache ausschlieRen zu kénnen. Bei 10x ExM
wurde eine Signalamplifikation mittels Biotin und Streptavidin ATTO 643 bendtigt, wonach so-
gar einzelne Antikorper, welche gegen den Heterodimer CD11a gerichtet waren, an einem
herkdbmmlichen konfokalen Mikroskop detektiert werden konnten. Obwohl dies aufgrund der
Prozesse von Gelierung, Verdau und Expansion wahrend des ExM-Protokolls vermutlich nicht
quantitativ ist, konnten sogar mutmafiliche Dimere des Rezeptors CD2 mit 10x ExM-SIM visu-
alisiert werden, welche ahnlich in dSTORM Experimenten auftraten.

Im zweiten Teil dieser Arbeit wurde die Expansionsmikroskopie fur bakterielle und pilzliche
Pathogene eingesetzt. ExM ermoglichte nicht nur eine isotrope vierfache Expansion von
Chlamydia trachomatis, sondern auch die Unterscheidung der beiden Entwicklungsformen,
der Retikular- und Elementarkérperchen, aufgrund der GroR3e der einzelnen Chlamydien.
Anschlielend wurde ein neues a-NHz2-w-Ns-Ce-Ceramid eingeflihrt, was eine effiziente Fixie-
rung und zum ersten Mal die Nutzung von Lipiden in 4x und 10x ExM ermdglichte, was wir
Sphingolipid ExM nannten. Diese Verbindung wurde genutzt, um die Ceramid-Aufnahme und
den -Einbau in die Zellmembran von Chlamydia trachomatis und Simkania negevensis zu un-
tersuchen. Im Falle von Chlamydia trachomatis wurde die hohe Aufldsung von 10x ExM mit
SIM kombiniert, was die Visualisierung beider bakterieller Membranen in einem Abstand von
~30 nm ermdglichte.

Hiernach wurde ExM bei den drei unterschiedlichen Pilzen Ustilago maydis, Fusarium oxyspo-
rum und Aspergillus fumigatus nach enzymatischen Verdau der pilzlichen Zellwand ange-
wandt. Im Falle von Ustilago maydis Sporidien konnte der Verdau sowohl an lebenden Zellen,
was in Protoplasten resultierte, als auch an fixierten Zellen verwendet werden, was die Mor-
phologie erhielt. Mittels dieses neuen Protokolls konnten sowohl Immunfarbungen als auch

fluoreszierende Proteine der drei genannten Pilze expandiert werden.

Vii
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1 Introduction

1 Introduction

1.1 Fluorescence microscopy

After its invention by Antonie van Leeuwenhoek in the late 17" century light microscopy has
been one of the most widely applied tools in biology. Standard transmission light microscopy
however, has always been suffering from a relatively poor contrast. To address this, techniques
like phase contrast microscopy have been introduced, which improved, but never solved this
issue. Since the discovery of fluorescence by George Stokes in 1852, its physical explanation
by Alexander Jablonski and especially the discovery of the fluorescent protein GFP
(Shimomura, Johnson and Saiga 1962), fluorescence has revolutionized research and partic-
ularly fluorescence microscopy has become an extensively used tool to study cellular struc-
tures and processes. Fluorescence allows a highly selective signal detection with an excellent
contrast between signal and background which makes it an ideal tool that is used not only in
microscopy, but also in flow cytometry, genetic analysis and molecular diagnostic. The require-
ment that a molecule can exhibit fluorescence is a delocalized 1-electron-system. These mol-
ecules, called fluorophores, possess electrons that remain in an unexcited ground state (sin-
glet state Sp) until they are excited by light with the fitting wavelength to reach energetically
higher states (singlet state S; or S»). In these states the electrons lose a part of their energy
either via vibrational relaxation (VR) within this energy state or via internal conversion (IC).
When falling back to the ground state Sy the electrons’ energy is emitted in the form of light,
the fluorescence. Due to the earlier energy loss, the electrons emit less energy than absorbed
in the beginning and the emission light is red-shifted. Hereby, this red-shifted Stokes-shift from
the excitation to the emission spectrum makes it possible to separate those two light paths by
optical filters achieving a high contrast. In few cases, the excited molecules might also transit
to the triplet state (T1) by radiationless intersystem crossing. From this state the electrons can
return to the ground state Sy by emitting phosphorescence, a long lived light emission that is

typically even more red-shifted (Fig. 1) (Sauer et al. 2018, Lakowicz 2006).
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Figure 1 Jablonski diagram of the crossing between the singlet states (So-S2) and the triplet state (T1). After ab-
sorption electrons are excited from the ground state So into the energetic higher Si1- and S»-states. Here, electrons
lose energy via relaxation or internal conversion to return to the ground state (So) by the emission of fluorescence.
Alternatively, electrons enter the triplet state via intersystem crossing and return to the ground state by the emission
of phosphorescence. With permission from Sauer et al. 2018.

To exploit fluorescence ideally, countless fluorescent proteins, quantum dots and organic dyes
have been developed ranging from cyanines to rhodamines and oxazines with spectra all over
the visible range (Dempsey et al. 2011, Pinaud et al. 2006). According to the user’s needs also
specialized proteins and dyes were designed with distinct properties like an improved photo-
stability and brightness (Grimm et al. 2016, Michie et al. 2017) or tuned photophysical behavior
(Uno et al. 2014).

These dyes were also labeled to a variety of different molecules among them antibodies, bio-
tins, self-labeling tags (Los et al. 2008, Cole 2013) and oligonucleotides that offer a huge library
to stain the molecule of interest.

Due to the wave nature of light, the achievable resolution has been limited by the diffraction of
light to ~200 nm, as already published by Ernst Abbe in 1873 (Abbe 1873). Hereby, after im-
aging two lines through a periodic grid with a microscope, Abbe postulated that a light micro-
scope’s resolution or the distance between these two still resolvable lines (d) depends on the
numerical aperture (NA) of the used objective and the emission wavelength (A). He described
this relation with the following equation (Abbe 1873, Verdaasdonk et al. 2014):

d=— (1)
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This physical limitation makes it impossible to resolve structures below 200 nm. Hence, the so
called diffraction limit leaves a huge gap between the imaged structures and the “ground truth”.
Rayleigh addressed further questions concerning resolution in light microscopy and defined
within his Rayleigh criterion the minimum distance between two single light emitting spots to
still be resolved. Hereby, he used two airy discs, focused and diffraction limited light sources
with concentric rings of decreasing intensities around it, and overlapped them until they could
not be distinguished as separate spots anymore. He defined that the maxima of these two
diffraction limited spots may not be closer to each other than the radius of the single spots or
the maximum of the first spot may only coincide with the minimum of the other (Fig. 2). This
minimal resolvable distance between two spots (d) can also be described by the following

equation (Rayleigh 1903):

_1.22%A
T 2NA

)

(@) (b)

Figure 2 Schematic overview of the Rayleigh criterion. (a) Two overlapping light sources cannot be separated. (b)
Two light sources overlap but can still be resolved because the maxima of the two spots are not closer to each
other than the radius of each spot. (c) Two light sources overlap only partially and can be resolved. With permission
from Li et al. 2012.
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1.2 Confocal scanning and light-sheet microscopy

One of the most widespread fluorescence microscopy methods is the confocal laser scanning
microscope (CLSM). Here, the excitation beam is reflected by a dichroic mirror through the
objective into the sample from underneath to excite the fluorophores and is focused at the
sample. For image acquisition the sample is scanned point by point. The red-shifted fluores-
cence is then transmitted by the dichroic mirror and focused by a tube lens at the detector. To
minimize signals from excited dyes in other planes a pinhole is placed in front of the detector.
This simple and robust microscopy method suffers, however, from severe phototoxicity in live-
cell experiments and partially strong photodamage when imaging for longer periods of time for
e.g. 3D-stacks (Fig. 3).

To address this, light-sheet microscopes (Huisken and Stainier 2009, Stelzer 2015) like the
lattice light-sheet (LLS) microscope were developed. Hereby, typically two objectives are po-
sitioned orthogonally to each other to use one objective for illumination and the other one for
detection. This separation of two light paths in two objectives enables the illumination with a
narrow sheet of light from the side contrary to conventional widefield or point scanning ap-
proaches which illuminate the whole sample. Because solely the fluorophores in the detection
plane are excited by the light-sheet, a pinhole like in CLSM is also unnecessary (Fig. 3). Among
the light sheets, the lattice light-sheet stands out due to its superior imaging speed and de-
creased phototoxicity allowed by an ultrathin light sheet (Chen et al. 2014). The combination
with fast sSCMOS cameras (100 frames/s) allows the imaging of large 3D-volumes at an im-
pressive speed. With an increasing speed also the collected data amount drastically increases
which makes especially the data processing extremely time consuming. To improve the reso-
lution of a LLS, it has already been combined with the super-resolution method point accumu-
lation for imaging of nanoscale topography (PAINT) to image dividing cells and even the pe-

riphery of small embryos (Legant et al. 2016).
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Figure 3 Differences between point scanning and light-sheet illumination. (A) In confocal systems the laser light is
directed focused into the sample via a dichroic mirror. The emission is collected with the objective and transmitted
through the dichroic mirror. After focusing by the tube lens the light is detected and light from other planes is ex-
cluded by a pinhole. (B) In light-sheet microscopy a cylindrical lens generates a light-sheet in the focal plane of the
other detection objective. The sample is solely illuminated by the light-sheet resulting in fluorescence exclusively
within the focal plane. The collected emission is spectrally filtered and focused on the detector. (C) In confocal
scanning microscopes the whole sample is scanned point by point. However, also fluorophores from other planes
are excited resulting in out of focus light which is reduced by a pinhole. (D) Light-sheet microscopy by contrast,
illuminates solely one plane from the side. Moreover, the whole plane is excited and detected at once enabling high

speed imaging. With permission from Kromm 2016.
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1.3 Super-resolution microscopy

During the last decades many optical methods have been developed to overcome the diffrac-
tion limit and to initiate the age of super-resolution imaging. Either defined illumination patterns
are used like in structured illumination microscopy (SIM) (Gustafsson 2000) and stimulated
emission depletion (STED) (Hell 2007) or the single emitters are stochastically separated in
time like in photoactivated localization microscopy (PALM) (Betzig et al. 2006) and direct sto-
chastic optical reconstruction microscopy (dSTORM) (Heilemann et al. 2008). Hereby, each
method has its own limitations and advantages considering acquisition time and final resolu-
tion.

In SIM a modified widefield microscope is used to apply a patterned illumination, usually
stripes, to excite the dyes. The fluorescence signal is hereby collected in various patterns and
orientations. Due to the interaction of the sample’s fluorescence emission and the excitation
grid, moiré fringes are formed which allow the recording of high frequency information at lower
spatial frequencies. The information of various images can then be separated computationally
in Fourier space into information of higher and lower frequencies. After moving this separated
information into the right position, a super-resolved image with a twofold improved resolution
can be generated. While solely doubling the lateral and axial resolution, SIM is fully compatible
to live-cell experiments with up to four colors and does not need specialized fluorophores like
in other super-resolution methods besides relatively stable dyes (Wegel et al. 2016,
Heintzmann and Huser 2017).

STED by contrast is a deterministic technique that applies additionally to a conventional exci-
tation laser also a depletion laser, a “donut” which efficiently depletes fluorescence in the area
of the depletion laser. The sample is then scanned like in confocal scanning microscopes point
by point, resulting in a maximal achievable resolution between 20 nm and 50 nm (Blom and
Brismar 2014).

PALM and dSTORM on the other hand are single molecule localization microscopy (SMLM)
methods. In PALM fluorescent photoconvertible proteins like mEos (Zhang et al. 2012) are
activated by a short UV-light pulse. This ensures that only few, separated molecules are acti-
vated which can be localized and consequently bleached. A new pulse will activate new pro-
teins and this procedure is repeated until all proteins were activated and subsequently local-
ized. Due to the limited brightness and the activation mechanism of fluorescent proteins in
many cases the resolution is slightly worse than in dSTORM and the acquisition times are

much longer.
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Contrary, dSTORM exploits the stochastic repeated blinking of some organic dyes in the pres-
ence of reducing agents like thiols and achieves a lateral resolution of 20 nm (Fig. 4 a). Here,
dyes are excited with high laser powers to force many dye molecules to enter the triplet state
from which they can be effectively reduced by the widely used B-mercaptoethylamine (MEA)
to enter a stable non-fluorescent radical state. Some dyes like ATTO 655 can even be reduced
one more time into its leuco form (van de Linde et al. 2011). Oxygen on the other hand is able
to interact with dyes in its triplet and radical state to return them into their ground state (Fig. 4
b).

—F K ,(RSHRS)
k2

red

(RSH/RS")

F

Figure 4 The principle of dSSTORM. (a) Upon labeling with photoswitchable fluorophores the dyes are transferred
into a not fluorescent off state. Only few molecules are spontaneously activated and emit fluorescence. Once acti-
vated, the molecules are localized and again deactivated. Repetitive localization of single dye molecules allows the
reconstruction of a super-resolved image. (b) To enable reversible photoswitching cycling dyes between the ground
state Fo and F1 enter the triplet state 3F. Dyes in the triplet state either interact with oxygen to repopulate the ground
state or react with thiols to form a stable not emitting radical anion of the fluorophore. This radical anion can be
oxidized by molecular oxygen to return to the ground state. Few dyes like ATTO 655 can even be reduced to its
leuco form before they return to the ground state. With permission from van de Linde et al. 2011.

Therefore, it is crucial to remove oxygen in the imaging buffer which is often accomplished by
an oxygen scavenging glucose oxidase system. However, MEA can also fulfill this role to de-
plete oxygen (Schafer et al. 2013). According to those reactions, an equilibrium is established
between mostly switched off dyes and only few dyes in the on state which results in “blinkling”
dyes. The center of all those blinking dyes is then determined using a Gaussian fit with a
localization precision of less than 10 nm. The localization precision (1), and with this ultimately
the achievable resolution, depends hereby on the number of emitted photons (N) and on the

standard deviation of the Gaussian fit (o), as described with the following equation:

I=— 3)



1.4 Multicolor dASTORM

Besides of a maximum photon yield the already described switching rates are of great im-
portance for SMLM experiments as insufficient switching rates will result in overlapping point
spread functions (PSF) leading to elongated and asymmetric spots. Such overlapping PSFs
cannot be fitted correctly and are either discarded and lost or will provoke wrong PSF fitting
and imaging artifacts (Burgert et al. 2015).

Another crucial factor limiting the resolution of SMLM is the labeling density which gets of even
greater importance with increasing resolution. This relation was described within the Nyquist-
Shannon sampling theorem which defines that the distance between two molecules next to
each other must be at least half of the final resolution.

To sum up, the final resolution depends not only on the number of emitted photons and there-

fore the accuracy of the Gaussian fit, but also on suitable switching rates and label density.

1.4 Multicolor dSTORM

The success of ASTORM also resulted in the development of various multi-color approaches
to visualize more structures at a superior resolution. Hereby, multicolor measurements can be
realized by either spectral separation or by using the same dye in sequential approaches. In
classical two color experiments well established dye-pairs are Alexa Fluor 647/Cy5 and Alexa
Fluor 532 (Andreska et al. 2014, van de Linde et al. 2013) or Alexa Fluor 647/Cy5 and CF 568
(Heller et al. 2019) for not only adherent cells, but also primary neurons (Andreska et al. 2014)
or tissue (Heller et al. 2019). Here, chromatic aberrations need to be corrected using fiducial
markers to align the cameras. Another, nearly aberration-free approach is spectral-demixing
(SD) dSTORM (Lampe et al. 2012). SD dSTORM applies dye pairs like Alexa Fluor 647/CF
647 and Alexa Fluor 700 (Lampe et al. 2012), DY678 (Lampe, Tadeus and Schmoranzer 2015)
or CF680 (Lehmann et al. 2016) which can be both excited by the same laser. Although their
emissions overlap partially, the different emissions can be separated efficiently with a minimal
crosstalk of solely 1.6% (Lampe et al. 2012). This is realized by splitting the emissions on two
different cameras with a dichroic mirror and thereby separating the emissions in different ratios.
Because all fluorophores are always visible on both channels, pseudo-colors can be assigned
to the dyes using the different emission ratios of the dyes on the two cameras.

However, when using different dyes there is always the need for a compromise in terms of the
switching buffer which may lead to signal loss due to photobleaching and the majority of dyes
are not suited for high-quality dSTORM imaging. Moreover, these approaches are mostly re-
stricted to two colors.

It may also seem reasonable to use the best AISTORM dye, Alexa Fluor 647, more often under
perfect chemical conditions. This can be realized by the removal of the dye after imaging and

consequent restaining of another target in order to use the dye sequentially. In one very simple
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approach, introduced by Valley et al. (Valley et al. 2015), this was enabled by irreversible photo
bleaching in combination with quenching of Alexa Fluor 647 by NaBH4. After imaging of the
first structure of interest, the switching buffer was replaced by PBS, the dyes were photo-
bleached with high laser densities at 405 nm (~0.24 kW/cm?) and 637 nm (~1.7 kW/cm?) and
subsequently quenched by NaBH4. This was followed by the staining and imaging of another
structure, again with Alexa Fluor 647. This combination of bleaching and quenching resulted
in a negligible cross-talk of only 0.2% when imaging clathrin followed by tubulin (Valley et al.
2015).

Another idea was realized in multiplexed antibody size-limited dSTORM (madSTORM) (Yi et
al. 2016), where bound antibodies were efficiently removed after imaging by the elution in high
salt concentrations and Tween-20 in combination with photobleaching. After antibody removal
new structures were stained with Alexa Fluor 647 and this could be repeated to stain and
image 25 different epitopes. Albeit this protocol provides a huge improvement by removing the
antibodies and therefore allows the imaging of “limitless” structures, this antibody elution and
restaining procedure requires fixed cells and therefore impedes multi-color live-cell stainings.
Additionally, both approaches are very time consuming and may be prone to cross-talk from
prior staining due to incomplete bleaching or antibody-removal after several rounds of imaging.
Recently, this problem was beautifully addressed within the DNA-exchange dSTORM protocol
(Schueder et al. 2017) using exchangeable DNA-probes. Hereby, DNA-conjugated antibodies
are used to stain the structures of interest in a “one-pot” reaction. Hence, this protocol is fully
compatible with staining protocols of both, fixed and living cells. The immunostaining is fol-
lowed by the introduction and hybridization of the first DNA-dye strand in labeling buffer. Sub-
sequently, by repeated washing the labeling buffer as well as unbound DNA are removed and
exchanged by a dSTORM switching buffer. After image acquisition the imaging buffer is re-
placed by a washing buffer containing 30% formamide which decreases the DNA melting tem-
perature by partial denaturation and removes the bound DNA-dye strand. To enable an effi-
cient DNA removal, the 12 - 13 bp long DNA strands are designed for optimal hybridization in
labeling and optimal removal in washing buffer. Finally, the washing buffer is replaced by la-
beling buffer containing a new DNA-dye, complementary to the new target strand (Fig. 5).
Using DNA-origami this method has also been validated in dSTORM and STED which resulted
in 92% correctly assigned spots. This whole procedure can be repeated in principle nearly
limitless and is only limited by the number of orthogonal DNA sequences. Moreover, this wash-
ing and staining procedure is extremely fast, taking only 20 minutes per round, making this a

superior sequential labeling technique (Schueder et al. 2017).



1.5 Quantitative cluster analysis
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Figure 5 Procedure of the DNA-exchange. (a) Targets are labeled with 12 - 13 bp long oligonuclectide conjugated
antibodies. (b) The first dye-conjugated DNA-strand hybridizes in labeling buffer to the complementary strand.
(c) The image is acquired in imaging buffer. (d) The introduction of the washing buffer dissociates the dye-conju-
gated DNA. This process is repeated until all target structures are imaged. With permission from Schueder et al.
2017.

1.5 Quantitative cluster analysis

It could be shown in correlative studies of the nuclear pore complex that dASTORM can truly
provide quantitative data (Loschberger et al. 2014). Due to the nature of dASTORM with dyes
that blink several times, localizations have to be assigned to single antibodies. To provide
guantitative molecule numbers, they need to be clustered. However, there is a plethora of
different cluster algorithms which also use different clustering approaches. These algorithms
can be center-, hierarchical-, grid- or density-based (Scitovski and Sabo 2019).

Center- or partitional-based cluster algorithms group all clusters simultaneously and do not
apply a hierarchical structure. The simplest and most used center-based algorithm is the k-
means algorithm. This algorithm is strongly dependent on the initial cluster centers and unable
to find non-convex clusters (Scitovski and Sabo 2019). Hierarchical-based algorithms either
start with all points as single clusters and merge these according to their parameters or assign
all data points to one cluster and separate this cluster into smaller ones. By contrast, grid-
based clustering algorithms divide the data space into cells forming a grid. Then these cells
are clustered which represent the data points instead of directly clustering the data points
(Aggarwal 2014). On the other hand, density-based algorithms rely on the principle of connect-
ing dense areas which are separated by sparse or empty areas.

The most used algorithm among these is the density-based spatial clustering of applications
with noise (DBSCAN) algorithm since it was introduced by Martin Ester et al. in 1996 (Ester et

al. 1996). This algorithm connects data points (Fig. 6) and requires two parameters, the radius
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within localizations are grouped (¢€) and the minimum number of localizations per cluster (min-
Points). Within this algorithm, data points are categorized into core points (points with > min-
Points), border points (points with < minPoints, but within € of a core point) and noise (points
which are neither a core nor a boarder point) (Schubert et al. 2017).

The right parameter choice is very crucial as a too small € will yield in most data points assigned
to as noise and a too large ¢ will result in merged clusters because too many data points are
assigned to one cluster. On the other side, a too low minPoints value will assign every point to
be a cluster, whereas a high minPoints value might discard many clusters. Hence, the param-
eters need to be determined carefully to avoid wrong and incomplete clustering (Ester et al.
1996, Scitovski and Sabo 2019, Schubert et al. 2017, Duan et al. 2016).

Fortunately, as dye-conjugated antibodies with blinking dyes resemble dense areas or clus-
ters, this algorithm can be implemented to group localizations of a dASTORM experiment and
therefore to count and quantify single molecules. Typical parameters are 20 nm for €, as this
is the resolution achieved within a dSTORM experiment, and at least three localizations per
cluster for minPoints, but these parameters need to be determined experimentally. From now

on, these grouped localizations will be referred to as “clusters”.
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Figure 6 Schematic overview of the DBSCAN algorithm. (a) Clustering result with core points, boundary or core
points and outlier points or noise. (b-f) Impact of the parameter choice on the clustering. With permission from Duan
et al. 2016.
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1.6 Receptors and their importance in immunotherapy

Receptors are a key component for intra- and extracellular communication. They act as anten-
nae to detect the presence of signaling molecules and translate these via cellular effector path-
ways and signal transduction into physiological functions. If perturbations occur here, this may
lead to severe signal transduction errors and metabolic defects causing various diseases. The
nomenclature of cluster of differentiation (CD) has been introduced to classify the more than
4000 surface molecules on leucocytes, whereas the receptors were categorized by their reac-
tivity with a library of monoclonal antibodies. Nowadays, this nomenclature ranges from CD1
to CD371. Those antibodies are widely used to identify cell types in the clinics and in research
for both diagnosis and therapy. Within this thesis relevant receptors ranging from CD2 to
CD105 were investigated.

CD2 is an adhesion molecule that can be found on the surface of T-cells and natural killer
cells. Due to its early appearance on T-cells, CD2 is considered as T-cell marker, although not
present on all T-cells (Schubert et al. 2006, Bausch-Fluck et al. 2015). Furthermore, CD2 oc-
curs to ~85% as monomer (Murray et al. 1995) and can trigger T-cell activation. A constitutive
T-cell specific marker however, is the T-cell co-receptor CD3. The protein complex CD3 is
crucial for T-cell activation as it associates with the T-cell receptor (TCR) (Smith-Garvin,
Koretzky and Jordan 2009) and should be homogeneously distributed on not activated CD4*
and CD8" T-cells according to new studies. CD3-clustering is a heavily debated topic, although
it is known to form nanoclusters after activation (Rossboth et al. 2018). CD4 and CD8 on the
other hand are co-receptors that are of great importance for the development and determina-
tion of the exact T-cell subtype (Fournier et al. 2010). The dimeric T-cell marker CD5 in contrast
inhibits TCR-signaling and is thought to be associated with CD3¢ within the CD3-TCR-complex
(Bamberger et al. 2011, Perez-Villar et al. 1999). CD7 is a co-receptor probably involved in T-
cell interaction which is expressed in most, but not all T-cells (Aandahl et al. 2003). The integrin
CD11a on the other hand appears heterodimeric and has been shown to interact with CD45
by its cytoplasmic tail (Geng et al. 2005). CD11a is also associated with the regulation of CD8*
T-cell differentiation and with memory development after infection (Bose et al. 2013). The ho-
modimeric co-receptor CD28 is constitutively expressed on T-cells and is crucial not only for
activation, but also for survival and productive T-cell responses. It also interacts with its colig-
and B7 to transduce signals necessary for an immediate T-cell response (Liand Sayegh 2007).
The receptor-like transmembrane protein tyrosine phosphatase (RPTP) CD45 is a highly abun-
dant protein in the plasma membrane of all nucleated hematopoietic cells. Studies could show

that CD45 is of great importance for signal transduction and the regulation of peripheral T-cell
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activation (Majeti et al. 2000, Zamoyska 2007). CD69 is a dimeric membrane protein ex-
pressed on T-cells at an early activation stage. Upon expression, CD69 triggers T-cell activa-
tion and proliferation as costimulus (Risso et al. 1991).

The receptors CD20 (B-cell marker) and CD105 (endoglin) by contrast are mostly absent or
present on only a small subset of T-cells (Schuh et al. 2016, Stashenko et al. 1980, Nassiri et
al. 2011, Schmidt-Weber et al. 2005).

The concept of immunotherapy harnesses the immune system’s activity to eradicate cancer
cells by targeting specific, ideally solely on cancer cells expressed markers. Receptors are an
attractive target for those therapies due to the fact that many cancer cells often have tumor
associated surface molecules in their plasma membrane that can be targeted by antibodies or
antibody-derived reagents. Unfortunately, most cancer cell markers are also found on healthy
cells making the target choice difficult (Wei et al. 2019).

The first clinically used monoclonal antibody was the anti-CD20 antibody rituximab against B-
cell malignancies, lymphoma and leukemia. CD20 is strongly expressed on those tumor cells,
but unfortunately CD20 is also widely expressed on naive B-cells and affects therefore also
healthy B-cells. Rituximab may mediate cell killing via various pathways: Upon binding, apop-
tosis may be triggered by not yet completely understood caspase dependent and independent
mechanisms. Alternatively rituximab binding may also trigger a complement cascade, the com-
plement-dependent cytotoxicity (CDC) or recruit natural killer cells leading to an antibody-de-
pendent cell mediated cytotoxicity (ADCC) which Kkills the target cell by the release of perforin
and granzyme B. Lastly, macrophages might recognize bound rituximab to phagocytose the
target cell via antibody-dependent phagocytosis (ADP, Fig. 7) (Pierpont et al. 2018).

Another highly relevant monoclonal antibody used in the cancer therapy is the anti-CD38 an-
tibody daratumumab. This transmembrane glycoprotein CD38 is an attractive target as it is
expressed on the surface of haematopoietic cells and importantly overexpressed in multiple
myeloma cells (Lin et al. 2004). Daratumumab has been approved as monotherapy and com-
bination therapy for patients with relapsed and refractory multiple myeloma (Blair 2017). Es-
pecially the combination therapy with bortezomib and dexamethasone or lenalidomide and
dexamethasone is very promising with complete response rates of up to 43% (Palumbo et al.
2016, Dimopoulos et al. 2016). It could also be observed that a high CD38-expression corre-
lates with a high efficacy and that patients with a high CD38-expression had a higher response
chance. Although very potent, it was also noticed that during daratumumab treatment CD38-
expression is often decreased during disease progression favoring immune escape (Nijhof et
al. 2016).

Hence, it is not surprising that many efforts were made in this field to find molecules to selec-
tively increase the CD38-expression specifically in multiple myeloma cells. One of those mol-

ecules was panobinostat, a non-selective histone deacetylase (HDAC) inhibitor that induced a
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CD38 increase and could therefore increase ADCC after daratumumab treatment (Garcia-
Guerrero et al. 2017). However, panobinostat showed also severe toxicities increasing the
need for alternatives with better tolerability. A possible alternative could be ricolinostat, a spe-
cific inhibitor of histone deacetylase 6, currently in phase 1/2 trial (Vogl et al. 2017) which was

investigated in this work.
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Figure 7 Schematic overview of the killing mediated by rituximab of CD20-positive cells. (Top left) Rituximab binding
directly triggers apoptosis via caspase independent and caspase dependent pathways. (Top right) Binding of ritux-
imab recruits the Ci-complex initiating the complement cascade which triggers cell death via complement-depend-
ent cytotoxicity (CDC). (Lower left) Rituximab recruits natural killer cells which results in antibody-dependent cell-
mediated cytotoxicity. After perforin release granzyme B enters the target cell and triggers apoptosis by mostly
cleaving caspases. (Lower right) Antibody-dependent phagocytosis (ADP) is triggered by macrophages recognizing
CD20 bound rituximab. With permission from Pierpont, Limper and Richards 2018.

Another extremely elegant way to stimulate the own immune system to fight cancer are chi-
meric antigen receptor (CAR) T-cells. Hereby, in a first step patient cells are collected by leu-
kapheresis which is followed by monocyte elutriation and T-cell selection. Hereafter, the T-
cells are activated by anti-CD3 and anti-CD28 antibodies and transduced with the CAR-con-
struct. Finally, the transduced CAR T-cells are expanded ex vivo and harvested to be infused
back into the patient. CAR T-cells will then bind to their target molecule and consequently lyse

the target cells without the need for antigen presentation via MHC-complexes.
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By now there are countless different CAR-designs. However, the base structure remained
barely unchanged. The CAR consists out of a single-chain variable fragment (scFv) with an
antibody-like variable heavy (Vi) and a variable light (V) chain that is fused by a peptide linker.
The scFv is connected to an intracellular signaling domain that was consequently improved
since the original CAR-development. In the 1% generation of CARs the intracellular signaling
domain consisted solely out of CD3( (Fig. 8). This resulted often in an only short immune
response with insufficient IL-2 secretion due to the absence of co-stimulatory signals (Imai et
al. 2004, Maher et al. 2002). Therefore co-stimulatory domains like 4-1BB (Imai et al. 2004),
CD27, CD28 (Maher et al. 2002) and CD134 (Fesnak, June and Levine 2016) were fused to
CD3¢ which resulted in an enhanced persistence of CAR T-cells (Fesnak et al. 2016).
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Figure 8 Schematic overview of the chimeric antigen receptor structure. CARs consist of a single-chain variable
fragment (scFv) with a variable light (VL) and heavy chain (V1) connected by a linker. In first generation CARs the
scFv was solely linked to CD3¢, while second generation CARs carry one and third generation CARs multiple co-
stimulatory domains like CD28 and 4-1BB. With permission from Feins et al. 2019.
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The first classical target for CAR T-cells was CD19 for the treatment of advanced B-cell ma-
lignancies. Those therapies have been validated in the clinics for years and underline the cu-
rative potential of CARs (Turtle et al. 2016). However, to be a universal approach in the fight
against cancer, new targets need to be found and validated, ideally also for solid tumors.

In the search for novel targets several antigens stand out, among them the B-cell maturation
antigen (BCMA) and the signaling lymphocytic activation molecule family member 7 (SLAMF7)
for the treatment of multiple myeloma and the FMS-like tyrosine kinase 3 (FLT3) for the treat-
ment of acute myeloid leukemia (Prommersberger et al. 2018). BCMA is a member of the
tumor necrosis family receptor (TNFR) that is expressed on multiple myeloma cells and on
some hematopoietic cells. As BCMA is not expressed on healthy solid tissue, this makes
BCMA an attractive target for BCMA targeting immunotherapies (Seckinger et al. 2017, Hipp
et al. 2017). CAR T-cells targeting BCMA are currently in the phase | clinical trial for the treat-
ment of multiple myeloma and could induce complete responses in a myeloma subset (Ali et
al. 2016). Unfortunately, BCMA loss or downregulations have also been reported leading to
severe relapses which is decreasing the hopes in BCMA as suitable target. Therefore, similar
to CD38, the idea occurred to increase the expression of BCMA and the number of BCMA
expressing cells by the addition of a multiple myeloma cell specific drug. One possible mole-
cule could be all-trans retinoic acid (ATRA) which has been shown to induce epigenetic
changes in multiple myeloma cells (Balmer and Blomhoff 2002). This effect could already be
harvested in combination with daratumumab in myeloma and possibly more antigens could be
affected by ATRA (Nijhof et al. 2016).

Despite being very successful in the treatment of especially B-cell malignancies, also severe
side effects occurred in CAR-treatments. The most frequent toxicities are the cytokine release
syndrome (CRS) and the CAR T-cell-related encephalopathy syndrome (CRES). In CRS the
CAR T-cells get activated, expand and lyse the cells expressing the target receptor. Hereby,
high amounts of interferon-y and tumor-necrosis factor a (TNF-a) are released which activate
monocytes and macrophages with enhanced tumoricidal capacity (Mosser and Edwards
2008). These activated macrophages secrete high levels of inflammatory cytokines (IL-1, IL-6
and IL-10) and inducible nitric oxide synthase (INOS) resulting in symptoms like fever, muscle
pain, low blood pressure and confusion (Yanez, Sanchez-Escamilla and Perales 2019).

An interesting case appeared in 2015, where a refractory multiple myeloma patient was treated
with anti-CD19 CARs. This resulted in a complete response although 99.95% of the patient’s
neoplastic plasma cells were negative for CD19 (Garfall et al. 2015). This of course raised
guestions about the sensitivity of the conventional antigen measurements in the clinics with

the widely used flow cytometry.
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1.7 Expansion microscopy

Super-resolution imaging has become a very powerful tool in the last decade and has shed
light on the spatial protein organization of many biological samples (Sauer and Heilemann
2017, Schermelleh et al. 2019). However, multi-color experiments remain challenging and 3D-
experiments are often limited axially. Furthermore, these methods require intensive experience
and specialized equipment within the laboratories.

Recently, expansion microscopy (ExM) (Chen, Tillberg and Boyden 2015) was introduced by
Boyden and coworkers. In ExM the proteins are linked into a dense network of a swellable
acrylamide gel and the sample is expanded isotropically approximately fourfold after homoge-
nization by an unspecific proteinase to bypass the resolution limit. This expansion, which was
published in 2015, allowed a fourfold improvement in both the lateral and axial dimension en-
abling a lateral resolution of ~60-70 nm on conventional microscopes. The first approaches
could be separated in two main protocols (Fig. 9). In the first, the sample was fixed, stained
and labeled with an amine or acrydite containing label (Chen et al. 2015), linked with AcX
(Tillberg et al. 2016), MA-NHS (Chozinski et al. 2016), glutaraldehyde (Chozinski et al. 2016)
or Label-X (Chen et al. 2016), gelated, digested with proteinase K and expanded in ddH-0
(Fig. 9). These approaches suffer from a relatively big linkage error and fading dyes during the
gelation step. To avoid those disadvantages the magnified analysis of the proteome (MAP)
(Ku et al. 2016) was developed. Here, the sample is incubated in a mixture of formaldehyde
and acrylamide to penetrate the whole sample with acrylamide and to avoid intra- and inter-
protein crosslinking during the gelation. Following gelation, the sample is boiled at 95°C and
denaturated in SDS to linearize all proteins present in the gel until the sample is expanded in
ddH»0 and finally stained. This protocol allows therefore a post-staining which minimizes link-
age errors, avoids fading dyes by the radical reaction during gelation and even new epitopes
may get accessible due to the denaturation step. Unfortunately, not all antibodies will recognize
denatured epitopes (Gambarotto et al. 2019).

At an impressive speed other, new protocols were developed to further improve this attractive
method which makes super-resolution available to everyone even without sophisticated set-
ups. These protocols enable the expansion of RNAs (Chen et al. 2016), higher expansion
factor of tenfold (Truckenbrodt et al. 2019) and even twentyfold (Chang et al. 2017) by iterative
ExM in both cells and tissue. Even the combination with super-resolution microscopy was al-
ready reported (Gao et al. 2018, Xu et al. 2019). Although very easy to implement, care must
be taken when new structures are expanded, as the protocol might need to be adjusted like in

the case of the multiprotein complex of centrioles to enable a truly isotropic expansion
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(Gambarotto et al. 2019). Using these structures it could be shown that, although well estab-

lished by now, ExM can bear also the risk of artifacts.
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Figure 9 Schematic overview about the ExM- and MAP protocol. In ExM the sample is fixed, labeled and after
gelation and digestion, expanded. Contrary, in MAP the sample is first incubated in formaldehyde and acrylamide
followed by gelation and protein denaturation. Subsequently, the sample is expanded and immunostained. With

permission from Gambarotto et al. 2019.
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1.8 Intracellular pathogens

1.8.1 Chlamydiales

The order of Chlamydiales consists out of eight families, among them the Chlamydiaceae and
Simkaniaceae. All are gram-negative obligate intracellular bacteria, share an up to 80% simi-
larity in their 16S and 23S rRNA and pass a developmental cycle within the host cell (Everett,
Bush and Andersen 1999).

The bacterium Chlamydia trachomatis as member of the Chlamydiaceae family is of major
clinical relevance because this bacterium is human specific. C. trachomatis causes blinding
eye diseases (trachoma) or sexually transmitted diseases eventually leading to infertility with
annually more than 100 million infections (Belland, Ojcius and Byrne 2004). In a typical C.
trachomatis life cycle (Fig. 10) Chlamydia infect the host as small elementary bodies (EB) by
binding to the host cell and by interactions with membrane proteins. Internalization is then
induced by changes within the actin cytoskeleton, assisted by GTPases of the RHO family and
other factors (Bastidas et al. 2013). Effector proteins are injected into the host cell via a needle
like structure, the chlamydial type 3 secretion system (T3SS) (Moore and Ouellette 2014).
Upon internalization the Chlamydia remain within this membrane bound vesicle, the so called
inclusion. This inclusion is completely independent from any endocytic or lysosomal pathway
creating an exclusive niche for the Chlamydia to replicate and develop (Hackstadt et al. 1996).
However, the inclusion needs to be stabilized structurally which is enabled by a scaffold con-
sisting out of F-actin, intermediate filaments and tubulin (Al-Zeer et al. 2014). Besides the cy-
toskeleton also the cellular organelles like mitochondria and the smooth endoplasmatic reticu-
lum (ER) are rearranged (Agaisse and Derré 2015, Derré 2015). Both interactions are not fully
understood, although it seems reasonable that the Chlamydia might rearrange those orga-
nelles to gain nutrition in the form of lipids and metabolites and to inhibit apoptosis. This inhi-
bition of apoptosis and importantly also the lysosomal degradation of the inclusion is mediated
by interfering with the host ubiquitin system using the chlamydial deubiquitinase 1 (Cdul). This
protein localizes at the inclusion membrane (Fischer et al. 2017) while its expression starts at
~16 hours post infection (hpi) and increases further during the infection (Belland et al. 2003).
It is known that Cdul deubiquitinates and therefore stabilizes anti-apoptotic proteins like Mcl-
1 (Fischer et al. 2017) avoiding premature cell death. Moreover, Cdul has been shown to be
involved in the stabilization of IkBa, the inhibition of NFkB-induced inflammatory responses (Le
Negrate et al. 2008) and the fragmentation of the host cell’'s Golgi-apparatus (Pruneda et al.
2018).
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Figure 10 Developmental cycle of Chlamydia within epithelial cells. To infect cells, EBs first attach to the surface
of the host cell and are then taken up. About 8 hours later EBs begin to differentiate into its replicative form. Chla-
mydia begin to replicate within the inclusion until they redifferentiate into EBs after ~24h. The inclusion matures up
to 48 h which is followed by the extrusion and release of EBs to infect new cells. With permission from
Hammerschlag 2004.

After 6 — 9 hpi the EBs begin to transcribe early transition genes necessary for the conversion
to its metabolically active form, the reticulate body (RB). During this transition, mediated by
histone 1 homologues HC1 and HC2, chromatin gets decondensed to activate transcription
and the RBs begin to expand (Grieshaber et al. 2006).

After extensive RB multiplication the transition back to EBs is again mediated by HC1 and HC2
which switch off the transcription of RB related genes again after ~24 hpi. This process may
be triggered by RBs “falling off’ the inner membrane of the inclusion membrane (Wilson et al.
2006), and can strongly be inhibited by antibiotics, stress induced by the environment or miss-
ing nutrition. Among those important nutrients are sphingolipids, especially ceramides. It is
assumed that ceramides serve as precursor for sphingomyelin directly at the inclusion mem-
brane or as chlamydial signaling molecule (Derre, Swiss and Agaisse 2011). To gain
ceramides, Chlamydia hijack the lipid transfer protein CERT which regulates in uninfected cells
the non-vesicular transport to the Golgi-apparatus from the ER. This hijacking process is hy-
pothesized to be mediated by the inclusion protein D (IncD) that colocalizes at the inclusion
membrane with CERT. The lipid transfer is then fulfilled by association with the ER-resident

vesicle-associated membrane protein-associated protein B (VAPB) after close interaction with
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the ER tubules (Agaisse and Derre 2014, Derre et al. 2011). The importance of ceramides for
the chlamydial development could be demonstrated by the inhibition of CERT with the CERT
specific inhibitor HPA-12 which strongly delayed or even impeded the growth of C. trachomatis
(Koch-Edelmann et al. 2017, Elwell et al. 2011).

However, if not inhibited, after 48 hpi the inclusion of C. trachomatis matures and the Chla-
mydia begin to be released from the host cell. This release is well characterized and follows
one of the following two methods. In the first possibility of release Chlamydia lyse the host cell
and escape from the bursting cell (Hybiske and Stephens 2007). The lysing of the host cell is
mediated by many proteins with the Chlamydia protease activity factor (CPAF) as one of the
most prominent ones. CPAF degrades several host proteins before the inclusion membrane
gets permeabilized. After permeabilization of not only the inclusion membrane, but also the
nuclear membrane and several organelles, the Chlamydia are released (Snavely et al. 2014).
On the other hand, Chlamydia may also escape from the host cell without killing it in a much
slower process. Hereby, the cytoskeleton is modified and primarily the interactions between
actin and myosin cause a depolymerization of microtubules. This is followed by a cytokinesis
like process, where a contractile ring is formed and the Chlamydia are released from the cell
(Hybiske and Stephens 2007).

The closely related pathogen Simkania negevensis by contrast belongs to the family of the
Simkaniaceae and is prevalent especially among adults with pneumonia and children with
bronchiolitis (Lieberman et al. 2002). This gram-negative bacterium shares many similarities
with Chlamydia like the two distinct developmental forms EBs and RBs but for example builds
up a different inclusion, the Simkania-containing vacuole (SCV). Interestingly, Simkania growth
is significantly slower compared to Chlamydia and this pathogen can remain within its host cell
for up to 10 days without lysing the cell (Kahane et al. 2001). In electron microscopy (EM)
studies it could be shown that the SCV consists out of many, both EB and RB containing
vacuoles with mitochondria arranged around them (Kahane et al. 2001, Friedman, Dvoskin
and Kahane 2003, Mehlitz et al. 2014). Furthermore, a close association between the ER
membrane and the SCV could also be demonstrated using dASTORM (Mehlitz et al. 2014).
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1.8.2 Fungi and their cell wall composition

Although very small, Fungi are highly important and relevant pathogens. Fungi are essential
not only for human nutrition and health, but are also keyplayers in biodegradation and on the
other hand dangerous pathogens for plants, animals and humans (Lange 2014, Meyer et al.
2016). An important characteristic of fungi is their cell wall consisting out of chitin, -1,3-glucan,
a-1,3-glucan and various mannans and mannoproteins (Osherov and Yarden 2010). Hereby,
the dynamic cell wall composition is crucial for not only viability, morphogenesis and patho-
genesis, but also for the ecology of the fungus. Interestingly, the cell wall composition is highly
regulated and can be adapted when exposed to new environmental conditions or various forms
of stress. Due to this importance of the cell wall for fungi it is not surprising that, although the
cell wall composition strongly varies among different species (Fig. 11), ~20% of the whole
yeast genome is associated with the synthesis of the fungal cell wall (Lesage and Bussey
2006, Gow, Latge and Munro 2017). These extremely robust cell walls withstand the turgor
pressure mostly between 0.2 and 10 MPa (few even 20 MPa), making the fungal cell wall one

of the most robust walls in nature (Gow et al. 2017, Erwig and Gow 2016).

GalXM; |GXM

Capsule

Rodlet GAG Galactomannan

Melanin
Protein (Mannan
|(no outer > &
|chains)
Mannan X : )

Ve =
D

p-1,6-glucan o

a-1,3-glucan

p-1,3-glucan

a Candida yeasts b Pneumocystis spp. € Aspergillus d Aspergillus e Cryptococcus f Histoplasma capsulatum
conidium fumigatus and Blastomyces
hyphae dermatitidis

Figure 11 Cell wall organization of fungal pathogens. The cell wall compaosition of various fungi differs strongly and
is composed out of different proteins, glycans and mannans. With permission from Erwig and Gow 2016.
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There have also been efforts to efficiently remove this cell wall to form fungal protoplasts.
Hereby, a mixture of various lytic enzymes including B-glucanases, chitinases, cellulases and
proteases was applied to fungi to successfully produce protoplasts from Aspergillus spp. and
Fusarium spp. (Ramamoorthy et al. 2015, de Bekker et al. 2009). Within this thesis the fungi
Ustilago maydis, Fusarium oxysporum and Aspergillus fumigatus were investigated and
served as model for the establishment of ExM on fungi.

Ustilago maydis is a basidiomycete causing corn smut and has a biotrophic parasitic life style
(Kahmann and Kamper 2004, Vollmeister et al. 2012). Like other biotrophic pathogens U.
maydis does not kil its host, but has a very close relationship to its host to reprogram the host’s
metabolism during infection. In a typical life cycle the diploid spores germinate and form after
meiosis a promycelium. After septation four compartments containing one haploid nucleus are
formed and after mitosis the haploid cells bud off to turn into sporidia and enter a vegetative
life cycle. When on a leaf, two compatible haploid cells fuse to turn into its infectious and fila-
mentous form and penetrate the epidermis of the leaf via appressoria. Now, the hyphae begin
to branch and to form clamp-like structures to properly distribute the nuclei during septum for-
mation. As the infection proceeds, plant “tumors” are formed, the hyphae begin to strongly
proliferate and to form huge aggregates. Following this, the hyphal morphology changes into
a mucuous matrix and new dark colored spores are formed (Lanver et al. 2017).

By contrast, Fusarium oxysporum is an ascomycete inhabiting the soil causing the wilt disease
in various crop species which can even be an opportunistic human pathogen (Ortoneda et al.
2004). Its spores rest in the soil for long periods of time and germinate after stimulation by
roots. This results in hyphal branching and the formation of a mycelial network to penetrate the
host root through narrow openings probably supported by degrative enzymes (Michielse and
Rep 2009). The further growth is entirely intracellular to draw nutrients directly from the apo-
plast without damaging adjacent cells and the fungus can even invade the vascular system.
Meanwhile conidia and chlamydospores are constantly produced during the infection and re-
turn to the soil, as soon as the host plant dies due to high vascular tissue damage to complete
the life cycle (Gordon 2017, Warman and Aitken 2018, Dita et al. 2018).

Aspergillus fumigatus on the other hand is a saprotrophic ascomycete, with a worldwide distri-
bution that can cause life threatening aspergillosis in immunocompromised patients and is
therefore the most important aerial fungal pathogen (Latge and Chamilos 2019). A. fumigatus
has a mostly vegetative life cycle (Fig. 12) and spreads, once hyphae have grown into a mature
mycelium, by asexual sporulation using conidia on specialized hyphal structures (conidio-
phores). This dispersal of A. fumigatus conidia is highly efficient making it the primary fungal
component in the air (Abdel Hameed, Yasser and Khoder 2004). It is estimated that each
person inhales 100 - 1000 conidia each day which are removed by alveolar macrophages. If

this fails, the conidia germinate within 4 - 6 h into short hyphae known as germ tubes as the

23



1.8 Intracellular pathogens

human body temperature is ideal for A. fumigatus (van de Veerdonk et al. 2017). Mostly im-
munocompromised patients are exposed to a high risk of aspergillosis and once infected, as-
pergillosis has an extremely high mortality rate (30-95%) (Brown et al. 2012). Other diseases
caused by A. fumigatus include severe asthma with fungal sensitization or severe allergic bron-

chopulmonary aspergillosis (van de Veerdonk et al. 2017).
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Figure 12 The trimorphic fungus A. fumigatus forms a vegetative mycelium in nature and patients. Asexual conidia
are formed after starvation and resting ascospores are produced from heterothallic strains. With permission from
Latge and Chamilos 2019.
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1.9 Ceramides and click chemistry

A main component of the plasma membrane are sphingolipids, glycerophospholipids and cho-
lesterol. Ceramides, sphingolipids with solely an H-atom as residue, regulate many cellular
processes including proliferation, apoptosis, cell-differentiation and -migration, and have also
been implicated in severe diseases like cancer and neurodegeneration (Zeidan and Hannun
2007). The synthesis of sphingolipids, with ceramides as starting molecules, can be de novo,
through the recovery of sphingosine from other sphingolipids, through the salvage pathway or
by the breakdown of complex sphingolipids like sphingomyelin (Fig. 13).

The de novo synthesis is divided into three parts. First, a serine palmitoyltransferase catalyzes
the condensation of fatty acid-CoA and serine to 3-ketosphinganine. This 3-ketosphinganine
is reduced and then processed to a dihydroceramide. To finally receive a ceramide a double
bound is introduced by a dihydroceramide desaturase. In the salvage pathway however, long
chain sphingoide bases are reorganized into sphingosine which are acetylated to create
ceramides. This main pathway for sphingolipid biosynthesis produces 50-90% of all new sphin-
golipids (Tettamanti et al. 2003, Kunz and Kozjak-Pavlovic 2019).

Once ceramides are synthesized in the ER, they are transported either via vesicular transport
or via CERT to the Golgi-apparatus, as described in the earlier chapter, and from here into the
plasma membrane (Hannun and Obeid 2018). Although under debate, sphingolipids could be
shown to form ceramide-rich platforms (CRP), which reorganize the plasma membrane, induce
receptor clustering and can facilitate vesicle formation and fusion. These formations could
even be increased by the addition of a sphingomyelinase and quantified by dSTORM (Burgert
et al. 2017).

Unfortunately, several obstacles have impeded research in this field. First of all, classical spec-
troscopic approaches of fluorescent membrane analogs have been impeded by alterations
caused by the fluorescent molecules themselves (Kuerschner et al. 2005, Mukherjee et al.
2004). Fluorescence imaging on the other hand always struggled with the limited spatial reso-
lution and could not resolve putative lipid nanodomains or even clusters (Simons and Gerl
2010). Herehy, also the labeling caused problems: Often antibodies did not label the target
lipids sufficiently and possibly even induced artifacts. These artifacts may even occur after
aldehyde fixation by residual lipid diffusion or by antibody crosslinking (Kraft 2016, Tanaka et
al. 2010). As genetic tools to introduce fluorescent proteins are not suitable for non-proteina-

ceous molecules like glycans and lipids, alternatives were indispensable.
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Figure 13 Schematic illustration of the sphingolipid metabolism. Ceramides are keyplayer within the sphingolipid
metabolism. They can either be synthesized de novo from palmitoyl-CoA, by sphingomyelin hydrolysis or the sal-
vage pathway involving the sphingosine recovery from complex sphingolipids. With permission from Kunz and
Kozjak-Pavlovic 2019.
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Therefore, a new approach has been introduced to efficiently visualize ceramides using
bioorthogonal click chemistry. Bioorthogonal describes that the functional groups must be inert,
specifically reactive at biological conditions and in case of in vivo experiments nontoxic (Hang
et al. 2003). Click chemistry on the other hand describes a pair of functional groups like azides
and dibenzocyclooctyne (DBCO)-moieties that react fast and selectively with each other under
mild and aqueous conditions (Kolb, Finn and Sharpless 2001).

This chemistry offers an elegant way to stain ceramides by the introduction of small modifica-
tions like an azido-modification into ceramides which differ only slightly from the natural com-

pounds. Those azide-modified ceramides were shown to be biocompatible after incorporation

26



1 Introduction

into the plasma membrane and could be efficiently labeled by introducing the already men-
tioned clicked chemistry with DBCO-dyes (Walter et al. 2017). When using bioorthogonal azide
reactions these can either react via the Staudinger ligation, via copper-catalyzed or via copper-
free strain-promoted cycloaddition. The Staudinger reaction exploits the selective reactivity of
azides and phosphines which form an amide bond. The Staudinger reaction however, suffers
from slow reactions kinetics which demand high triarylphosphine concentrations (Sletten and
Bertozzi 2009). The other two reactions utilize the reaction of alkynes with azides to form tria-
zoles. The first among these reactions, the Cu(l)-catalyzed azide-alkyne cycloaddition (Cu-
AAC) is accelerated by the copper catalyst Cu(l), whereas the strain-promoted cycloaddition

(SPAAC) applies cyclooctynes that are activated by a ring strain (Fig. 14).
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Figure 14 Bioorthogonal click-reactions involving azides. Azide reaction via (i) Staudinger ligation, (ii) copper ca-
talysis and (iii) strain-promoted cycloaddition form ligated products. With permission from Agard et al. 2006. Copy-
right (2006) American Chemical Society.

Although highly efficient and fast, CUAAC always was strongly limited by the cytotoxicity of
copper(l) which impeded its use in living cells: Therefore it was a huge improvement that
SPAAC reactions overcame the cytotoxicity of the CUAAC reaction. The first SPAAC reactions
were still considerably slower than CuAAC, but with discovery of difluorinated cyclooctyne
(DIFO) (Baskin et al. 2007) and dibenzocyclooctyne (DBCO) (Debets et al. 2010) similar kinet-
ics were enabled.

This principle of click chemistry was quickly adapted by chemists and biologists for the modi-
fication of ceramides with azides and used to visualize not only the ceramide integration into
plasma membranes (Walter et al. 2016, Walter et al. 2017), but also ceramide distributions

during bacterial infections (Elwell et al. 2011, Koch-Edelmann et al. 2017).
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Albeit this dramatically promoted fluorescence imaging of sphingolipids, some limitations still
remained. Lipids like sphingolipids are not fixable because most lipids do not bear a primary
amine making it hard to apply additional immunofluorescences, especially when the cell mem-
brane needs to be permeabilized. This also restricted the application of super-resolution imag-
ing methods like dSTORM which rely on the reconstruction of thousands of images over time

and therefore dependent on completely fixed samples.

1.10 Objectives of this work

Within this work, super-resolution microscopy was used to visualize membrane receptors and
intracellular pathogens. First, in order to visualize and quantify membrane receptors, we
needed to establish a reliable staining protocol which allowed dSTORM imaging of the basal
membrane. Here, Jurkat T-cells were used as model cell line to study various receptors in one
color. The next aim was to visualize two receptors with two different dyes, followed by receptor
imaging using the same dye sequentially to allow quantitative multi-color imaging. To assess
the applicability to primary T-cells, this protocol needed then to be tested with primary naive
and activated T-cells. Next, we aimed to quantify the clinically relevant receptors CD38 and
BCMA after the treatment with various drugs to assure that changes within the receptor ex-
pression can be detected. Furthermore, the sensitivity of our approach needed to be addressed
in comparison to flow cytometry using the receptor CD20 which is a target in immunotherapy.
To evaluate an equal staining of the cell or artifacts in general whole cell imaging was also
indispensable. Hence, LLS-3D dSTORM and 10x ExM were applied to asses this and to visu-
alize receptor distributions on the whole T-cell.

The improved resolution can also be used to visualize bacterial and fungal pathogens in ExM.
First, ExXM needed to be established to expand bacteria as modifications of the standard pro-
tocol might be required. Next, we wanted to extend the possible molecules that can be used
in ExM which could be enabled by the introduction of only one primary amine. As model served
ceramides during the infection by Chlamydia. Finally, we even planned to extend the applica-
bility of EXM to fungi with the severe obstacle of the fungal cell wall. Here, the cell wall first had

be digested to enable an isotropic expansion.
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2 Materials and Methods

2.1 Cell culture

In this work the cell lines U20S, Jurkat T-cells, HeLa 229 (ATCC CCL-2.1tm) and human epi-
thelial conjunctival cells (Chang) were used. The U20S cells were cultured in DMEM Ham’s
F12 supplied with 10% FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin at 37°C and 5%
COy, while Jurkat T-cells were cultured in RPMI 1640 with the same additives. Cell culture of
the U20S cells and Jurkat T-cells was mainly performed by Lisa Behringer-Pliel3 und Petra
Gel3ner, while the HeLa 229 and Chang cells were completely cultivated and seeded by Tobias
C. Kunz from the Department of Microbiology. Primary cells were isolated and stimulated at
the Medical Clinic and Policlinic Il of the University Hospital of Wirzburg by Dr. Thomas

Nerreter.

2.2 Preparation of pathogens and fungi

HelLa 229 cells were infected with Chlamydia trachomatis, Simkania negevensis and Neisseria
gonorrhoeae by Tobias C. Kunz. Infection with C. trachomatis was performed for 24 h, with S.
negevensis for 72 h and with N. gonorrhoeae for 4 h.

Fungi were cultured by Sabine Panzer (F. oxysporum and U. maydis) and Nora Trinks (A.
fumigatus). The U. maydis strains FB1 AUmOps1 pcrg-UmOpsl::eGFP K1 and FB1 pcrg-
UmOps1::eGFP KA (Panzer et al. 2019) were grown in potato dextrose broth pH 5.6 (PDB;
Sigma P6685) for 15-24 h at 28°C and 100 rpm and seeded after harvesting and washing. If
necessary, UmOpsl::eGFP was induced by adding arabinose to the medium.

F. oxysporum f. sp. lycopersici race 2 strain 4287 microconidia (FGSC 9935) expressing H1-
mCherry (Ruiz-Roldan et al. 2010) together with Lifeact-GFP (Riedl et al. 2008) were cultivated
in PDB pH 9.0 for 4-7 days in 28°C at 120 rpm. Microconidia were harvested by filtration and
washed with ddH2O prior to seeding.

The transformed Aspergillus fumigatus strain AfS35 expressed mitochondria targeted mRFP
together with sGFP and was cultivated in Aspergillus minimal medium. Harvesting of the
spores was performed by subsequent submerging in PBS and resuspension using glass

beads.
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2.3 Immunofluorescence

2.3.1 Live cell staining

To perform a live cell immunostaining of plasma membrane receptors, 150 000 Jurkat T-cells
per well were seeded on poly-D-lysine (PDL) precoated chambers (Lab-Tek Il, Nunc, Thermo
Fisher Scientific) or on PDL-coated coverslips and the cells were allowed to adhere for 1 h at
37°C and 5% CO.. For coating, the chambers were incubated 1 h in 0.1 mg/ml PDL, subse-
guently washed three times with sterile PBS and air dried. If necessary, the chambers were
precleaned prior to the PDL-coating with 1 M KOH for 10 min and after washing incubated for
15 min in EtOH. Directly prior to the staining, the cells were cooled 5 min on ice and then
incubated for 45 min in the antibody (mostly 5 pg/ml, table 1) dissolved in PBS on ice. This
was followed by three washing steps and a fixation of 15 min in 4% formaldehyde and 0.25%
glutaraldehyde. In case of a biotinylated antibody the washing was followed by an incubation
of 30 min in 0.1 mg/ml streptavidin-ATTO 643 (ATTO-TEC, AD 643-61), washing and the al-
ready described fixation. Hereafter, the cells were washed again and stored in PBS at 4°C until
use. In case of a staining with DNA-conjugated antibodies the samples were blocked addition-
ally in 5% BSA and 1 mg/ml single stranded salmon DNA (Sigma D9156-1ml) overnight at 4°C.

2.3.2 Immunofluorescence of fixed cells

For expansion experiments, 50 000 U20S cells per well were seeded on a 12 mm or 15 mm
coverslip, otherwise 20 000 cells per well were seeded on LabTek-chambers (Lab-Tek I, Nunc,
Thermo Fisher Scientific) and allowed to grow overnight at 37°C at 5 % CO.. In case of a
tubulin-staining the seeded cells were fixed according to the cytoskeleton protocol using a
cytoskeleton buffer (CB, 10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM Glucose, 5 mM
MgCl., pH 6,1) (Michie et al. 2017). In a first step, the cells were prefixed and permeabilized
by an incubation for 1 min in prewarmed CB1 (CB supplied with 0.3% glutaraldehyde and
0.25% Triton X-100) followed by a second fixation in CB2 (CB supplied with 2% glutaralde-
hyde) for 10 min and three washing steps. Moreover, autofluorescence caused by glutaralde-
hyde was quenched by incubation of 7 min in 0.1% NaBH.a. After subsequent washing, unspe-
cific binding was blocked by 5% BSA for 30 min and the antibody-staining was proceeded.

If no cytoskeleton staining was desired, the sample was fixed for 15 min in 4% formaldehyde
and 0.25% glutaraldehyde or, if infected with bacteria, for 30 min in 4% PFA. After washing,
the cells were permeabilized in 0.2% Triton X-100 for 15 min and washed again. Following
this, the sample was blocked for 30 min in 5% BSA and the first antibody was applied for 1 h

dissolved in 5% BSA. The cells were washed again and incubated for another hour in the
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corresponding secondary antibody and washed. To preserve the staining, the cells were post-

fixed for 10 min in 4% formaldehyde, washed and stored at 4°C until use.

The used antibodies are depicted in table 1.

Table 1 Used antibodies with the corresponding specifity, conjugate, applied concentration and manufacturer.

Type Specifity Conjugate Concentration  Company
Primary Anti-BCMA Alexa Fluor 647 5 pg/ml Biolegend, 357518
antibodies
Anti-CD105 5 ug/ml Biolegend, 323202
Anti-CD11a 5 ug/ml Biolegend, 301218
Anti-CD2 5 ug/ml Biolegend, 309202
Anti-CD20 5 ug/ml Biolegend, 302302
Anti-CD20 Alexa Fluor 647 5 pg/ml Biolegend, 302318
Anti-CD28 5 pg/ml Biolegend, 302902
Anti-CD3 5 ug/ml Biolegend, 300402
Anti-CD38 Alexa Fluor 647 5 pg/ml Biolegend, 303514
Anti-CD4 5 pg/ml Biolegend, 357402
Anti-CD45 5 pg/ml Biolegend, 368502
Anti-CD5 5 pg/ml Biolegend, 300602
Anti-CD69 5 pg/ml Biolegend, 310902
Anti-CD7 5 pg/ml Biolegend, 343102
Anti-Cdul 10 pg/ml
Anti-CERT 10 pg/ml Abcam, ab72536
Anti-CPAF 10 pg/ml Provided by G.
Zhong, University of
Texas
Anti-GFP mouse 10 pg/mi Abcam, ab1218
Anti-HSP60 10 pg/mi Santa Cruz sc-
57840
anti-Neisseria 25 pg/ml US biological,
gonorrhoeae N0600-02
Anti-Prx3 6 ug/ml Origene, TA322470
Anti-mCherry 2 ug/ml Abcam, ab167453
Anti-a-tubulin 5 ug/ml Abcam, ab18251

31



2.3 Immunofluorescence

Anti-B-tubulin 10 pg/mi Sigma-Aldrich,
T8328

CD5-L17F12 5 pg/ml Biolegend, 364002

CD5-polyclonal 5 pg/ml R&D Systems,
AF1636-SP

Isotype-mouse 5 pg/ml Biolegend, 400102

lgG1

Isotype-mouse 5 pg/ml Biolegend, 401502

IgG2a

Isotype-mouse 5 pg/ml Biolegend, 400302

IgG2b

Isotype-rat 5 ug/ml Biolegend, 400602

IgG2b

Anti-CD2 Biotin 5 ug/ml Biolegend, 300204

Anti-CD3 Biotin 5 ug/ml Biolegend, 300404

Anti-CD11a Biotin 5 ug/ml Biolegend, 301204

Secondary ATTO 647N ATTO 647N 10 pg/mi Rockland, 610-156-
antibodies anti-mouse 121S

ATTO 647N ATTO 647N 10 pg/ml Sigma, 40839

anti-rabbit

Alexa Fluor 488  Alexa Fluor 488 10 pg/mi Thermo Fisher, A-

Anti-mouse 11017

Alexa Fluor 488  Alexa Fluor 488 10 pg/ml Thermo Fisher, A-

Anti-rabbit 11008

Anti-mouse 10 pg/mi Sigma,
SAB3701063

Anti-rabbit 10 pg/mi Thermo Fisher,

31212
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2.4 dSTORM imaging

dSTORM was carried out on a homebuilt widefield setup with an inverted microscope (Olym-
pus IX-71) using an oil immersion objective (Olympus APON 60xO TIRF, NA 1.49). The setup
is equipped with excitation lasers of the wavelengths 639 nm (Genesis MX639-1000, Coher-
ent) and 514 nm (Genesis MX514-500, Coherent). To separate the excitation beam from the
fluorescence, a dichroic beam splitter was used (ZT405/514/635rpc, Chroma) and the emis-
sion was additionally filtered by emission filters (Brightline HC 679/41 (Semrock) and Bright-
Line HC 582/75 (Semrock)) in front of the EMCCD-cameras (iXon Ultra 897, Andor). dASTORM
imaging was performed in a switching buffer containing 100 mM R-mercaptoethylamin pH 7.4
with integration times of 20 ms for 15 000 frames at laser densities of ~7 kW/cmz2. For two color
measurements the pH of the switching buffer was adjusted to 7.7. The recorded images were
reconstructed with rapidSTORM 3.3 (Wolter et al. 2012) and two color images were aligned
with the Fiji plugin bUnwarpJ by an elastic transformation matrix using tetraspecks as land-

marks.

2.5 DNA-exchange dSTORM

This protocol follows Schueder et al. (Schueder et al. 2017) with various modifications for re-
ceptor imaging. The salmon DNA-preblocked samples were incubated in ~0.01 nM comple-
mentary dye conjugated DNA (IBA) dissolved in hybridization buffer for 10 min. After five wash-
ing steps gold beads (650 nm, Nanopartz) were introduced into the sample by the incubation
for 10 min in a 1:50 dilution. After three more washing steps, dSTORM imaging buffer was
added, followed by dSTORM imaging. Next, the dye-conjugated DNA was denatured and re-
moved by the incubation for two times in 30% formamide for 5 min. After three more washing
steps the next DNA-dye strand was introduced in hybridization buffer supplied with 1 mg/ml
salmon DNA. This procedure of staining with complementary DNA and consequent removing
was repeated until all targets were imaged. The whole procedure was performed with the sam-
ple on stage using solely a 1 ml pipette. Reconstructed images were aligned using the Fiji
plugin bUnwarpJ with the gold beads as fiducials.

The used DNA-sequences are summarized in Table 2 with “A”-strands in 3’-5’ and “B”-strands

in 5°-3" direction.
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Table 2 Sequences of the oligonucleotides used in DNA-exchange dSTORM.

Oligonucleotide Sequence

1A TTC CTC TAC CAC-DBCO

1B Alexab47-AAG GAG ATG GTG
2A TAA CAT TCC TAA C-DBCO

2B Alexa647- ATT GTAAGG ATT G
3A AAT CCC TCA CCA-DBCO

3B Alexa647-TTA GGG AGT GGT

2.6 Dye conjugation to antibodies

After buffer exchange to 100 mM NaHCOs;using 0.5 ml 7 kDa Spin Desalting Columns (Thermo
Fisher, 89882), 50 pg of the purified antibody were incubated at RT in 5 molar excess of the
desired NHS-dye. Used NHS-dyes were Alexa Fluor 647-NHS (Thermo Fisher, A20106), Cy5-
NHS (Sigma Aldrich, PA15131), ATTO 643-NHS (ATTO-TEC, AD643-31) and Alexa 532
(Thermo Fisher, A20101MP).

After 3 hours, unreacted dye was removed using 0.5 ml 7 kDa Spin Desalting Columns and
the buffer was exchanged to PBS supplemented with 0.02 % NaNs. To determine the degree
of labeling (DOL), the absorption of the antibody and the dye was measured with a UV-vis

spectrophotometer (Jasco V-650). The conjugated antibodies were stored at 4°C.

2.7 DNA conjugation to monoclonal antibodies

To conjugate oligonucleotides specifically to the Fc-fragment of antibodies, the Siteclick Anti-
body Azido modification Kit (Thermo Fisher Scientific, S20026) was used according to the
manual. In short, after antibody concentrating and buffer exchange with 100 kDa Amicon col-
umns (Merck, UFC510024), 200 ug of the desired antibody were incubated at 37°C for 6 h with
3-galactosidase. To add an azido group to the antibody, it was incubated at 30°C overnight in
a mixture of UDP-GalNAz and GalT enzyme. Following purification the azido-modified anti-
bodies were incubated in 5 molar excess of DBCO-DNA overnight at 25 °C. Unreacted DNA

was removed using again 100 kDa Amicon columns.
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2.8 Quantification of localization data

Localization data acquired in dSTORM measurements was analyzed by a custom-made code
by PD. Dr. S6ren Doose written in Mathematica 11.1 (Wolfram Research Inc.). For the analysis
of each dSTORM image an appropriate region of interest within a cell was chosen to be clus-
tered. For clustering, a DBSCAN clustering algorithm (Schubert et al. 2015) was applied to
group detected localization. The parameters were chosen by scanning different parameters for
the weakest dependency on the clustering set. However, in most cases suitable parameters
were € = 20 and minPoints = 3. To estimate the total number of molecules on a cell, the cells’
surface was calculated estimating T-cells as a sphere. Using this surface and the cluster den-
sity acquired from the DBSCAN algorithm, the total cluster number was calculated. In total 10-
60 cells were analyzed for each condition.

To determine a non-specific and a specific subpopulation of CD20 antibodies in the CD20-
project, the density distributions were fitted with a one- or two component log normal distribu-
tion. This enabled the estimation of relative contributions of specifically and non-specifically
bound antibodies (Nerreter et al. 2019).

2.9 Expansion microscopy

Stained samples were first modified to be incorporated into the hydrogel. To do so, the samples
were either incubated in 0.25% glutaraldehyde for 10 min or overnightin 0.1 mg AcX dissolved
in 100 mM NaHCOs at RT in a humidified chamber. This was followed by three washing steps
and subsequently by the gelation of the sample. In case of a fourfold expansion a monomer
solution containing 8.625% sodium acrylate (Sigma, 408220) 2.5% acrylamide (Sigma,
A9926), 0.15% N,N’-methylenbisacrylamide, 2 M NaCl (Sigma, S5886) and 1x PBS with
freshly added 0.2% ammonium persulfate (APS, Sigma, A3678) and tetramethylethylenedia-
mine (TEMED, Sigma, T7024) was used. Hereby, a 75 pl droplet of the monomer solution was
pipetted on Parafilm within a polymerization chamber and the on coverslips grown cells were
placed on this droplet upside-down using tweezers. The gels were then allowed to polymerize
for 1 h at RT.

If a tenfold expansion was desired, 1 ml of the monomer solution contained 0.267 g DMAA
(Sigma, 274135) and 0.064 g sodium acrylate (Sigma, 408220) dissolved in 0.57 g ddH20.
Prior to use, this solution was degassed for 45 min on ice and after the addition of 100 ul 0.036
g/l KPS (Sigma, 379824) the solution was degassed for another 15 min. Finally, for each mil-
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liliter of monomer solution 4 ul TEMED were added and the gelation was carried out as de-
scribed above with the difference that the gelation was first performed for 30 min at RT followed
by 1.5 h at 37°C in a degassed and humidified chamber.

After gelation completion, the gels were cut in smaller pieces, transferred into digestion cham-
bers and incubated in digestions buffer (50 mMmTris pH 8.0, 1 mM EDTA (Sigma, ED2P), 0.5
% Triton X-100 (Thermo Fisher, 28314) and 0.8 M guanidine HCI (Sigma, 50933)), containing
8 U/ml proteinase K (Thermo Fisher, AM2548) for 30 min to overnight. Digested samples were
expanded in ddH,O and the ddH2O was changed hourly until the expansion saturated. After
the expansion was completed, the gel size was measured using calipers and the expansion
factor was determined by the gel size prior and after expansion. The expanded gels were
stored at 4°C until use and chopped again prior to use. Imaging was performed in PDL-coated
glass chambers (Merck, 734-2055).

2.10 Preparation of fungi

Fungal spores or sporidia were seeded on coverslips coated with PDL in 4-well culture plates.
Sporidia were further processed after 30 min of sedimentation in distilled water while conidia
were incubated for 18 h (A. fumigatus) or for 14-19 h (F. oxysporum) in media to allow germi-
nation. If indicated, the cell wall of living U. maydis sporidia was removed using an enzymatic
mix (0.1 g lysing enzyme of T. harzanium (Sigma-Aldrich, L1412), 0.25 g driselase, (Sigma-
Aldrich, D8037-1G) and 0.5 mg chitinase (Sigma-Aldrich, C6137-25UN) dissolved in 10 ml 0.7
M NaCl) from known protocols to generate protoplasts of Fusarium fujikuroi (Garcia-Martinez
et al. 2015). Otherwise, the cell wall was removed after fixation, albeit prior to the antibody
staining to enable sufficient antibody penetration. Membrane stainings and immunofluores-

cences were performed as described above.
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2.11 Ceramide labeling

Seeded, adhered and, if indicated, infected cells were fed with 10 uM of either a-Amino-w-
Azido-Ces-ceramide, w-Azido-Cs-ceramide or w-Azido-sphingosine for 1 h at 37°C. In case of
a chlamydial infection the ceramide-analogues were fed 23 hpi, in case of an infection by Sim-
kania 71 hpi and in case of a neisserial infection the sphingosine-analogues were added di-
rectly before infection. Feeding was followed by a fixation in 4% PFA and 0.1% glutaraldehyde
for 15 min and washing with PBS. Permeabilization was performed for another 15 min in 0.2%
Triton X-100 and after subsequent washing the lipids were clicked by the incubation of 5 um
DBCO Alexa Fluor 488 (Jena Bioscience, CLK-1278-1) or 5 uM DIBO Alexa Fluor 488 (Ther-
moScientific, C20020) for 30 min at 37°C dissolved in HBSS. For antibody-staining the sam-

ples were washed and proceeded as described in an earlier chapter.

2.12 mCling labeling and staining

mCling was purchased at Biosyntan and labeled using a cysteine-maleimide reaction as pre-
viously published (Revelo et al. 2014). Hereby, 150 nmol mCling were incubated in 100 mM
TCEP and 3 molar excess of ATTO 643-maleimide (ATTO-TEC, AD 643-45) under continuous
shaking overnight at RT. The label product was separated from unreacted dye using HPLC
(JASCO) and the concentration of the final label product was determined by a UV-vis spectro-
photometer (JASCO, V-650). Adherent cells or fungi were stained by a live-cell incubation in
0.5 pM mCling ATTO 643 dissolved in media for 10 min at 37°C. Afterwards the cells were

fixed and, if desired, further stained.

2.13 CLSM and SIM imaging

Confocal imaging was performed on an inverted microscope (Zeiss LSM700) equipped with 5
mW red laser (637 nm), a5 mW green laser (555 nm) and a 10 mW blue laser (488 nm) or on
a SP5 (TCS SP5, Leica). For SIM imaging a commercial Zeiss ELYRA S.1 SR-SIM was used
and SIM images were reconstructed by the ZEN image-processing platform with a SIM mod-
ule. In both cases a water-immersion objective (C-Apochromat, 63x 1.2 NA, Zeiss, 441777-
9970) was used. The recorded images and z-stacks were processed with FIJI 1.51n
(Schindelin etal. 2012) and IMARIS 8.4.1. Moreover, the molecules in expanded samples were

counted using the IMARIS spot counting.
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3.1 Receptor imaging and quantification

3 Results

This thesis is composed of two main parts based on super-resolved fluorescence imaging.
First, we used dSTORM for quantitative receptor imaging of Jurkat T-cells and primary T-cells.
This was followed by the application of this method to three clinically relevant receptors, CD38,
BCMA and CD20, to validate the sensitivity of dASTORM and whole cell imaging with 3D-LLS
dSTORM and 10x ExM.

Next, we expanded the applicability of ExM not only to bacterial and fungal pathogens. We
also modified a Ces-ceramide which enabled its use in fourfold and tenfold ExM.

3.1 Receptor imaging and quantification

Within the first part of this thesis we quantitatively analyzed the basal membrane of Jurkat T-
cells and primary T-cells using dSTORM. Afterwards, this method was applied to three clinical
examples to demonstrate not only the applicability, but also superior sensitivity of ASTORM.

This is followed by whole cell receptor imaging using 3D-LLS dSTORM and 10x ExM.

3.1.1 Visualization and quantification of the “Receptome” on Jurkat T-cells

In this first project, we sought to approach the quantitative “Receptome”, the entirety of all
receptors on the plasma membrane, of Jurkat T-cells and primary T-cells with single molecule
sensitivity. To start, the first important step was the selection of suitable plasma membrane
antigens. However, as conventional methods including immunolabeling and flow cytometry are
not sufficient due to their limited sensitivity (Zola 2004, Truneh and Machy 1987), we completed
our antibody selection using data from mass spectrometry (Bausch-Fluck et al. 2015).

Next, we established a reliable protocol for super-resolution imaging of membrane antigens. A
crucial step was the PDL-coating to allow suspension cells to adhere and to form an imageable
basal membrane on the glass surface. Hereafter, Alexa Fluor 647 or Alexa Fluor 532 conju-
gated primary antibodies were used to stain the surface of living Jurkat T-cells in order to avoid
artificial, by secondary antibodies induced receptor clustering (Stanly et al. 2016). Importantly,
labeling was performed at 4°C to avoid antibody internalization and after washing, glutaralde-
hyde was used for fixation additionally to formaldehyde to minimize the residual mobility of the
stained antigens (Tanaka et al. 2010). If the Jurkat T-cells were fixed prior to staining with
aldehydes or methanol, this resulted either in a dramatically decreased fluorescence signal
compared to the live-cell staining or in too high residual antigen mobility due to incomplete

fixation. We assume that high aldehyde concentrations might heavily crosslink membrane pro-
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teins resulting in also crosslinked epitopes which impedes antibody binding. To enable an ex-
quisite signal-to-noise ratio and to selectively illuminate the basal plasma membrane of the T-
cells, dSTORM imaging was performed by total internal reflection fluorescence (TIRF) micros-
copy. The super-resolved dSTORM images clearly uncovered a non-random receptor distri-
bution of CD3, CD5 and CD?7 in clusters with diameters ranging from 30 nm to even 300 nm
(Garcia-Parajo et al. 2014, Lillemeier et al. 2010). All other investigated receptors (CD2, CD4,
CD11a, CD28, CD45 and CD69) seemed to show a homogeneous distribution (Fig. 15 a-k).
As negative controls we used the B-cell marker CD20 and CD105. Interestingly, we could de-
tect a low antigen number of CD105-molecules in many Jurkat T-cells, whereas all T-cells were
negative for CD20.

Besides constructing super-resolved images, rapidSTORM also generates a list of all fitted
localizations which can be further analyzed. Repeated localizations (23) were grouped within
a distance of 20 nm and assigned to single, antigen-bound antibodies using a density-based
spatial clustering of applications with noise (DBSCAN) and a customized localization analysis
written by Séren Doose. Application of this algorithm to selected unfolded basal membrane
regions allowed us to reliably determine antigen densities with single molecule sensitivity of up
to 100 cluster/um2 according to simulations. When using Alexa Fluor 647, this cluster analysis
of 20-30 cells per antigen revealed strongly varying mean receptor densities with a standard
error (SE) from 1.2 + 0.6 receptors/um2 for CD4 to 31.5 + 1.9 receptors/um? for the highly
abundant antigen CD45. The control experiments 0.3 + 0.01 receptors/um? for CD20 and 2.0
+ 0.2 receptors/um? for CD105 could be detected (Fig. 15 I). This is in conformity with reports
that CD105 is partially expressed on activated T-cells (Schmidt-Weber et al. 2005). When con-
sidering the mean diameter of ~10 um of a Jurkat T-cell, this corresponds to ~99 CD20-mole-
cules in our negative control. The isotype controls to determine unspecific antibody binding

also resulted in 0.1 — 0.3 clusters per cell corresponding to 30 — 120 clusters per cell.
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Figure 15 dSTORM images of the basal membrane from Jurkat T-cells labeled with various antibodies conjugated
with Alexa Fluor 647. Live-cell staining was performed on ice to avoid internalization followed by fixation. The
dSTORM images depict the receptors (a) CD2, (b) CD3, (c) CD4, (d) CD5, (e) CD7, (f) CD11a, (g) CD20, (h) CD28,
(i) CD45, (j) CD69 and (k) CD105. (I) Boxplots represent receptor densities of up to ~55 receptors/umz2. Scale bar,
1 pm.
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We additionally analyzed the achieved localization precision in these experiments that ranged
from 5.6 nm to 7.6 nm with a mean localization precision and a standard deviation (SD) in x-
direction of 6.5 nm £ 0.7 and in y-direction of 6.6 nm £ 0.6 nm, summarized in table 3.

Table 3 Mean localization precision of Alexa Fluor 647 during dSTORM experiments of the plasma membrane

receptors CD2, CD3, CD4, CD5, CD7, CD11a, CD20, CD28, CD45 and CD69. The localization precision ranges
between 5.6 nm and 7.6 nm

Receptor X-direction [nm] Y-direction [nm]
CD2 7.3 7.6
CD3 6.1 6.5
CD4 5.8 6.5
CD5 7.0 7.2
CD7 7.0 6.3
CDlla 5.6 5.7
CD20 7.3 7.3
CD28 6.7 7.1
CD45 57 6.4
CD69 6.2 5.9

To exclude labeling and imaging artifacts, we performed dSTORM experiments of the homo-
geneously distributed CD45 and the clustered CD5 at various antibody concentrations
(Baumgart et al. 2016). Here, the cluster diameter determined by the convex hull was nearly
independent of the antibody concentration (0.1 to 10 pug/ml) for both antigens (Fig. 16).

Additionally, we titrated all antibodies in separate experiments to assure the saturation of all
by the antibodies accessible antigen epitopes. Hereby, we could show epitope saturation for

all antibodies at 5 pg/ml (Fig. 17).
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Figure 16 dSTORM images of the antibody titration (anti-CD5 and anti-CD45) to visualize and quantify the effect
of the antibody concentration on the receptor density and cluster size. (a-e) CD45 shows an increasing signal with
increasing antibody concentration which saturates at ~ 5pg/ml. (f) Analysis of the CD45-clusters diameter demon-
strates a constant cluster size with varying antibody concentration. (g-k) Similarly CD5-cluster-densities increase
with increasing antibody concentration until they saturate at ~5 pg/ml. (I) The CD5-cluster diameter remains nearly
independent of the antibody concentration. In (e and k) the corresponding standard error and in (f and I) the standard
deviation is shown. Scale bar, 1 pm.
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Figure 17 Antibody titration confirms the saturation of all accessible antigens on the basal plasma membrane of
Jurkat T-cells. Quantification of the membrane receptor densities acquired from dSTORM experiments with various
antibody concentrations of antibodies directed against (a) CD3, (b) CD4, (c) CD5, (d) CD7, (e) CD28 and (f) CD45.
The error bars resemble the corresponding standard error.

Additionally, we evaluated the influence of the accessibility of different epitopes on the plasma
membrane. Therefore, we selected two different monoclonal antibodies (clones L17F12 and
UCHT2) binding to independent epitopes and a polyclonal antibody directed against CD5.
Both, the super-resolved dSTORM images and the cluster analysis, showed very similar re-
sults and we calculated a receptor density of ~5.5 CD5-cluster/um? for all three antibodies.
This revealed an equal accessibility of CD5 molecules for these antibodies and demonstrates
that at least in this case epitope accessibility does not impede antigen quantification (Fig. 18).
Moreover, we performed various two-color dASTORM experiments. Two-color experiments,
however, are always a compromise in terms of the ideal switching buffer for the used dyes.
The two-color images showed similar receptor distributions compared to the single color ex-

periments (Fig. 19).
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Figure 19 dSTORM images of the basal membrane from Jurkat T-cells live-cell stained with different monoclonal
and polyclonal antibodies directed against CD5. Reconstructed dSTORM images of the monoclonal antibody (a)
clone L17F12, (b) clone (UCHT12) and the (c) polyclonal antibody result all in comparable images of CDS5.
(d) Quantification demonstrates only minor differences within the CD5 densities using antibodies binding to inde-
pendent epitopes. Scale bar, 1 um.

Figure 18 Two-color dSTORM images of the basal membrane of live-cell stained Jurkat T-cells using Alexa Fluor
647 (red) and Alexa Fluor 532 (green). The dSTORM images depict CD2 and CD5 (green and red; a), CD2 and
CD7 (green and red; b), CD2 and CD28 (green and red; c), CD3 and CD45 (green and red; d), CD2 and CD45
(green and red; e), CD2 and CD45 (red and green; f), CD3 and CD7 (green and red; g), CD5 and CD7 (red and
green; h) and CD3 and CD5 (green and red; i). Scale bar, 1 pum.
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Analyzing the blinking rates, we could detect differences between the two dyes as each anti-
body labeled with Alexa Fluor 647 or Alexa Fluor 532 was localized on average 9.3 £ 2.1 (SD)
and 7.6 £ 1.2 times. Moreover, Alexa Fluor 532 emits less photons with a worse signal-to-noise
ratio resulting in a worse localization precision with mean 8.4 nm = 0.3 in the x-direction and

9.5 nm £ 0.3 in the y-direction (table 4) compared to Alexa Fluor 647.

Table 4 Mean localization precision of Alexa Fluor 532 during dSTORM experiments of the plasma membrane
receptors CD2, CD3, CD7 and CD45. The localization precision ranges between 8.1 nm and 9.8 nm.

Receptor X-direction [nm] Y-direction [nm]
CD2 8,8 9,2
CD45 8,1 9,4
CD7 8,2 9,7
CD3 8,3 9,8

As a next step, we evaluated the quantifiability of Alexa Fluor 532. Unfortunately, only Alexa
Fluor 647, the most reliable dSTORM-dye, was shown to provide truly quantifiable results
(Léschberger et al. 2014). To address this, we compared the quantification results of Alexa
Fluor 647 and Alexa Fluor 532 coupled anti-CD45 antibodies under identical imaging condi-
tions. Here, Alexa Fluor 532 showed only approximately 55% CD45-Cluster/um2 compared to
Alexa Fluor 647 (~16 to ~29 CD45-Cluster/um?; p-value = 2.8*10°¢, Fig. 20).
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Figure 20 Quantification of CD45 on Jurkat T-cells acquired from dSTORM experiments with Alexa Flour 647 or
Alexa Flour 532. Comparison of the calculated CD45-densities reveals a decreased density of 55% of Alexa Fluor
532 compared to Alexa Fluor 647.
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3.1 Receptor imaging and quantification

As these results clearly demonstrate that Alexa Fluor 647 outperforms the second best
dSTORM-dye Alexa Fluor 532 in quantification experiments, we decided to use Alexa Fluor
647 sequentially. A suitable method for this is DNA-exchange dSTORM (Schueder et al. 2017)
because this method fulfills several requirements for quantification experiments: First, the
method has to be compatible with live-cell staining as staining after fixation will result in severe
signal loss. Additionally, the method should enable sequential imaging with Alexa Fluor 647 of
a “limitless” number of targets. Ideally, each round ofimaging should also be as fast as possible
to gain robust quantification statistics. All these requirements are combined by DNA-exchange
dSTORM (Schueder et al. 2017), so we decided to conjugate 12 - 13 bp long oligonucleotides
to primary antibodies. However, labeling via biotin-streptavidin, unspecific amine-NHS-reac-
tions and thiol-maleimide-reactions resulted in either unspecific or insufficient signals.

Hence, we chose a specific enzymatic antibody conjugation procedure. Hereby, the carbohy-
drates present on all IgG antibodies’ Fc-fragments are modified via a 3-galactosidase while a
modified galactose-transferase enables a side-specific azido-modification. Afterwards, DBCO-
oligonucleotides can efficiently be “clicked” to those azides in a SPAAC-reaction resulting in
antibodies conjugated with ~2 oligonucleotides. Another critical step to enable a specific stain-
ing was the blocking of unspecific binding to the glass surface of the DNA-dye with salmon-
DNA. After solving these issues, pseudo 3-color exchange dSTORM images of CD2, CD3 and
CD28 on the basal plasma membrane of Jurkat T-cells could be acquired (Fig. 21 a). Im-
portantly, using this protocol both receptor distributions and densities of CD2, CD3 and CD28
did not differ significantly using DNA-exchange dSTORM compared to single-color measure-
ments (Fig. 21 b). This demonstrates that DNA-exchange dSTORM can successfully be ap-

plied for quantitative multi-color receptor imaging.
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Figure 21 DNA-exchange dSTORM of sequentially imaged CD2 (cyan), CD3 (red) and CD28 (green) on the plasma
membrane of Jurkat T-cells. (a) Three-color exchange dSTORM image. Scale bar, 1 um. (b) Receptor quantification
and comparison to single color and DNA-exchange dSTORM experiments results in similar receptor densities.
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3.1.2 Visualization and quantification of membrane receptors in primary T-cells

Additionally to Jurkat T-cells we were also interested in the receptor distribution and densities
of primary T-cells, as only these can shed light on the receptor densities in healthy humans.
Hence, we imaged the plasma membrane of both, CD4* and CD8*, naive and activated pri-
mary T-cells of healthy donors with our established antibody library. In naive T-cells we could
detect a heterogeneously clustered receptor distribution solely in case of CD7, while all other
receptors appeared homogeneously distributed (Fig. 22). Within the negative controls CD20
and CD105, no specific staining could be detected besides of CD20 in activated CD8* T-cells.
Moreover, the receptor densities ranged between mean 0.8 cluster/um? for CD20 and 81.4
cluster/um?2 in case of the highly abundant CD45. Overall, the receptor densities were similar
when comparing CD4* and CD8" T-cells, with the difference that CD3 seemed to be stronger
expressed in CD4* sorted T-cells with mean 37.4 + 2.6 cluster/um2 (SE) compared to CD8*
primary T-cells with 15.5 £ 3.6 cluster/um2. When comparing the receptor densities from pri-
mary naive T-cells, it was obvious that most receptors were drastically higher expressed in
primary T-cells than in Jurkat T-cells.

Upon activation via CD3 and CD28 the receptor densities in both, CD4* and CD8" sorted T-
cells, changed (Fig. 23). Mostly the receptor densities of the T-cell activation marker CD2 and
CD69 increased, with an increase of 45% from mean 37.4 cluster/um2 to 54.3 cluster/umz2 in
case of CD2 and a dramatic increase of ~500% in the expression level of CD69 from 2.6 clus-
ter/um2 to 13.3 cluster/umz. After activation the receptor distribution ranged from 6.9 clus-
ter/umz2 for CD28 to 62.1 cluster/umz2 for CDA45. It should also be noted that the CD3 density of
activated CD4* T-cells was decreased, presumably due to CD3-clustering, while only few other
differences occurred between CD8* naive and activated cells. When considering the literature,
we could confirm that CD20 was only partially expressed, while no CD105-positive cells were
detected (Schuh et al. 2016, Schmidt-Weber et al. 2005). Hereby, only 33% of activated CD8*
T-cells expressed CD20 with on average 0.8 + 0.09 molecules/um2 (SE) corresponding to
mean 430 = 514 molecules on the whole cell. In all other T-cell populations neither CD20 nor
CD105 could be detected. To compare the total number of antigens within the plasma mem-
brane between Jurkat T-cells and primary T-cells, it was necessary to extrapolate the calcu-
lated receptor densities. For this, T-cells were assumed to be a sphere which allowed the
calculation of the total membrane surface by the mean diameter of the cells. For Jurkat T-cells
the mean diameter was 10.0 £ 1.5 um (SD) while the naive primary T-cells had a mean dia-
meter of solely 5.3 + 0.6 um and the activated primary T-cells a mean diameter of 8.9 £ 1.1
pm. This resulted in mean T-cell surfaces of 322 £ 92.3 umz2, 90 + 22.5 pm2 and 251 + 59.5
pm?2 and together with the receptor densities, the total molecules per cell could be calculated.

The summary of these estimations is depicted in table 5.
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Figure 22 dSTORM images of (a-k) primary naive CD4* and CD8*T-cells and quantification of the receptor densities
of (I) CD4* and (m) CD8* T-cells. T-cells were stained for (a) CD2, (b) CDS3, (c) CD4, (d) CD5, (e) CD7, (f) CD11a,
(g) CD20, (h) CD28, (i) CD45, (j) CD69 and (k) CD105. Mostly CD7 seems to form clusters while the other receptors
were homogeneously distributed. Quantification of the receptor densities demonstrate only minor differences be-
tween naive () CD4* and (m) CD8* T-cells. Scale bar, 1 um.
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Figure 23 dSTORM images of (a-k) primary activated CD4* and CD8* T-cells and quantification of the receptor
densities of (I) CD4+ and (m) CD8* T-cells. T-cells were stained for (a) CD2, (b) CD3, (c) CD4, (d) CD5, (e) CD7,
(f) CD11a, (g) CD20, (h) CD28, (i) CD45, (j) CD69 and (k) CD105. CD3, CD7 and slightly CD28 appear in clusters
while the other receptors seem unclustered. Quantification of the receptor densities demonstrates few differences
between activated (I) CD4* and (m) CD8* T-cells. Scale bar, 1 um.
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Table 5 Extrapolated total mean antigen numbers with the corresponding standard deviation from dSTORM expe-
riments of whole Jurkat T-cells and primary T-cells.

Jurkat T- Naive CD4* Naive CD8" Activated Activated
cells CD4* CD8*
CD2 2426 + 1254 3365+ 877 3918 + 532 13630 + 13332 +
2464 2066
CD3 1440 + 1353 2881 +1196 1329 +482 3443 + 1491 3891 + 3383
CD4 393 + 924 4120 + 833 64 +47 8548 + 2907 257 + 465
CD5 1700 = 722 1407 + 535 1520 £ 672 2404 + 1241 2623 +1189
CD7 1520 +1096 802 + 264 1043 + 312 3712 + 1178 3956 + 1053
CD11a 3025 + 814 2153 + 1057 2125 %981 6718 + 2631 6709 *+ 2362
CD20 99+ 70 21 +13 69 + 29 108 £ 51 430 £ 514
CD28 2290 + 1648 954 +482 396 + 150 2700 + 1220 1746 729
CD45 9464 + 3554 6110+2061 7325+762 8048 £ 2599 15595+
2395
CD69 1064 + 887 241 + 161 497 + 364 3335+1965 1978 +1419
CD105 650 + 649 60+ 19 76 + 31 78 £ 90 145+ 93
Mouse IgG1 69 +58
Mouse 35+19
lgG2A
Mouse 119 + 86
lgG2B
RatlgG2A 68 + 45
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3.1.3 Clinical application

3.1.3.1 Quantification of CD38 in multiple myeloma cells

After establishing our protocol to quantify plasma membrane receptors, we applied this method
in clinical relevant questions. The CD38- and the following BCMA-project were performed in
collaboration with Dr. Sophia Danhof and Dr. Michael Hudecek. Our first target was the recep-
tor CD38 which is highly expressed in multiple myeloma. CD38 serves as target for the mon-
oclonal antibody daratumumab which induces good responses in patients, especially in com-
bination with other drugs (Lonial et al. 2016, Palumbo et al. 2016, Dimopoulos et al. 2016).
However, during treatment with daratumumab, CD38 is often downregulated in multiple mye-
loma cells (Nijhof et al. 2016). Hence, various drugs are in development to increase CD38-
expression specifically in multiple myeloma cells, among them ricolinostat (rico) (Vogl et al.
2017), a specific inhibitor of histone deacetylase 6. For comparison, we treated MM1.S cells
not only with ricolinostat, but also with the already established and approved drugs ATRA
(Nijhof et al. 2015) and panobinostat (pano) (Garcia-Guerrero et al. 2017). To clearly identify
myeloma cells, the sample was additionally stained with anti-CD138 FITC. Interestingly, in
MML.S cells we could detect the highest increase of the homogeneously distributed CD38 (Fig.
24) after exposure to 5 uM ricolinostat (55.5 + 2.6 cluster/umz?; SE, p-value = 1.5*10°") com-
pared to 10 nM ATRA (46.1 £ 2.0 cluster/umz, p-value = 0.002), 25 nM panobinostat (49.1 +
2.2 cluster/umz2, p-value = 1.2*10%) and the untreated control (37.0 + 2.0 cluster/um2) using
dSTORM and our quantification software (Fig. 24 e). Extrapolating these cluster-densities us-
ing again the cells diameter resulted in mean 4397 + 1699 molecules per cell (SD) in untreated
cells, 5190 + 1601 molecules per cell after MM1.S cells were treated with ATRA, 5115 + 1628
molecules per cell following treatment with panobinostat and 5871.5 + 1907.9 molecules per
cell after ricolinostat treatment. The efficacy of ricolinostat could also be shown in primary mul-
tiple myeloma patient cells. First, we investigated the compatibility of primary multiple myeloma
cells with dSTORM by applying our established protocol. Indeed, using this protocol we could
successfully visualize the basal membrane stained with an anti-CD38 antibody (Fig. 25). Quan-
tification of CD38-molecules on these primary cells yielded in a CD38-cluster-density of 75.3
+ 3.0 cluster/um? (SE).Consequently, we investigated primary myeloma cells from a patient
who had undergone daratumumab treatment. Compared to previously untreated multiple my-
eloma patient cells, we could detect a severely decreased CD38-density on daratumumab
treated myeloma cells (6.8 + 1.1 cluster/um?). This is in agreement with reports that during
daratumumab treatment CD38 is often downregulated (Nijhof et al. 2016). Upon treatment with
ricolinostat the CD38-expression of previously daratumumab treated patients could be stimu-
lated by 59% to 10.8 = 1.7 CD38 cluster/umz (p-value = 0.05, Fig. 25 g).
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Figure 24 dSTORM images of MM1.S cells live-cell stained for CD38 after drug treatment show a homogenous
CD38-distribution. dSSTORM images of CD38 demonstrate an increase in CD38-expression after treatment with (b)
ATRA, (c) panobinostat and (d) ricolinostat compared to (a) untreated cells. (e) Quantification reveals an increase
in CD38-expression after treatment with ATRA, panobinostat and ricolinostat. Scale bar, 2 um. With permission
from Garcia-Guerrero et al. 2020.
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Figure 25 dSTORM image of primary multiple myeloma patient cell live-cell stained for CD38 (a, b) without (e) or
(f) with ricolinostat-treatment and the corresponding quantification. (a) Widefield- and dSTORM image of a primary
multiple myeloma cell stained for CD38 show an even CD38-distribution on the basal plasma membrane. These
cells were earlier not treated with daratumumab. (b) Magnification of (a). The corresponding (c) widefield fluores-
cence- and (d) brightfield images. (e) dASTORM image of a primary myeloma cell from a patient priorly treated with
daratumumab shows a drastically decreased CD38-expression. (f) Upon treatment with ricolinostat, the dSTORM
image demonstrates a CD38-increase. (g) Quantification of ricolinostat treated and untreated primary multiple my-
eloma cells show a CD38-increase of 59% after ricolinostat treatment. Scale bar, 2 pm. With permission from
Garcia-Guerrero et al. 2020.

53



3.1 Receptor imaging and quantification

3.1.3.2 Quantification of CD38 in multiple myeloma cells

Similarly to the previous CD38-project, we investigated the potential of ATRA to upregulate the
receptor BCMA. BCMA is expressed on B-lineage cells, importantly also on multiple myeloma
cells, but not on healthy solid tissue. This makes BCMA a suitable target for CAR T-cell therapy
which has already shown durable and complete remissions in hematologic malignancies like
diffuse large B-cell lymphoma and acute lymphocytic leukemia (Kochenderfer et al. 2015,
Pehlivan, Duncan and Lee 2018). Significant efforts are made to design CAR T-cells directed
against various multiple myeloma associated antigens, among them CD19 and BCMA CAR T-
cells from the Hudecek group (Nerreter et al. 2019, Prommersberger et al. 2018). Although
BCMA CAR T-cells showed promising results in a phase | clinical trial with mainly partial and
complete responses, still therapy limiting factors remain. Naturally, multiple myeloma cells ex-
pressing low BCMA-numbers might be missed by a BCMA-CAR T-cell therapy resulting in
relapses after finishing the treatment. Thus, in this study we sought to increase the BCMA-
density in the plasma membrane using again ATRA. It is hypothesized that the epigenetic
changes induced by ATRA might not only effect, as previously published, the CD38-expres-
sion, but possibly also BCMA-levels (Balmer and Blomhoff 2002).

Therefore, we treated MML1.S cells with 50 pM and 100 uM ATRA and analyzed the BCMA
surface densities using dSTORM. In all cases BCMA was homogeneously distributed on the
plasma membrane, albeit ATRA indeed induced changes in the BCMA-density (Fig. 26). Un-
treated MML1.S cells exhibited a mean BCMA-density of 6.1 + 0.4 cluster/um?2 (SE), while
MML1.S cells treated with 50 uM ATRA had a BCMA-density of 7.0 £ 0.7 cluster/umz (p-value
= 0.29) and cells treated with 100 uM ATRA had a BCMA-density of 8.2 + 0.6 cluster/um?2 (p-
value = 0.004, Fig. 26). Considering a mean cell surface of 652 umz for untreated cells, 864
puma2 for cells treated with 50 uM ATRA and 798 um2 for 100 uM ATRA treated cells the total
antigen number per cell was calculated. This yielded in untreated MML1.S cells in mean 3983
+1553 BCMA-molecules per cell (SD), in cells treated with 50 pM ATRA in 6018 + 3028 BCMA-
molecules per cell and in MM1.S treated with 100 uM ATRA in 6650 + 2305 BCMA-molecules
per cell. Moreover, no BCMA-negative cell could be detected during these experiments. This
study demonstrates the potential of ATRA to enhance the BCMA-expression on the surface of
multiple myeloma cells making treatments directed against BCMA more effective. To sum up,
ATRA can induce a significantly enhanced expression of BCMA which was assessed by
dSTORM.
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Figure 26 dSTORM images of MM1.S cells live-cell stained for BCMA (a) without or (b, c) with ATRA-treatment
and (d) the corresponding quantification. (a-c) dSTORM images depict slight differences within BCMA-densities
between the untreated control cells and the ATRA treated cells. (d) Quantification demonstrates a 15% increase
after treatment (b) with 50 uM ATRA and a 34% increase in BCMA-surface levels after treatment (c) with 100 uM
ATRA. Scale bars, 2 um.
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3.1.3.3 Quantification of CD20 in myeloma cells and the sensitivity of AISTORM

In earlier experiments by Dr. Sebastian Letschert, Dr. Thomas Nerreter and Dr. Michael Hude-
cek it could be shown that in many cases there is an ultra-low expression of CD19 in multiple
myeloma patients. These few CD19 molecules (<100 CD19 molecules) could only be detected
by the single molecule sensitive method dSTORM and not by flow cytometry with an estimated
sensitivity of ~1350 CD19-molecules (Nerreter et al. 2019). They could also demonstrate that
already few, only by dSTORM detectable CD19-molecules, were sufficient to trigger an im-
mune response by anti-CD19 CAR T-cells. This raised the question if also other antigens might
be expressed on cancer cells that cannot be detected with conventional methods used in the
clinics.

We reasoned that the B-cell marker CD20 might also be expressed in low amounts on the
surface of myeloma cells, as the expression of CD20 in multiple myeloma is still insufficiently
investigated (Yavasoglu et al. 2015, Huang et al. 2016).

In flow cytometry analyzes of three multiple myeloma patient samples one was classified neg-
ative (M029), whereas within the other two patients 33% (M025) and 16.8% (M027) of the
myeloma cells’ population were positive for CD20 (Fig. 27 a). When using dSTORM however,
a considerably higher percentage of CD20-positive myeloma cells was measured compared
to flow cytometry (76.7% in M025 and 64.7% in M027). To achieve these results from the
measured CD20-densities, a probability density function (PDF) was generated and receptor
densities were fitted using either a one or two component log normal fit to separate the CD20-
density distributions into CD20-positive and CD20-negative subpopulation. Hence, these fits
also enabled the estimation of the CD20-positive cell population, although both fractions over-
lapped. To identify multiple myeloma cells the primary cells were additionally stained for CD38
(Alexa Fluor 488) and CD138 (Alexa Flour 555) (Fig. 27 b). Figure 27 d depicts selected
dSTORM images of primary multiple myeloma cells.
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Figure 27 Detection of CD20-positive multiple myeloma cells and eradication by CD20 CAR T-cells. (a) Flow cy-
tometry analysis of CD20-positive cells demonstrates CD20-positive fractions in patient M025 and M027 while pa-
tient M029 was negative for CD20. (b) Widefield and dSTORM images of a CD20-positive and -negative myeloma
cell. (c) Merged CD20-densities of the patients M025, M027 and M029 and the corresponding fits. The PDFs were
fitted using a one or two component log-normal function to separate the measured densities into CD20-positive and
CD20-negative subpopulations. Upon treatment with CD20 CAR T-cells all CD20-positive cells were eradicated.
(d) Example dSTORM images of the basal membrane from the patients M025, M027 and M029 stained for CD20.
Scale bars, 1 ym and 0.2 ym (magnifications) (b), 3 um (d). With permission from Nerreter et al. 2019.
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The guantification of CD20 antigens resulted in mean 650 (55 — 7,724) CD20-molecules per
cell in patient M025 and 1770 (149 — 21,045) CD20-molecules in patient M027 within 95% of
all data. Figure 28 shows the corresponding fits of the measured cells. Incubation with CD20
CAR T-cells resulted in a complete eradication of all, by dSTORM judged, CD20-positive my-
eloma cells. This demonstrates that the single molecule sensitivity of AISTORM combined with
the exquisite antigen sensitivity of CAR T-cells might be very beneficial in future diagnostics

and treatments which might be applied to a variety of antigens.
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Figure 28 dSTORM quantification of CD20 on multiple myeloma cells and the eradication by CD20 CAR T-cells.
Cells from myeloma patients were live-cell stained with an anti-CD20 antibody or the isotype (left panel). The quan-
tification results were fitted using a one or two component log normal function and illustrated as probability density
function. According to the fits, the CD20-distributions were divided into a CD20-positive and CD20-negative sub-
population. After treatment with CD20 CAR T-cells all CD20-positive cells were eradicated. With permission from
Nerreter et al. 2019.
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3.1.4 Three-dimensional receptor imaging by LLS and 10x ExM

Until now we solely imaged the basal membrane of T-cells with TIRF-microscopy. Therefore,
issues concerning the molecular organization and interaction of T-cells and with the PDL-
coated glass surface cannot be excluded. To address this, we performed LLS 3D-astigmatic
dSTORM experiments imaging the whole Jurkat T-cell stained for the clustered CD3 and the
homogeneously distributed CD45. Felix Waldchen built this LLS-setup which is suited for LLS
3D-astigmatic dSTORM and all measurements were carried out collaboratively. The acquired
images of both, CD3 and CD45 (Waldchen et al. 2020), show that the receptor distribution is
not altered due to interactions with the coverslip (Fig. 29). The LLS 3D-dSTORM experiments
demonstrate also that CD3 cluster formation is not induced by the contact to other cells or with
the PDL-coated glass surface. The appearance of CD3 clusters can be explained by reports
that cultured Jurkat T-cells can produce IL-2 which has a cell activating effect (Pawelec et al.
1982). Consequently, it is very unlikely that the naive receptor distribution of the previously
imaged receptors is altered at the basal plasma membrane.

As LLS 3D-astigmatic dSTORM experiments are extremely time consuming due to long acqui-
sition times and intensive data processing to render a final image, we decided to turn to tenfold
expansion microscopy (Truckenbrodt et al. 2018, Truckenbrodt et al. 2019) for super-resolution
imaging of whole T-cells. ExM is also time consuming in sample preparation, but image acqui-
sition and processing can be performed much faster. However, beforehand we established the
10x ExM protocol in adherent U20S cells. Upon fixation according to the cytoskeleton protocol
(Michie et al. 2017), the sample was stained with antibodies directed against B-tubulin and
Prx3 (Fig. 30 a) or a-tubulin and clathrin (Fig. 30 b). After gelation, digestion and expansion an
isotropic and artifact-free approximately tenfold expansion could be demonstrated after imag-
ing the expanded gels on a CLSM for tubulin, mitochondria and clathrin.
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Figure 29 LLS 3D-astigmatic dSTORM images of whole Jurkat T-cells stained for (a) CD3 and (b) CD45 demon-
strate a homogeneous receptor distribution over the whole membrane. With permission from Wéldchen et al. 2020.
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Figure 30 CLSM image of tenfold expanded U20S cells. Both samples were fixed according to the cytoskeleton
protocol, immunostained with antibodies directed against (a) B-tubulin and Prx3 or (b) a-tubulin and clathrin,
gelated, digested and expanded.
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Next, we turned to suspension cells. Hereby, we started again with a conventional a-tubulin
staining with Alexa Fluor 488 of Jurkat T-cells followed by gelation, digestion and expansion

of the sample. 10x ExM of stained T-cells resulted in tenfold expanded T-cells with a size of

>100 um with an estimated resolution of ~25 - 30 nm at a confocal system (Truckenbrodt et
al. 2018, Truckenbrodt et al. 2019) without any switching artifacts possible in dSTORM or
PALM (Fig. 31).

b

Figure 31 CLSM image of a tenfold expanded Jurkat T-cell immunostained for a-tubulin with Alexa Fluor 488 as
secondary antibody. Jurkat T-cells were fixed according to the cytoskeleton protocol, stained, gelated and ex-
panded. The successful tenfold expansion demonstrates the functionality of suspension cells to 10x ExM. This
image resolves a-tubulin of a whole Jurkat T-cells with a resolution of ~25 - 30 nm at a CLSM.

To further extend the applicability of 10x ExM, we used Jurkat T-cells stained with antibodies
directed against plasma membrane receptors which were directly conjugated with the stable
expansion microscopy dye ATTO 643. We started with CD5 due to its clustered distribution on
the surface of the plasma membrane which exhibited a strong signal. An efficient labeling of
the structure of interest is especially in 10x ExM crucial because tenfold expansion in all di-
mensions results in a 1000-fold diluted signal density. Figure 32 depicts a tenfold expanded
Jurkat T-cell stained for CD5 acquired at a CLSM. This demonstrates the principle compatibility
of 10x ExM with whole cell receptor imaging. Contrary to the dSTORM images of the basal
membrane, nearly all CD5 molecules seem to be localized in big clusters. The CD5 quantifi-
cation using IMARIS of the whole Jurkat T-cell resulted in mean 701 + 175 CD5-clusters per
cell (N=3, SD).
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Figure 32 CLSM image of a tenfold expanded Jurkat T-cell live cell stained for CD5. The clustered receptor CD5
can be visualized at the plasma membrane of the whole Jurkat T-cells after tenfold expansion. Most receptors are
distributed in clusters.

Next, we investigated if also receptors that are not organized in big clusters like CD5 could be
detected at confocal systems using 10x ExM. To address this, we chose the receptor CD3 due
to its heterogeneous clustering on the plasma membrane of Jurkat T-cells. After staining of
CD3, fixation, gelation and expansion we could acquire images of CD3, albeit it appeared that
mostly clustered receptors were detectable (Fig. 33 a). Comparison to LLS 3D-astigmatic
dSTORM images of CD3 with also many unclustered CD3 molecules supported the observa-
tion that many dye labeled antibodies cannot be detected by confocal microscopy in 10x ExM.
Hence, we decided to amplify the fluorescence signal, as confocal systems are not single mol-
ecule sensitive which is necessary to detect single dye conjugated antibodies. Instead of a
directly dye conjugated antibody we now applied a biotin conjugated antibody and amplified
the fluorescence signal with streptavidin ATTO 643. This was followed by subsequent fixation,
gelation and expansion. Now, it seemed that more molecules were detected than before with-
out signal amplification (Fig. 33 b). Quantification using the IMARIS counter revealed without
amplification 631 + 480 CD3-clusters per cell (N=3, SD) while signal amplification using strep-
tavidin ATTO 643 yielded in 2017 + 130 CD3-clusters per cell (N=5). However, comparing the
guantification results of expanded samples with data acquired from dSTORM is difficult due to

the differences in the acquisition and subsequent processing and quantification.
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Figure 33 CLSM image of tenfold expanded Jurkat T-cells live cell stained for CD3 with (a) directly ATTO 643
conjugated anti-CD3 antibodies and (b) biotinylated anti-CD3 antibodies with signal amplification via streptavidin
ATTO 643. Without signal amplification, mostly clustered CD3 molecules can be detected, while signal amplification
results in an enhanced and denser CD3-distribution.
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To further assess the sensitivity of 10x EXM at confocal systems, we investigated, if we could

detect the heterodimer CD11a after signal amplification and tenfold expansion. Following la-

beling, gelation and expansion we could successfully visualize single antibodies bound to
CD11a on the whole Jurkat T-cell membrane at a CLSM (Fig. 34). The counting of CD11a
yielded in mean 1788 + 58 clusters per cell (N=2, SD).

Figure 34 CLSM image of tenfold expanded Jurkat T-cell live cell stained for the heterodimer CD11a with signal
amplification via streptavidin ATTO 643. This demonstrates that even single antibodies can be detected on confocal
systems in 10x ExM after signal amplification using biotin-streptavidin.

A substantial obstacle when trying to image, especially in super-resolution microscopy, is the
labeling efficiency. In classical immunofluorescence using antibodies always the question
about epitope saturation and in particular epitope accessibility arises. Hence, we wondered, if
10x ExM-SIM with its superior resolution paired with the enourmos label size of an antibody
(10 — 15 nm) (Tan et al. 2008) together with streptavidin signal amplification (5 nm) (Kuzuya
et al. 2008) might enable the visualization of dimeric receptors. As target we chose CD2 which
dimerices to ~15% according to the literature (Murray et al. 1995). First, using only a CLSM no
dimers of CD2 could be detected (Fig. 35 a and b). Indeed, after combining our 10x ExM
protocol with SIM and doubling the resolution to an estimated resolution of ~15 nm, we could
detect dimer-like structures on the surface of Jurkat T-cells (Fig. 35 ¢). Comparison to similar
dSTORM images of CD2 on Jurkat T-cells acquired by Patrick Eiring demonstrated an
estimation of 15 - 30% putative dimeric CD2 with a similar receptor distribution on the
membrane surface (Fig. 35 d). The subsequent quantification of tenfold expanded Jurkat T-
cells stained for CD2 resulted in 1799 + 469 clusters per cell (N=6). In summary, this data

demonstrates the potential of 10x ExM for whole cell receptor imaging.
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Figure 35 Super-resolution images of Jurkat T-cells stained for CD2. (a) 10x ExM CLSM image of a whole Jurkat
T-cell stained for CD2 with signal amplification via streptavidin ATTO 643. (b) Magnified view of the white box within
the main image. (c) 10x ExM-SIM image of a whole Jurkat T-cell stained for CD2 with signal amplification via
streptavidin ATTO 643. (d) Magnified view of the white box within the main image displays putative CD2-dimers.
(e) dSTORM image of a basal membrane of Jurkat T-cells stained for CD2 with Alexa Fluor 647 demonstrates a
comparable putative CD2 dimerization.
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3.2 ExM of pathogens

After imaging receptors of whole T-cells with a superior resolution we now sought to further
extend the applicability of expansion microscopy. First, we expanded the bacterial pathogen
Chlamydia trachomatis, followed by the expansion of not only proteins, but also lipids in Chla-
mydia trachomatis, Simkania negevensis and Neisseria gonorrhoeae. After that, we applied
ExM to even more challenging targets, the three fungi Ustilago maydis, Fusarium oxysporum
and Aspergillus fumigatus, with their extremely solid and stable cell wall as obstacle.

All projects involving bacteria were performed entirely collaboratively with Tobias C. Kunz and

the projects involving fungal pathogens with Sabine Panzer and Nora Trinks.

3.2.1 ExM of Chlamydia trachomatis

As proof of concept study if expansion microscopy could be used for bacteria, we applied
fourfold ExM to the obligate intracellular gram-negative pathogen C. trachomatis (Kunz et al.
2019). ExM was hereby carried out completely according to Chozinski et al. (Chozinski et al.
2016), there was no need to apply further lysozyme digestions to C. trachomatis infected HelLa
229 cells, as reported for other bacteria (Lim et al. 2019). The first successfully expanded
chlamydial proteins were the heat-shock protein HSP60, as chlamydial marker, and the prote-
ase CPAF which is secreted via a T2SS (Patton et al. 2016). In both, confocal and ExM images,
after 22 hours post infection (hpi) HSP60 localizes within the single Chlamydia, while CPAF is
already secreted. 30 h after infection CPAF is even stronger secreted and is sometimes even
resident within single Chlamydia (Fig. 36). In both cases, ExM improves the resolution by a
factor of four compared to the confocal images to enable the visualization of single, different
sized Chlamydia. In the cases of 22 hpi, however, CPAF is only weakly visible due to signal
dilution of the ExM experiment. By contrast, the T2SS-deficient mutant could not secret CPAF
and therefore CPAF accumulated within C. trachomatis. Interestingly, also here single Chla-

mydia could be visualized using ExM.

67



3.2 ExM of pathogens

T2SS mutant WT

% &
w
2

— (@)

] o

&

O

G

-

o

- 3
>
g
= =
W
2
3

=

<

LLl

X

~ Q
>
M

22h 30h 22h 30h

Figure 36 CLSM images of with C. trachomatis infected and expanded HelLa 229 cells. Cells were infected for 22
or 30 h with the wildtype or the T2SS mutant of C. trachomatis. The sample was immunostained for HSP60 (green,
Alexa 488) and CPAF (magenta, ATTO 647N). In wildtype C. trachomatis CPAF localizes on individual chlamydial
particles and is secreted using a T2SS. CPAF-expression increases from 22 hpi to 30 hpi. The C. trachomatis
T2SS-mutant cannot secret CPAF and CPAF accumulates within individual chlamydial particles. Scale bars, 1 ym
(confocal) and 5 pym (4x ExM). With permission from Kunz et al. 2019.

As next step we expanded additionally to HSP60 the chlamydial deubiquitinase 1 (Cdul).
Again, when expanding HSP60, single Chlamydia became visible and Cdul, present at the
inclusion membrane, could be visualized even better around the membrane. Moreover, be-
forehand barely detectable, distinct spots and an irregular distribution of Cdul became appar-
ent at the inclusion after expanding C. trachomatis infected cells. Within the mutant C. tracho-

matis Cdul:: Tn bla, Cdul was by contrast not localized at the inclusion membrane (Fig. 37).
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Cdul::Tn bla WT

confocal

4x ExM

Figure 37 Cdul localizes at the inclusion membrane of both unexpanded and expanded samples. HelLa 229 cells
were infected for 24 h with C. trachomatis or C. trachomatis Cdul:: Tn bla. Cells were immunostained for chlamydial
HSP60 (green, Alexa 488) and Cdul (magenta, ATTO 647N). In wildtype C. trachomatis Cdul localizes in the
inclusion membrane, whereas it does not in the mutant Cdul::Tn bla. Scale bars, 1 ym (confocal) and 5 pm (4x
ExM). With permission from Kunz et al. 2019.

In the two previous experiments we could show not only the visualization of single Chlamydia,
but also noticed different sizes among expanded Chlamydia. Hence, we hypothesized that we
might be able to distinguish EBs (~300 nm) and RBs (~1 um) (Rank 2009) by ExM. Fortunately,
we could make use of the recently published Chlamydia strain Ct mCh(GroL2) GFP(OmcAL?2)
which expressed mCherry under the control of the RB-associated constitutive groESL operon
promoter and GFP under the control of the EB-associated omc promoter. The within this study
newly engineered Chlamydia strain allowed us to distinguish between EBs and RBs by the
expression of GFP and mCherry and to monitor the RB conversion to EBs (Cortina et al. 2019).
To test our hypothesis we infected HelLa 229 with this new Chlamydia strand and expanded
the sample according to our established protocol. In confocal images prior to expansion the
GFP and mCherry expressing Chlamydia were visible although only minor size differences
were noticeable. Following expansion it became evident that solely the small Chlamydia ex-

pressed GFP and only the bigger ones expressed mCherry. This confirms our theory that the
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small expanded Chlamydia represent EBs and the big expanded Chlamydia RBs. This data
demonstrates that ExM is an ideal tool to study the infection by C. trachomatis and to distin-
guish the two different chlamydial developmental forms during infection (Fig. 38).

RBs EBs merge

confocal

4x ExM

Figure 38 ExM enables the detection of single chlamydial EBs and RBs. CLSM images of unexpanded and ex-
panded HelLa 229 cells infected with C. trachomatis mCh(GroeL2) GFP(OmcAL?2) for 30 h. Additionally, an im-
munostaining for GFP (green, Alexa 488) and mCherry (magenta, ATTO 647N) was performed. The expanded
images demonstrate a substantial size difference between EBs and RBs. Scale bars, 1 ym (confocal) and 5 um (4x
ExM). With permission from Kunz et al. 2019.
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3.2.2 Sphingolipid ExM of intracellular pathogens

In the following project we not only applied fourfold expansion, but also tenfold expansion mi-
croscopy to Chlamydia trachomatis and Simkania negevensis infected HeLa 229 cells. Hereby,
we also extended the applicability of ExM to lipids, in this case sphingolipids, enabled by the
modification with a primary amine.

To first validate the idea of expansion experiments with lipids bearing solely one primary amine,
Tobias C. Kunz and Franziska Solger tested ExM with w-sphingosine fed to with Neisseria
gonorrhoeae infected Chang cells, since the protocol of infection and feeding with w-sphingo-
sine was already well established. w-sphingosine was an ideal model to test ExM with lipids,
as it possesses exactly one primary amine. SIM images before expansion demonstrate the
sphingosine incorporation of N. gonorrhoeae, although after expansion according to our es-
tablished ExM protocol (Kunz et al. 2019) the single Neisseria were far better visible (Fig. 39).
Not only the expansion of the anti-Neisseria gonorrhoeae antibody was isotropic, but also the
expansion of sphingosine could be demonstrated successfully. It should be noted that the suc-
cessful and isotropic expansion of N. gonorrhoeae required the additional treatment with lyso-

zyme to degrade the bacterial membrane according to Lim et al. (Lim et al. 2019).

Neisseria w-Sphingosine merge

Confocal

4x ExM

Figure 39 Unexpanded SIM- (upper row) and 4x ExM-SIM images (lower row) of with Neisseria gonorrhoeae for
4 h infected Chang cells. Cells were fed with w-sphingosine, fixed and after permeabilization stained with DIBO-
Alexa Flour 488 (green) and an anti-Neisseria gonorrhoeae antibody (magenta). 4x ExM-SIM images demonstrate
the incorporation of w-sphingosine into the neisserial membrane. Scale bars, 5 pm (unexpanded confocal), 4 um
(4x Ex). With permission from Gétz et al. 2020a.
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Because of this successful proof of concept experiment, Julian Fink and Prof. Dr. Jirgen Seibel
synthesized an a-NH2-w-N3-Ce-ceramide (Fig. 40 a) that should be theoretically incorporable
into a hydrogel due to the primary amine and be click-labeled by a SPAAC-reaction using
DBCO-dyes. To assess the ceramide uptake, we fed HelLa 229 cells 1 h with 10 uM of the
newly synthesized ceramide, fixed the sample with formaldehyde and glutaraldehyde and
stained after permeabilization for 30 min at 37°C with DBCO Alexa Fluor 488. As control for
the uptake served the already established w-Ns-Cs-ceramide without an additional primary
amine. Both ceramides showed a comparable localization within the cell, with most ceramides
resident within intracellular organelles. As the addition of a primary amine should also enable
the fixation of the fed ceramides, we additionally treated the fixed and stained samples with
various concentrations of the detergent Triton X-100. The samples with the a-NH2-w-N3-Cs-
ceramide showed only a slight signal decrease upon Triton X-100 exposure and remained
constant with increasing detergent concentrations. By contrast, the w-N3-Ces-ceramide without
the amine modification vanished rapidly after treatment with Triton X-100 (Fig. 40 c). FRAP-
experiments by Jan Schlegel further approved this with a decreased mobile fraction of the
amine-modified ceramide (22.2%, Fig. 40 b) compared to the conventional one (48.1%). These
results indicate an efficient fixation of the amino-modified ceramides by the crosslinker glutar-
aldehyde within cellular membranes.

As glutaraldehyde is known to link proteins into hydrogels (Chozinski et al. 2016, Weston and
Avrameas 1971), we concluded that our a-NHz-w-Ns-Ces-ceramide could be also compatible
for ExM. Consequently, we applied 4x and 10x ExM to HelLa 229 cells treated, as described in
the upper section, to test the applicability of sphingolipid expansion. For both expansion factors
an isotropic expansion could clearly be confirmed and the ceramides localized strongly within

cellular organelles (Fig. 41).
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Figure 40 Bifunctional amino- and azido-modified ceramides enable the fixation and fluorescence labeling of lipids.
(a) Synthesis of our a-NH2-w-Nz-Ce-ceramide. The functionalized ceramides a-NHz-w-Ns-Ces-ceramide or w-Ns-Ce-
ceramide (10 pM) were fed to HeLa 229 cells for 1 h. After incorporation into the membrane the cells were fixed
and after permeabilization stained with DBCO Alexa Fluor 488. (b) To investigate the mobility, FRAP experiments
with the two incorporated ceramide analogues were performed after fixation with glutaraldehyde and permeabilisa-
tion. During FRAP-measurements, after three imaging frames, a circular region with a radius of 0.9 pm was
bleached and fluorescence recovery was recorded over time. The a-NH2-w-Nz-Ce-ceramide showed a substantially
lower mobility rate with a mean mobile fraction of 22.2% compared to the ceramide without the amino group with a
mean mobile fraction of 48.1%. (c) CLSM images of fixed and labeled HeLa 229 cells incubated in increasing
concentrations of the detergent Triton-X100. The w-N3-Cs-ceramide is efficiently washed out after exposure to Tri-
ton-X100, whereas the a-NH2-w-Ns-Cs-ceramide signal remains conserved. Scale bars, 10 pm. With permission
from Gotz et al. 2020a.

73



3.2 ExM of pathogens

Figure 41 Unexpanded, 4x ExM and 10x ExM images of Hela 229 cells incubated in 10 pM a-NH2-w-N3-Cs-cera-
mide which were fixed, permeabilized and stained with DBCO Alexa Fluor 488 (green). (a, c) Pre-expansion and
(b, d) post-expansion CLSM images of HeLa 229 cells after isotropic (b) fourfold and (d) tenfold expansion. With
permission from Gétz et al. 2020a.



3 Results

In the case of fourfold expansion, the ceramides clearly localized within organelles like the ER
and mitochondria which could be confirmed by the colocalization of ceramides with peroxire-
doxin 3 (Prx3), a mitochondrial matrix protein (Fig. 42 a). Moreover, the ceramide signal was
very specific and localized not only within the organelles, but also in the plasma and nuclear
membrane. In case of tenfold ExXM we also performed a plasma membrane staining using
mCling ATTO 643 (Revelo et al. 2014) as mCling should also be compatible with ExM due to
its lysine residues. Both, the bifunctional a-NH2-w-Ns-Cs-ceramide and mCling, could be suc-
cessfully expanded tenfold with mCling staining mainly the plasma membrane and the
ceramide staining the plasma- and nuclear membrane as well as again the organelle mem-
branes (Fig. 42 b). Here, possibly even the double nuclear membrane could be resolved.
These results clearly demonstrate the compatibility of the a-NHz2-w-Ns-Cs-ceramide with the
super-resolution method ExM to visualize cellular membranes at two different expansion fac-

tors.

Figure 42 Sphingolipid ExM visualizes cellular membranes and protein interactions. (a) Fourfold expanded CLSM
image of HeLa 229 cells. HeLa 229 cells were incubated in 10 uM a-NH2-w-Nz-Ce-ceramide, fixed, permeabilized,
and click-stained with DBCO Alexa Fluor 488 (green). In addition, the mitochondrial matrix protein Prx3 was im-
munostained using ATTO 647N conjugated secondary antibodies. (b) Tenfold expanded CLSM images of HelLa
229 cells incubated in mCling-ATTO 643 (red) and a-NHz2-w-Ns-Cs-ceramide labeled with DBCO Alexa Fluor 488
(green). Scale bars, 20 um. The bottom images show magnifications of the by white boxes outlined main images.
Scale bars, 5 um. With permission from Goétz et al. 2020a.
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Next, we sought to visualize ceramides in infected cells because ceramides are of crucial im-
portance during infections with bacterial pathogens like Chlamydia trachomatis (Hackstadt et
al. 1996, Kunz and Kozjak-Pavlovic 2019) and Simkania negevensis (Herweg et al. 2016). To
first study the uptake of the bifunctional ceramide, we fed the a-NH2-w-N3-Ces-ceramide for 5 —
60 min to HeLa 229 cells infected for 24 h with C. trachomatis. Confocal imaging showed
already after 5 min a rapid and highly effective integration into the bacterial membrane. This
signal increased further with longer incubation times and after 1 h the signal was even stronger
within the Chlamydia than in the cells’ organelles (Fig. 43). Moreover, we applied HPA-12, a
specific inhibitor of the ceramide transporter CERT which is hijacked by C. trachomatis to gain
ceramides. The fluorescence images recorded after HPA-12 application demonstrate an im-
pediment of the ceramide uptake by the Chlamydia after 5 and 15 min at two HPA-12 concen-
trations. If the ceramide was fed for longer incubation times, the inhibition of HPA-12 was neg-
ligible (Fig. 43).

10uM HPA12 control

30uM HPA12

Figure 43 The CERT specific inhibitor HPA-12 inhibits the uptake of a-NH2-w-Ns-Ce-ceramides. HeLa 229 cells
were infected for 24h with C. trachomatis and treated with HPA-12. 8 h later HeLa 229 cells were fed with 10 uM a-
NH2-w-Nz3-Ce-ceramide for 5 - 60 min, fixed, followed by permeabilization and stained with DBCO Alexa Fluor 488
(green). CLSM images demonstrate reduced ceramide uptake during the first 5 - 15 min after inhibition. For longer
incubation times little to no differences were observed. In the 5’ Cer* images the contrast was enhanced for better
ceramide visualization. Scale bars, 20 pm. With permission from G6tz et al. 2020a.
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Next, we consequently fed our bifunctional ceramide to HelLa 229 cells infected with S. neg-
evensis or C. trachomatis, fixed, permeabilized and click-stained them with Alexa Fluor 488.
This was followed by the consequent application of 4x and 10x expansion protocols. As shown
in previous results, fourfold expansion was sufficient to distinguish between EBs and RBs of
C. trachomatis, however, 10x ExM was necessary to clearly identify individual S. negevensis
bacteria (Fig. 44 a-c). Ceramides strongly accumulate in both pathogens, which becomes most
obvious in 10x ExM images, compared to the relatively dim host cells (Fig. 44). Moreover, in
10x ExM, the size differences are more apparent, possibly enabling an even more delicate
separation of developmental forms from C. trachomatis (Fig. 44 d-f) into EB, RB, dividing RBs
and intermediary bodies (IB) (Lee et al. 2018).

To further demonstrate the usability of our NHz2-w-Ns-Ce-ceramide, we studied chlamydial in-
teractions with immunolabeled mitochondria (Prx3), since, up to now, all super-resolved stud-
ies of these interactions have been investigated using electron microscopy (Lee et al. 2018).
To even further improve the resolution, we combined 10x ExM with SIM which revealed a
mitochondrial reorganization around the chlamydial inclusion (Fig. 44 g). Frequently, we could
even detect Prx3 signals within single C. trachomatis, possibly indicating an unspecific protein
uptake (Fig. 44 h).

Control experiments without the primary anti-Prx3 antibody using solely the secondary anti-
body conjugated with ATTO 647N exclude unspecific antibody binding within the bacteria and
confirm the specificity of the Prx3 signal within the Chlamydia (Fig. 45).

We further performed 10x ExM experiments to exclude unspecific binding of DBCO Alexa Fluor
488 and the incorporation of the not amino-modified ceramide into the gel. Neither the samples
without any fed ceramide (Fig. 46 a) nor samples fed with the w-Ns-Ces-ceramide (Fig. 46 b)
showed any signal compared to our a-NH.,-w-Ns-Ce-ceramide (Fig. 46 c).
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Figure 44 10x ExM of sphingolipids allows the visualization of intracellular pathogens and their interactions with
mitochondria. (a-c) HeLa 229 were infected with S. negevensis for 96 h, fed with our a-NH2-w-N3-Cs-ceramide and
after fixation the samples were permeabilized and stained with DBCO Alexa Fluor 488 (green). Samples were
imaged on a CLSM (a) before expansion, (b) after 4x expansion and (c) 10x expansion. (d-f) HeLa 229 were infected
with C. trachomatis for 24 h, fed with the a-NHz-w-N3-Cs-ceramide and after fixation the samples were permea-
bilized and stained with DBCO Alexa Fluor 488 (green). Samples were imaged on a CLSM (d) before expansion,
after (e) 4x expansion and (f) 10x expansion. (g) Moreover, the mitochondrial matrix protein Prx3 was stained by
immunolabeling (ATTO 647N; magenta). SIM images of tenfold expanded samples elucidate a close contact be-
tween reorganized mitochondria at the inclusion membrane and Chlamydia. (h) 10x ExM-SIM images reveal some
Prx3-molecules within C. trachomatis. Scale bars, 10 um (4x and 10x expanded samples b, c, e, f, g, h), and 2 ym
(Magnifications g,h). With permission from Goétz et al. 2020a.
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Figure 45 Confocal images of HeLa 229 cells. The cells were infected with C. trachomatis for 24 h, fed with a-NH-
w-Ns-Cs-ceramide, fixed, permeabilized and immunolabeled with an anti-CERT antibody (ATTO 647N; magenta)
and chlamydial HSP60 (Cy3; red). The control with solely the secondary antibody resulted in no staining of the
individual Chlamydia (SAB only/sAB control). Scale bars, 20 um. With permission from Gétz et al. 2020a.

dye control N;-Cer NH,-N,-Cer

Figure 46 Confocal 10x ExM fluorescence images of with Chlamydia trachmomatis infected HelLa 229 cells,
(a) without the incubation in ceramides (dye control), (b) with w-Ns-Ces-ceramide (Ns-Cer) incubation or (c) with a-
NH2-w-N3-Ce-ceramide (NH2-N3-Cer) incubation. This was followed by fixation, permeabilization and staining with
DBCO Alexa Fluor 488 of the sample. Only the sample incubated in the a-NH2-w-Ns-Cs-ceramide showed a stain-
ing. Scale bars, 10 pm. With permission from Gétz et al. 2020a.
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Ceramide transport from the host cell to the inclusion has already been investigated earlier.
Hereby, it could be shown that the ceramide transporter CERT is hijacked by IncD and
ceramides accumulate at the inclusion membrane and within single Chlamydia. However, one
unanswered question remains about the localization of ceramides in the bacterial membrane.
It is completely unknown whether ceramides get incorporated in the inner bacterial membrane
(IM), the outer bacterial membrane (OM), or both. To address this question, we again com-
bined 10x ExM with SIM and applied our bifunctional ceramide demonstrating an efficient
ceramide incorporation into the chlamydial IM and OM. Exploiting this high spatial resolution
of at least 20 nm by sphingolipid 10x ExM-SIM, we could determine the distance between the
two bacterial membranes to mean 30 £ 9.2 nm (N=10) by fitting the intensity profiles at various
positions using a bimodal Gaussian fit (Fig. 47) which is in good agreement with data from
electron microscopy (Asmar et al. 2017). To sum up, we could expand ceramides four- and

tenfold in cell lines with and without bacterial infections and demonstrated the incorporation of

ceramides in both bacterial membranes.

Figure 47 10x sphingolipid ExM resolves in combination with SIM the inner and outer bacterial membrane of C.
trachomatis. With Chlamydia trachomatis infected HeLa 229 cells were fed for 1 h with our a-NH2-w-Ns-Cs-ceramide
and fixed followed by permeabilization and click-labeling with DBCO Alexa Fluor 488 (green). (a) CLSM and (b)
SIM images depict ceramide integration into the inner and outer bacterial membrane. (c¢) Intensity profile of a C.
trachomatis double membrane imaged by ExM-SIM reveal a distance of 31.6 nm between the two bacterial mem-
branes. Scale bars, 10 um (a, b) and 2 um (white boxes). With permission from Goétz et al. 2020a.
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3.2.3 Expansion microscopy of fungal pathogens

As demonstrated in the previous two chapters, ExM can provide new insights into bacterial
infections. Fortunately, resolution is not only a limiting factor during bacterial, but also in fungal
infections. Fluorescence microscopy of fungi is often restricted by the small size of fungal or-
ganelles making the limited resolution a severe obstacle (Chapuis, Ballou and MacCallum
2019, Hickey et al. 2004). Causing even more issues for fluorescence imaging, fungi frequently
exhibit strong autofluorescence (Knaus et al. 2013). These limitations make ExM an attractive
method for fungal research, as autofluorescence is strongly reduced due to signal dilution and
the resolution is enhanced in ExM. To enable an isotropic expansion, the fungal cell wall first
has to be degraded completely. We applied published protocols for fungal cell wall digestion
and protoplast isolation and could successfully adopt ExM to Ustilago maydis, Fusarium ox-
ysporum and Aspergillus fumigatus.

For Ustilago maydis we could either digest the cell wall of living fungi to obtain protoplasts or
digest the cell wall directly after fixation. Both protocols can successfully be used for ExM and
enabled an approximately fourfold isotopic expansion. In protoplasts the cytoskeleton, stained
for a-tubulin, is reorganized compared to naive hyphae and sporidia (Fig. 48) (Anderson and
Millbank 1966, Peberdy 1979).

Importantly, incomplete digestion of the cell wall resulted in an impeded or in no expansion.
This incomplete digestion could be confirmed by chitin staining of the chitin specific dye Calco-
fluor white. It should be noted that only in case of an incomplete cell wall digestion a Calcofluor
staining could be detected and only in these regions an isotropic expansion was not successful
(Fig. 49).
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Figure 48 Schematic overview of the ExM protocol for fungi. Cell wall digestion as most crucial step was performed
either before fixation to form protoplasts or after fixation to sustain sporidia of U. maydis. Confocal ExM images of
protoplasts (left) and sporidia (right) immunostained for a-tubulin with ATTO 647N are shown. Scale bar, 10 um.

With permission from G6tz et al. 2020b.

Figure 49 SIM images of incomplete digested of U. maydis (a) sporidia and (b) protoplasts. Incomplete cell wall
digestion results in non isotropic expansion of both sporidia and protoplasts. Remaining cell wall parts are stained
with Calcofluor white (red). The fungal shape was visualized by unspecific binding of an Alexa Fluor 488 conjugated
secondary antibody. Only regions stained by Calcofluor show an impeded expansion. Scale bars, 5 um. With per-

mission from Goétz et al. 2020b.
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We next immunostained a-tubulin with Alexa Fluor 488 conjugated secondary antibodies and
the plasma membrane of Ustilago maydis using mCling ATTO 643. Following expansion, the
exact comparison of pre-expansion (diameter of 2.4 + 0.35 pum) and post-expansion (diameter
11.0 £ 1.08 pm) fungi confirms an isotropic expansion by a factor of 4.6 of both structures in
Ustilago maydis. Importantly, membrane vesicles were clearly detectable in expanded Ustilago
maydis (Fig. 50 B). Moreover, we analyzed the compatibility of fungal ExM with membrane
proteins like the green light-driven proton pump UmOps1 which was fused to GFP (Panzer et
al. 2019). In both, pre- and post-expansion images UmOps1 could be detected within the mem-
brane. In the expanded sample however, the membrane protein UmOps1l seemed more dot

like due to the improved resolution and the high signal dilution during expansion.

CLSM + ExM
Ustilago maydis

UmOps |

Figure 50 Expansion microscopy of Ustilago maydis sporidia (A, C) before and (B, D) after expansion. Sporidia
were immunostained for a-tubulin with Alexa Fluor 488 (i, magenta) and additionally the plasma membrane was
stained with mCling ATTO 643 (ii, cyan). Both, tubulin and stained vesicles, benefit from an improved resolution by
ExM. Confocal images of the fungal rhodopsin UmOps1 fused to eGFP which localizes in the plasma membrane of
U. maydis sporidia. (D) After expansion, the UmOps1 distribution is more dot like within the membrane than (D)
before expansion. Scale bars, 2 pm (A, C) and 10 um (B, D). With permission from G6tz et al. 2020b.
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The ascomycete F. oxysporum on the other hand inhabits the soil and causes wilt disease in
over 100 crop species. Moreover, reports about opportunistic human pathogenicity exist. In
these experiments we used a F. oxysporum strain which expressed the histone H1 together
with mCherry (Ruiz-Roldan et al. 2010). Again, we first imaged unexpanded F. oxysporum
(diameter of 2.89 + 0.49 um; n=17) using SIM with a by mCling ATTO 643 stained plasma
membrane additionally to the H1-mCherry expression. Following cell wall digestion and ex-
pansion the diameter of the hyphae increased to 12.73 + 0.71 pum (n=4) resulting in an expan-
sion factor of 4.4. Moreover, as SIM provides an only limited resolution for fungal intracellular
structures, ExXM-SIM clearly resolves detailed organelles, vesicles and H1-labeled nuclei with
different densities. Interestingly, depending on the incubation time, mCling also labeled the
membrane of intracellular organelles (Fig. 51 B).

Additionally to the nucleus, we sought to visualize the cytoskeleton of F. oxysporum. Hence,
we generated a strain which expressed the F-actin reporter LifeAct-GFP (Riedl et al. 2008)
together with H1-mCherry. The actin filaments clearly localized at the hyphal tip. After expan-
sion by contrast, the actin filaments were substantially better distinguishable and even single
cables were visible. Moreover, not only in SIM-ExM as before, but also in confocal ExM differ-
ent histone densities within the nucleus were apparent (Fig. 51 D).

Especially in F. oxysporum we noticed a deteriorated expansion after long germination times
due to incomplete cell wall digestion (Fig. 52). It is known that, depending on the germination
time, the cell wall composition of fungi changes (Reilly and Doering 2010, Li et al. 2017) and
therefore the germination time has to be carefully considered when using ExM to avoid arti-

facts.
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Figure 51 SIM and confocal images of expanded F. oxysporum acquired (A, C) before and (B, D) after expansion.
F. oxysporum hyphae expressed histone H1-mCherry and are stained additionally with mCling ATTO 643. After
expansion more details within the nucleus were visible. (C, D) Confocal ExM images of F. oxysporum expressing
additionally Lifeact-GFP visualize single actin fibres with an improved resolution after expansion. Scale bars, 5 um
(A, C) and 10 um (B, D). With permission from Gétz et al. 2020b.

85



3.2 ExM of pathogens

Figure 52 Confocal images of not isotropic expansion of F. oxysporum hyphae expressing histone H1-mCherry
(magenta) and LifeAct-GFP (cyan). (a, b) Due to incomplete cell wall digestion not all parts of the hyphae could be
expanded isotropically. The arrows indicate the areas of incomplete expansion and an accumulation of actin fluo-
rescence. Scale bars, 5 um. With permission from G6tz et al. 2020b.

After working with plant pathogens, we focused on Aspergillus fumigatus which can cause the
invasive disease aspergillosis, especially in immunocompromised patients (Brown et al. 2012).
This fungus is nearly ubiquitous present in the air due to the enormous conidia production. For
our investigations we used an A. fumigatus strain expressing mRFP together with the N-termi-
nus of a citrate synthase localizing in mitochondria. To label the plasma membrane and visu-
alize the shape of the hyphae we used again mCling ATTO 643. Prior to the expansion, we
measured a hyphae diameter of 2.43 + 0.27 um (n=9) which increased after expansion by a
factor of 4.4 to 10.7 £ 0.7 um (n=17). Moreover, the shape of single mitochondria was barely
distinguishable before expansion, whereas after expansion single mitochondria could clearly
be resolved (Fig. 53). Unfortunately, RFP strongly suffers from the proteinase’s digestion re-
sulting in only a weak fluorescence signal (Tillberg et al. 2016). To improve this, other fluores-
cent proteins like mCherry or tdTomato and an additional immunostaining could be beneficial.
Collectively, we could demonstrate here the successful application of ExM to three different

fungi after removal of their cell wall.
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Asperqillus fumigatus

CLSM + ExM

Figure 53 Confocal images of A. fumigatus with mRFP-labeled mitochondria (magenta) and mCling ATTO 643
(cyan) labeled plasma membrane (A) before and (B) after expansion. Single color images of (i) mCling, (ii) mito-
chondria and (iii) the overlay. After expansion, the mitochondrial shape and the plasma membrane can clearly be
better resolved. Scale bars, 5 um (A) and 10 um (B). With permission from Gétz et al. 2020b.

3.3 Summary

To summarize the results, we could successfully establish a staining protocol for the single
molecule sensitive quantification of membrane receptors on not only Jurkat T-cells but also
primary T-cells with up to three colors. After that, we applied this quantification protocol to the
receptors CD38 and BCMA after exposure to various drugs and demonstrated a superior sen-
sitivity of dSSTORM compared flow cytometry. Moreover, we used LLS-3D dSTORM and 10x
ExM to visualize whole T-cells excluding artifacts caused cell adherence or interactions. We
also established ExM to investigate bacterial and fungal infections, in case of fungi by removing
the cell wall enzymatically. Next, we could even enable the expansion of ceramides by the

addition of a primary amine which enabled the first successful ExM experiments of lipids.

87



4.1 Receptor imaging and quantification

4 Discussion and outlook

4.1 Receptor imaging and quantification

In the first part of this thesis we could successfully establish dSTORM for the single molecule
sensitive quantification of plasma membrane receptors of Jurkat T-cells and primary naive and
activated T-cells. We further implemented this method in clinically relevant projects involving
the receptors CD38, BCMA and CD20. First, we introduced a novel method to visualize and
quantify the “Receptome”, the entirety of all membrane receptors on T-cells, with so far un-
precedented sensitivity. We could demonstrate a mostly homogeneous receptor distribution
for the investigated antigens (CD2, CD4, CD11a, CD20, CD28, CD45, CD69 and CD105),
while others tended to form clusters (CD3, CD5 and CD7). Using dSTORM, we could quantify
these antigens and determine receptor densities ranging from 0.8 £ 0.1 cluster/umz for CD20
in primary activated CD8" T-cells to 81.4 + 1.7 cluster/um? for CD45 in naive CD8" T-cells.
Considering the total number of antigens, the amount of antigens ranged from 241 + 161 in
naive primary CD4" cells to even 13630 = 2464 CD45-molecules in activated CD4* T-cells.
These differences underline the importance of considering the cell size, as not only the antigen
density, but also the differing total antigen number might be relevant, especially when compatr-
ing dSTORM results to those obtained by flow cytometry, where always the whole cell is ana-
lyzed. This could also demonstrate that our quantification protocol can not only be used in cell
lines, but also be translated to primary cells. Furthermore, we also revealed substantial differ-
ences in both, the total number and density of the analyzed antigens between cultured Jurkat
T-cells and primary T-cells. This raises questions about the comparability between cultured
cells in general and primary cells which has already been addressed by many others labora-
tories (Pan et al. 2009, Kaur and Dufour 2012).

Moreover, we could also confirm that in naive primary T-cells CD3 is homogeneously distrib-
uted, as recently published (Rossboth et al. 2018). Solely upon activation, we could detect
clustered CD3 molecules in both, activated primary cells and Jurkat T-cells which are known
to be at least partially activated due to IL-2 production (Pawelec et al. 1982).

However, also unspecific antibody binding within a range of 0.2 cluster/um2 occurred corre-
sponding to ~70 molecules on the cell. This might be limiting in further experiments and should
therefore be optimized as much as possible by precleaning the glass surfaces of the imaging
chambers and by the use of carefully optimized antibody concentrations.

After demonstrating a severe signal loss when using Alexa Fluor 532 compared to Alexa Fluor
647, we also established DNA-exchange dSTORM (Schueder et al. 2017) which showed to be
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reliable in quantification experiments. Albeit successful in the end, alternative protocols to ef-
ficiently conjugate oligonucleotides at specific antibody sites might be beneficial to improve the
degree of labeling. Possible approaches could be the introduction of unnatural amino acids
(Axup et al. 2012, Beliu et al. 2019), SNAP-tags (Cole 2013, Hussain et al. 2019) or proximity
induced antibody conjugations (Yu et al. 2018).

However, when using antibodies for quantitative imaging, the question of epitope accessibility
will arise in this context. This very reasonable concern could even be encouraged by a recent
comparison of antibodies directed against NMDA-receptors with click chemistry using unnatu-
ral amino acids which allowed the labeling of considerably more receptors than with antibodies
(Neubert et al. 2018). Although this is a valid argument, this concern is not of relevance in case
of quantitative imaging for diagnostics in immunotherapy because nearly all immunotherapeu-
tic approaches including monoclonal antibodies, CAR T-cells, bispecific antibodies or splitted
antibodies use at least fragments derived from antibodies (Feins et al. 2019, Frankel and
Baeuerle 2013, Banaszek et al. 2019, Plesner and Krejcik 2018). Hence, after staining with
antibodies, the quantifications will detect as much antigens as can be addressed by the corre-
sponding immunotherapy. Therefore, it is not only sufficient, but even fundamental to use an-
tibodies to label the antigen of interest.

Within this work we also applied 3D-LLS dSTORM to enable the super-resolved visualization
of a whole Jurkat T-cell stained with antibodies directed against CD45 (Waldchen et al. 2020)
and CD3. Using this technique, we could successfully exclude potential artifacts induced by
interactions between the glass surface and the T-cell or membrane proteins.

In the collaborative projects together with the Hudecek group of the University Hospital of
Wirzburg we could further demonstrate the applicability of our approach to primary patient
cells. First, we performed correlative studies using microscopy and flow cytometry measure-
ments to investigate the response of multiple myeloma cells after the exposure to histone
deacetylase (HDAC) inhibitors and ATRA on the antigens CD38 and BCMA. Hereby, we could
first demonstrate in MM1.S cell lines that the novel drug ricolinostat, a specific histone deacety-
lase 6 inhibitor, could increase the CD38-expression more effective than the approved drugs
panobinostat and ATRA. Importantly, this effect occurred also in primary cells from multiple
myeloma patients, even after prior treatment with the therapeutic antibody daratumumab and
subsequent decrease in CD38 levels. Using dSTORM was especially beneficial when investi-
gating the daratumumab pretreated primary cells because in this case the CD38-expression
was at a low level of only 6.8 £ 1.1 cluster/um2. Upon treatment with ricolinostat, ASTORM
could detect also very subtle changes in the CD38-expression to 10.8 + 1.7 cluster/um?2 which
were barely detectable by flow cytometry, but still of therapeutic relevance. Similarly, we could
also detect a slight but significant increase of BCMA-levels in MM1.S cell upon treatment with
100 uM ATRA from mean 6.1 + 0.4 to 8.2 + 0.6 cluster /umz2. In both cases the quantification
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using dSTORM provides the potential to accurately measure antigen numbers with a strongly
enhanced sensitivity compared to flow cytometry.

This superior sensitivity could be demonstrated within the CD20-project, where we visualized
and quantified CD20 in primary multiple myeloma patient cells. The comparison to flow cyto-
metry analysis revealed, similarly to previous CD19 investigations (Nerreter et al. 2019), that
the sensitivity of flow cytometry is not high enough to detect all CD20-positive myeloma cells.
According to flow cytometry analysis of the two CD20-positive patients, solely 17% to 33% of
all cells were positive for CD20, while dSTORM revealed 65% to 77% CD20-positive cells. We
assume that in many cases a low antigen expression below the flow cytometry sensitivity, as
in the Garfall et al. study (Garfall et al. 2015), is present. In this case, a patient estimated CD19-
negative by flow cytometry was treated with CD19 CAR T-cells resulting in a complete re-
sponse. As with a second antigen, CD20, more CD20-positive cells could be detected by
dSTORM compared to flow cytometry, we expect that many tumor associated antigens cannot
be detected within the clinical routine.

Although very useful for antigen quantifications with superior sensitivity, dISTORM is extremely
time consuming when large sample sizes are needed. This is mostly apparent when quantify-
ing primary cells from cancer patients to ensure the greatest accuracy within these experi-
ments. This issue will cause even more problems in the future, as in most cancer types not
only one, but many antigens will be important possible target molecules. Examples are in case
of multiple myeloma the receptors CD19, CD20, CD38, CD40, CD44v6, CD138, CD229,
SLAMF7, BCMA and EGFR (Nerreter et al. 2019, Chu et al. 2014, Giuliani and Malavasi 2019,
Prommersberger et al. 2018, Liebisch et al. 2005, Atanackovic et al. 2011). Hence, there will
be the need to image and quantify whole antigen “panels” with huge statistics to approach
personalized immunotherapy with single molecule sensitivity.

To address this, it is indispensable, although very challenging, to automatize the whole process
of dASTORM imaging. Hereby, many things need to be perfectly optimized. First, the initial iden-
tification of appropriate cells has to be solved by using for example deep learning algorithms.
By applying such approaches, many exemplary cell images can be used to train the algorithm,
even with only ten training images for specialized algorithms. However, if the training images
are not ideal, this may also cause wrong or dead cell recognition (Falk et al. 2019). Further-
more, the imaging itself might cause problems when considering the correct adjustment of the
TIRF, possible drift or high background conditions.

As already mentioned, in many cases also several antigens within one sample will be important
which will necessitate also an automated washing and restaining procedure. Here, again DNA-
exchange dSTORM might be the method of choice as it could be shown within this work that
the quantitative use of this method for receptor imaging is possible. Importantly, DNA-ex-

change is also extremely fast, accelerating multi-color experiments dramatically. In order to
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efficiently and fast exchange all the required buffers, microfluidics could be applied. Microflu-
idics were already shown to be perfectly suited for sequential stainings and imaging which was
demonstrated by a recent example from Nir et al., where microfluidics were used to “walk” on
chromosome 19 within 21 rounds of sequential ASTORM and PAINT imaging (Nir et al. 2018).
Of course, not only single tumor suspension cells need to be quantified with dSTORM sensi-
tivity, but ultimately also slid tumor tissue. Hereby, other issues will arise considering efficient
antibody penetration of the sample, extensive background from other planes and enhanced
autofluorescence. To enable an improved antibody penetration, tissue clearing protocols like
CLARITY (Du et al. 2018, Chung et al. 2013) have been involved. Similarly to expansion mi-
croscopy, the tissue is covalently cross linked with formaldehyde and hydrogel monomers
which allows its incorporation into a hydrogel mesh after polymerization. Instead of a digestion
step like in expansion microscopy, now an electric field is applied to the sample within an
electrophoretic tissue clearing (ETC) chamber to rigorously transport micelles into and lipids
out of the sample. Importantly, the fine structure is preserved because the prior crosslinked
biomolecules remain in place within the hydrogel meshwork. Following clearing, the sample
can be rapidly immunostained and after imaging the antibodies can efficiently be removed
again using detergents. This could consequently enable quantitative multi-color ASTORM im-
aging of solid tumor tissue like breast cancer or melanoma tissue.

Even if dASTORM analysis would be completely automatized, flow cytometry will probably re-
main the standard diagnostic method due to its enormous speed for higher expressed anti-
gens, albeit the severe lack in sensitivity could be demonstrated. Nevertheless, in cases of
uncertain antigen expression or no antigen detection via flow cytometry, dAISTORM can be an
indispensable tool for diagnostics within the clinics, especially in the field of personalized im-
munotherapy.

Although immunotherapies are nowadays widely used, there is still a lack of knowledge about
the precise mechanism of immune cell signaling and signal transduction between immune cells
(Rossy et al. 2013). Here, super-resolution microscopy could already shed some light on the
distribution of CD3 (Rossboth et al. 2018), the remodeling of the adaptor protein LAT upon
TCR activation (Sherman et al. 2011) or the formation of immunological synapses (Yakovian
et al. 2018, Hu, Cang and Lillemeier 2016). Unfortunately, although three-dimesional super-
resolution of whole e.g. interacting T-cells is urgently needed, conventional AISTORM is mostly
limited to 2D imaging due to the need of TIRF imaging for an ideal signal to noise ratio. Here,
3D-LLS dSTORM could provide the possibility of quantitative super-resolved 3D imaging of
whole cells. This can enable the visualization of the three dimensional interaction sides of a T-
cell and an antigen presenting cell or pave the way for investigations between the cytoskeleton
and membrane proteins on immune cells. Especially highly three-dimensional structures like

the reorganization of actin or tubulin upon antigen recognition could be beautifully addressed
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using this technique. It would be also interesting to compare the killing of various immunother-
apeutic approaches not only involving CAR T-cells, but also monoclonal antibodies, bispecific
T-cell-engaging antibodies (BiTes) (Frankel and Baeuerle 2013) or split T-cell engaging anti-
bodies (hemibodies) (Banaszek et al. 2019). Contrary to monoclonal antibodies and CARs,
BiTes are composed of two single chain antibodies directed against CD3 and a tumor associ-
ated antigen. Hence, BiTes induce the formation of an immunological synapse by simultane-
ous binding to a T-cell and a tumor cell expressing the targeted tumor associated antigen
resulting in the lysis of this cell. Similarly to CAR T-cells this response is also MHC-independ-
ent, bypassing immune escape mechanisms as well as complex T-cell regulations. Split anti-
bodies on the other hand address the issue of target antigen expression by non-tumor cells,
as this has already led to severe side effects (Hansel et al. 2010, Morgan 2013). Therefore,
the tri-specific antibody is halved, and each half (hemibody) consists out of an antigen binding
domain (scFv) and a heavy or light chain of a T-cell activating antibody directed against CD3.
Upon complementary hemibody binding to two different antigens in close vicinity, the light and
heavy domains associate and form a CD3 binding site to activate T-cells and induce tumor cell
lysis. Also here, the exact mechanism of the formation of the immunological synapse could not
be elucidated yet, due to current microscopic limitations which makes super-resolved 3D im-
aging of whole cells by 3D-LLS dSTORM extremely valuable.

Another less elaborate method used within this thesis to visualize whole cells at a resolution
of ~25 - 30 nm is 10x ExM (Truckenbrodt et al. 2018, Truckenbrodt et al. 2019). Here, there
would be no need for a measurement lasting for hours and an intensive post-processing to
render a final image like in 3D-LLS dSTORM. Within this thesis, it could be demonstrated that
both, adherent U20S and Jurkat T-cells, could be isotropically expanded tenfold. 10x ExM was
not only compatible with the imaging of standard intracellular targets like tubulin or mitochon-
dria using primary and secondary antibodies, but also with the imaging of plasma membrane
receptors labeled with directly conjugated primary antibodies. However, in 10x ExM CSLM was
not able to detect unclustered receptors stained solely with directly dye conjugated primary
antibodies. Signal amplification using biotinylated antibodies and streptavidin ATTO 643 on
the other hand could successfully visualize also unclustered receptors, even the heterodimer
CD11a. This demonstrates that after signal amplification even single antibodies can be visual-
ized using the 10x ExM protocol. Yet, it is very unclear how many antibodies are incorporated
into the hydrogel, although the NHS-reaction using AcX to link the antibodies into the gel
should be efficient. But unfortunately, it is also unknown if all acrydite groups are incorporated
into the gel. Hence, it would be very beneficial for the whole field of expansion microscopy if
this issue could be addressed.

Another strongly limiting step is besides the dye loss during gelation, the digestion by the un-

specific proteinase K which can decrease the signal by up to 50% causing detection problems,
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especially at high expansion factors (Truckenbrodt et al. 2019, Tillberg et al. 2016). Therefore,
if the remaining fluorescence may be too weak, a decrease in the digestion duration may pre-
serve the fluorescence signal. But when decreasing the digestion time, care has to be taken
to avoid artifacts by non isotropic expansion. Lastly, as in 10x ExM the signal density is diluted
tenfold in every dimension, which results in a 1000-fold decrease in signal density, it will be
substantial to equip all setups used for ExM with higher expansion factors with single molecule
sensitive cameras or photodetectors. This might enable the detection of even single into the
gel incorporated antibodies without signal amplification.

Due to these limitations, it is very unlikely that ExM will be used in the near future for quantita-
tive single molecule imaging, although the comparison of CD3 data coming from dSTORM
imaging of the basal membrane and 10x ExM was very surprising. According to the extrapo-
lated dSTORM data a Jurkat T-cell has on average 1440 + 1353 CD3-clusters on the mem-
brane surface, while in ExM on average 2017 + 130 CD3-clusters were counted. Considering
the unknown biotinylation degree of the antibodies, different antigen “counting” via IMARIS in
ExM and clustering with the DBSCAN in localization data, the small sample size in ExM, it is
difficult to really compare these results. Moreover, in case of CD2 and CD11a less receptors
were counted in ExM than in dSTORM making an interpretation of the data even more chal-
lenging.

Especially fascinating was the observation of CD2 dimers after staining with a biotinylated
antibody directed against CD2, signal amplification and subsequent tenfold expansion. First,
as already discussed, it is not expected that all antigens are labeled when using antibodies in
both, ExM and dSTORM. Second, both the biotinylation degree of the anti-CD2 antibody and
the incorporation effectivity of the antibody into the hydrogel are completely unknown. Third,
the digestion step by the unspecific proteinase K will also cleave before and after dye mole-
cules resulting in the loss of dyes (Truckenbrodt et al. 2019, Tillberg et al. 2016). Lastly, prob-
ably not all antibody labeled molecules will be detected due to insufficient sensitivity of the
used detector in CLSM and SIM.

Therefore, to address the label efficiency, it could be beneficial to use the fast and effective
labeling of tetrazine-modified dyes and trans-cyclooctene-lysine (TCO) via a strain-promoted
inverse electron-demanding Diels-Alder cycloaddition. Hereby, a requirement would be a site
directed mutagenesis in the protein of interest to introduce an amber stop codon and the trans-
fection with both, an unnatural tRNA-synthetase and the mutated protein sequence. Simulta-
neously, the unnatural amino acid is introduced which will be effectively incorporated into the
mutated protein. The TCO-modified proteins can then be stoichiometrically “clicked” by the
addition of tetrazine-modified dyes (Neubert et al. 2018, Beliu et al. 2019). Besides effective
labeling, the label size is a major advantage of using this click chemistry. Here, the dye is

directly labeled to the protein of interest resulting in the smallest possible linkage error.
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This approach could be adopted to label not only dimers like CD69, but also trimers like TNF
receptors (Cui et al. 2018), especially in comparison with antibodies. Due to stoichiometric
labeling, the signal will have to be amplified in 10x ExM as well which could be a major limita-
tion in this approach. Unfortunately, each amplification method will increase the label size
again, making a staining after expansion inevitable, especially at higher expansion factors.
Although protocols for tenfold and even twentyfold expansion by iterative ExM already exist, a
molecular resolution is not available yet which resulted in attempts to combine ExM with other
super-resolution methods. This combination might enable also the visualization of multimer-
ized receptors.

Due to no special photophysical requirements and no need for a switching buffer, STED was
first combined with ExM called EXSTED (Gao et al. 2018). Hereby, STED was solely applied
to fourfold expanded gels and further investigations will be needed to evaluate the compatibility
of STED with 10x or iterative ExM.

Recently, also the combination of fourfold ExM with dSTORM was reported (Xu et al. 2019),
although only a threefold expansion was provided due to slight shrinking caused by the applied
switching buffer. Hence, the authors claim to achieve an impressive lateral resolution of up to
10 nm in mouse spermatocytes. Of course, also in this case the combination with higher ex-
pansion factors would be highly interesting to push the resolution even below 10 nm to ap-
proach a molecular resolution. However, as already discussed, the label and the label size

itself will have to be carefully considered.
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4.2 Expansion microscopy of pathogens

Within the second part of this thesis it could be demonstrated that expansion microscopy was
successfully extended to visualize not only bacterial, but also fungal pathogens. Even more
important, we could open a new field of potential target molecules in expansion microscopy by
the introduction of an amine into a Ce-ceramide.

First, fourfold expansion microscopy was established to investigate the infection by C. tracho-
matis. We could demonstrate that ExM is applicable to this gram-negative bacterium, although
these bacteria possess a complex cell envelope. ExM could also be applied to the closely
related pathogen S. negevensis, while N. gonorrhoeae required an additional treatment with
lysozyme for isotropic expansion. This is in conformity with expansion microscopy experiments
involving other bacteria like Salmonella which also necessitated lysozyme treatment (Lim et
al. 2019). Hence, C. trachomatis was an ideal first bacterial pathogen to establish ExM. We
could also demonstrate a highly important benefit delivered by the fourfold expansion and con-
sequently improved resolution. Upon expansion, single Chlamydia were detectable, even with
obvious size differences resulting in the hypothesis that these different sized single Chlamydia
might be infectious EBs and metabolic active RBs. This hypothesis could be confirmed after
fourfold expansion of the Chlamydia strain Ct mCh(GroL2) GFP(OmcALZ2), where mCherry
was under the control of the RB-associated constitutive groESL operon promoter and GFP
was controlled by the EB-associated omc promoter. Hereby, it could clearly be confirmed that
all big RBs expressed mCherry while all small Chlamydia expressed GFP. As these size dif-
ferences are not visible in standard confocal or SIM imaging, ExM paves the way to investiga-
tions of the two chlamydial forms at different infection stages under chosen conditions. More-
over, ExM offers the possibility to study the secretion of effector proteins like CPAF in single
Chlamydia.

After demonstrating the compatibility of fourfold ExM with C. trachomatis, we extended the
expansion factor and also the applicability of ExM to lipids. Hereby, we successfully synthe-
sized an amino-modified a-NH2-w-Ns-Cs-ceramide which allowed not only the staining via a
SPAAC-reaction, but also the fixation and consequently also the expansion exploiting this new
primary amine. Our new ceramide was strongly incorporated into cell organelles and into the
plasma membrane, similarly to the control without amine modification, indicating an unper-
turbed uptake by the cell. First, we could demonstrate strongly enhanced fixation properties of
the amino-modified ceramide compared to the conventional ceramide in FRAP experiments.
This was already a big improvement as most lipids do not bear a primary amine making them
unfixable. The introduction of this amine enabled an efficient fixation resulting in an only mild

signal decrease upon detergent exposure, while the unmodified ceramide was washed out.
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We hypothesize that this fixation might also enable SMLM experiments, but this has to be
verified in the future.

Next, we successfully tested our compound in fourfold and tenfold ExM which clearly confirmed
our hypothesis that a single primary amine enables the incorporation into the hydrogel used in
ExM. The exact mechanism how glutaraldehyde can enable both the fixation and expansion
with only one primary amine is not entirely clear. Chozinski et al. reason that glutaraldehyde is
present in aqueous solutions in an equilibrium between monomeric and polymeric forms which
contain aldehyde and alkene groups (Chozinski et al. 2016, Migneault et al. 2004). Both of
these groups on glutaraldehyde could be covalently incorporated into the polyacrylamide gel.
Other possible mechanisms involve linking of the glutaraldehyde polymer to the gel by entan-
glement with the polymers (Kim and Park 2004) or even a combination of covalent and entan-
glement mechanisms. Albeit we cannot clearly quantify how many ceramides are incorporated,
these experiments provide first strategies to adapt ExM for any target molecule, even if it does
not bear a primary amine. Here, correlative studies using dSTORM might answer these ques-
tions, although highly dense targets like ceramides might require several adjustments for suc-
cessful dASTORM imaging. However, the ceramides localized mostly within the cells’ orga-
nelles, comparable to non expanded samples in both four- and tenfold ExM, excluding most
artifacts. Moreover, we could also expand lipids of the plasma membrane in general for the
first time, as mCling labeled with ATTO 643 could efficiently be used in ExM.

We also investigated the highly efficient ceramide uptake during infection by C. trachomatis
and S. negevensis using ExM in combination with SIM providing a lateral resolution of at least
15 nm. This uptake could be inhibited in case of C. trachomatis by the CERT specific inhibitor
HPA-12, although a potent inhibition could only be demonstrated for ceramide incubations of
maximum 15 minutes. This clearly indicates at least one other pathway for ceramide uptake,
which is independent of the CERT. A potential pathway could be vesicle trafficking from the
Golgi-apparatus (Zeidan and Hannun 2007) which is affirmed by reports involving InCE. These
studies hypothesized that IncE could mediate the disruption of retromer trafficking which me-
diates the vesicle trafficking between endosomes and the trans Golgi-apparatus (Elwell et al.
2017). To address this question, an additional vesicle staining might help to answer this ques-
tion.

Moreover, also the chlamydial ceramide uptake mediated by CERT is not entirely clear, alt-
hough it is known that IncD hijackes CERT and therefore colocalizes with CERT at the inclu-
sion membrane. The lipid transfer itself is then mediated by the interaction with vesicles pre-
sent in the ER and the protein VAPB into the chlamydial inclusion. The exact mechanism of
ceramide distribution into single Chlamydia resident within the inclusion remains to be investi-
gated. Interestingly, there are speculations that ceramides might be taken up by a T3SS, sim-

ilarly to the nanotube formation of E. coli, to extract nutrients from its host (Pal et al. 2019).
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Hereby, the T3SS might act as needle to connect Chlamydia present at the inclusion mem-
brane to the host as demonstrated in EM-studies (Nans et al. 2015). Such assumptions are
affirmed by frequent observations from us and others that RBs often localize in close vicinity
to the inclusion membrane, presumably to gain nutrients (Elwell et al. 2011) and as a part of
chlamydial development (Hoare et al. 2008).

As already demonstrated, we could clearly distinguish EBs and RBs by fourfold ExM just by
the size of single Chlamydia (Kunz et al. 2019). Interestingly, after tenfold expansion, we could
detect even more size differences within the chlamydial population. We assume that these
other sized Chlamydia are intermediate bodies (IM) and Chlamydia which are converting from
RBs to EBs. This categorization was only recently possible using serial block face scanning
microscopy (Lee et al. 2018). As this method is extremely time consuming with an average
acquisition time of ~25 hours for each 3D-image and additional post processing, 10x ExM is
here again an attractive alternative. Using this method, the complete life cycle after various
time points following infection can be investigated with respect to the different developmental
forms of C. trachomatis. Especially interesting would be the depletion of nutrients and its im-
pact on the ratio of RBs and EBs as the depletion of nutrients normally results in the transition
to aberrant, reproductively impaired RBs, similarly to antibiotics treatment (Wyrick 2010).
Here, even two other proteins of interest can be localized to single Chlamydia during infection
additionally to a Chlamydia staining to shed light on the interaction between the host and path-
ogen. We also applied 10x ExM to study the interaction between C. trachomatis and mitochon-
dria. Hereby, we could successfully visualize the mitochondrial reorganization at a resolution
only exceeded by electron microscopy. This allowed us to demonstrate direct interactions be-
tween mitochondria arranged around the inclusion and the chlamydial inclusion. It is expected
that this rearrangement serves C. trachomatis to gain nutrients, similarly to the fragmentation
of the Golgi-apparatus which is required for spingholipid transport to the inclusion (Saka and
Valdivia 2010).

We could even frequently detect the mitochondrial matrix protein Prx3 within single bacteria,
which suggests an unspecific protein uptake by Chlamydia. Unfortunately, only speculations
can be made about the mechanism of this uptake as in the case of the ceramides previously.
This detection of mitochondrial proteins seems certainly reasonable because NAD(P)H could
already be detected at and within the inclusion (Szaszék et al. 2011).

However, not only the interaction between the host and pathogen can be visualized at a supe-
rior resolution, but also the interaction between two pathogens. An interesting model would be
a coinfection with Chlamydia trachomatis and Neisseria gonorrhoeae because these two po-
tentially occur together (Guy et al. 2015). This coinfection is poorly understood, although math-
ematical models estimate the occurrence of coinfections are too high to be random (Althaus

et al. 2014) assuming an active interplay between these pathogens (Leonard et al. 2019).
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Finally, we could resolve the inner and outer bacterial membrane and demonstrate a ceramide
integration into both membranes making use of the resolution power of 10x ExM-SIM which
would barely be possible with any other light microscopy method. This allowed us to determine
the mean distance between these membranes to 30 £ 9.2 nm in agreement with data coming
from electron microscopy (Asmar et al. 2017). This again raises questions about the exact
mechanism of the ceramide transport from the inclusion membrane to single Chlamydia and
also about the importance of ceramides for C. trachomatis.

Moreover, it would be highly interesting to modify other ceramides or even lipids in general
with an azide and an amine to investigate if also other lipids are integrated as well into both
bacterial membranes.

Furthermore, a factor limiting the function of antibiotics is often their poor penetration of bac-
terial membranes. As our new compound in combination with ExM enabled the visualization
of the bacterial double membrane, ExM could be a highly relevant tool for the development of
antibiotics, especially against multidrug-resistant bacteria (Ghai and Ghai 2018). We further
assume that not only bacterial infections but possibly viral infections might be investigated
using the resolution power of ExM in the near future. Ultimately, it could also be attempted to
incubate, possibly even by C. trachomatis infected, living tissue in our new ceramide com-
pound. If successful, this would enable the visualization of a bacterial infection under more
realistic conditions and to track the ceramide metabolism.

When thinking about the only poorly investigated infection by S. negevensis also a lot of open
guestions remain. Using ExM the developmental cycle could be tracked in more detail after
different durations of infection, again with respect to the different developmental forms. It is
also known that S. negevensis remodels mitochondria and the entire cellular ER, possibly in-
volving inclusion membrane like proteins (sinc) which could establish and control the ER-vac-
uole sites (Mehlitz et al. 2014). In both cases, ExM would be an ideal tool for further investiga-
tions.

Within this work not only the expansion of bacterial, but also of fungal pathogens was estab-
lished. In this proof of principle study we expanded protoplasts and sporidia of the basidiomy-
cete U. maydis and hyphae of the two ascomycetes F.oxysporum and A. fumigatus by a factor
of ~4.5, boosting the resolution to ~60 nm (Chen et al. 2015) and in combination with SIM to
estimated even ~30 nm. The most crucial step was hereby the enzymatic degradation of the
fungal cell wall using a mixture of driselase, chitinase and lysing enzyme of T. harzanium. If
this digestion was skipped, or, in case of F.oxysporum, a too long germination time was al-
lowed, this resulted in an impeded cell wall digestion and the sample was either not expanded
or solely partially. Hence, especially when working with fungi, care has to be taken to avoid
artifacts caused by incomplete expansion and the cell wall digestion should be optimized for

each new fungus, ideally confirmed by an additional Calcofluor white staining. If the cell wall
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digestion is not successful, the incubation temperature, the medium or the germination might
need to be adjusted, as these parameters strongly influence the cell wall composition in yeasts
(Terpitz et al. 2012) and filamentous fungi (Reilly and Doering 2010, Li et al. 2017). However,
under suitable conditions the cell wall was efficiently removed and labeled fungal cytoskeleton,
histones, mitochondria, membrane proteins and even the cell membrane itself could be ex-
panded. An important part of our protocol is that the cell wall degradation can be applied to
either living cells producing protoplasts or in fixed cells to visualize the naive fungus. Upon
applying SIM to fourfold expanded F. oxysporum, even different dense histone regions became
apparent and also actin fibres could be better visualized. Also in case of A. fumigatus the
benefit of ExXM was shown by the improved separation of single mitochondria. When working
with small fungi like in these experiments, EXM provides a substantial resolution improvement
without the need for sophisticated SMLM setups. The importance of the right fluorophore
choice was also obvious in the case of mRFP expressed by A. fumigatus, as RFP suffers
strongly from the digestion step making only short proteinase K incubations necessary. To
improve this signal, other more stable fluorescent proteins like mCherry or tdTomato could be
used (Tillberg et al. 2016) which would be even more crucial when thinking about tenfold ex-
pansion of fungi. Although in principle possible, fungi always exhibited relatively weak fluores-
cence signals making a 1000-fold signal dilution more challenging for image acquisition. Thus,
similarly to the receptor expansion part, signal amplification might solve this issue. The inter-
actions between A. fumigatus and natural killer cells could be investigated more in detail in the
future. Activated NK-cells release granzymes and perforin to damage the hyphae. Involved in
this activation is CD56 which was demonstrated to accumulate at the interaction site in de-
pendence of actin (Ziegler et al. 2017). As blocking of CD56 did not fully inhibit NK-cell activa-
tion, this suggests that also other molecules might be involved in NK-cell activation by A. fu-
migatus. Due to the highly three-dimensional nature of these interaction sides, both fourfold
and tenfold ExM with its high lateral and also high axial resolution might be suitable methods
to further study these interactions.

Although the applicability of ExM could be extended within this thesis, many problems con-
cerning ExM still need to be addressed. One of the most limiting steps is the dye loss during
proteinase K digestion which is caused by cutting out dyes conjugated to antibodies. Here, not
only the digestions times can be minimized according to the target structure, but also labels
resistant to such digestions or milder proteinases could improve this issue. Other, ultimately
resolution limiting problems are the unknown density and possible nanoscale heterogeneity
within the hydrogel mesh caused by the radical polymerization (Orakdogen and Okay 2006, Di
Lorenzo and Seiffert 2015). Hence, Gao et al. (Gao et al. 2019) recently introduced a “tetra-
gel” composed of tetra polyethylene glycol monomers which was shown to form a diamond

lattice like meshwork with high structural homogeneity (Sakai et al. 2008). The gel is then
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4.2 Expansion microscopy of pathogens

formed by a click chemistry based and not radical involving linking of two complementary tet-
rahedral monomers. Similarly to the proExM protocol (Tillberg et al. 2016), a NHS-reaction is
used as sample linker, albeit here the compound NHS-azide is applied instead of NHS-AcX
which reacts with the alkynes of the tetrahedral monomers. Tetragels result in optically trans-
parent gels with possible expansion factors of 3.0 - 3.5 and in combination with iterative ExM
expansion factors of ~10 are possible. Another crucial advantage of this approach is the avoid-
ance of a radical reaction making the use of cyanines like Alexa Fluor 647 possible which might
facilitate the combination with dSTORM in the future. In this study, the improved homogeneity
of the expanded gels could be demonstrated by a significantly decreased deviation from the
circular shape of the herpes simplex virus type 1 (Gao et al. 2019). One other possibility to
introduce Alexa Fluor 647 or to label structures in general could be a post-expansion labeling
procedure according to the MAP (Ku et al. 2016) or U-ExM protocol (Gambarotto et al. 2019).
In these protocols the sample is embedded into the hydrogel, the proteins are denatured by
SDS and boiled followed by an immunostaining. This procedure results in a smaller linkage
error due to the post-expansion labeling compared to other ExM protocols and a reduced dye
loss during gelation and digestion. Moreover, even new epitopes might get accessible due to
the denaturation step (Gambarotto et al. 2019). However, not all antibodies will recognize de-
natured epitopes and it could not be shown yet that denaturation is sufficient for higher expan-
sion factors than four.

Of course, after the development of ExM from a fourfold to a ten- and even twentyfold expan-
sion, even higher expansion factors will follow. The most straight forward approach would
probably be the combination of 10x ExM with iterative ExM. Even if a 10x monomer solution
with the additional crosslinker N,N'-(1,2-dihydroxyethylene) bisacrylamide (DHEBA) would not
be compatible, at least the second monomer solution in iterative ExM could be replaced by a
10x monomer solution resulting in an expansion factor of ~45 and a potential resolution of ~5
nm. Again, the combination with SIM could push the resolution even further, close to MINFLUX
(Balzarotti et al. 2017) with a resolution of few nanometers or electron microscopy. After ap-
plying such expansion factors, not only dimers like CD69, as described in the previous section,
but also ringforming protein complexes like the mitochondrial inner membrane proteins prohib-
itin 1 and 2 with a diameter of 20 - 25 nm (Merkwirth and Langer 2009) or alternating a- and
B-tubulin monomers with a distance of ~6 - 8 nm (Kalra et al. 2019, Kononova et al. 2014)
could be resolvable.

As already discussed, at high expansion factors alternatives for the big immunolabeling with
17.5 nm (Chang et al. 2017) and a resulting linkage error of 175 nm after tenfold expansion
will be indispensable. Hence, our newly introduced a-NH2-w-N3-Ce-ceramide is also attractive

for ExM due to the negligible linkage error cause by the DBCO-azide SPAAC-reaction.
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4 Discussion and outlook

With increasing expansion factors of course also the size of the gel itself is drastically increas-
ing. Already at an expansion factor of ten a conventional U20S cell will grow to a size of 200
pm which already is problematic to image due to the imageable region limited by the chip size
of the detector. With an increasing region of interest also the imaging duration drastically in-
creases in ExM, especially in whole cell imaging. A possible solution for this issue could be the
use of a LLS which would accelerate the imaging and also decrease photodamage. However,
also here the sample size will ultimately be a limiting factor when thinking of tissue or whole
organs.

Hence, an important consideration for each ExM experiment has to be the required resolution
to avoid unnecessary, time consuming imaging of huge regions of interest. Recently, a method
termed ZOOM (Park et al. 2019) was introduced to tune the expansion factor according to the
needs of the experiment and to balance the required expansion and the necessary time for
imaging. Hereby, the sample is embedded into an electrically neutral gel and then primary
amides are hydrolyzed at 80°C to ionic carboxylates. This hydrolysis controls the amount of
negative charges and the achievable expansion factor from two to maximal eight. ZOOM was
demonstrated to be applicable to cell lines, bacteria and even human samples from a Parkin-
son’s disease patient making ZOOM a highly versatile and tunable expansion microscopy
method.

Overall, this thesis provides several advancements within the field of super-resolved quantita-
tive single and multi-color imaging as well as whole cell imaging. The quantitative approaches
were successfully applied to three clinically relevant projects and the superior sensitivity of
dSTORM compared to flow cytometry was confirmed for a second antigen, CD20. Hopefully,
more ultra-low expressed antigens can be identified to improve immunotherapy in the future.
Additionally, ExM was established for the investigation of bacterial and fungal infections. Both
will be of huge interest to these fields, as this enables the detailed tracking of distinct develop-
mental forms of bacteria and introduces super-resolution imaging to a wider audience. Lastly,
we could also extend the possible target molecules for ExM by the introduction of a primary
amine into a Cs-ceramide. Furthermore, this amine also enables an efficient ceramide fixation,

making other SMLM methods feasible.
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