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Molecular Mechanisms of Lymphocyte Activation

Anna Helena Lippert

The underlying mechanism of lymphocyte triggering is still not fully understood, but the
kinetic-segregation (KS) model of receptor triggering in T cells has been supported by several
recent studies. This model proposes that the small gap between an antigen-presenting cell
and an immune cell excludes large, inhibitory phosphatases, causing cell signalling. This
work examines lymphocyte signalling phenomena in the light of the KS model. Single-
molecule and bulk experiments explore how the gap size between immune cells and a surface
affects the behaviour of important signalling proteins. The first part of this thesis investigates
whether the KS model explains the signalling-related epi-phenomena of superagonism.
Experiments show that contacts mediated by highly potent superagonistic antibodies increase
the exclusion of phosphatases. These changes are gap-size dependent and, complemented by
T cell stimulation assays, support the role of phosphatase exclusion in superagonistic T cell
activation predicted by the KS model. This signalling principle is likely to be generalisable to
other tyrosine kinase-dependent receptors, including immune checkpoints. The second part of
the thesis asks whether the KS mechanism might activate other immunoreceptors. This work
focuses on the B cell receptor (BCR), which as a large, bivalent immunoreceptor poses its own
challenges to the KS model. Functional activation assays and three-color imaging reveal a
link between size-dependent phosphatase exclusion and B cell activation, providing evidence
for KS as a general activation mechanism in lymphocytes. Finally, stiffness-dependent T cell
activation is explored. While substrate stiffness is known to influence T cell activation, studies
are typically performed on glass, which is orders of magnitude stiffer than any substrate in
vivo. This work introduces a new platform for single-molecule imaging on bilayers supported
by substrates with variable stiffness. Early T cell activation markers show a correlation
between stiffness and sustained signalling. This platform enables future experiments to study
the underlying mechanism of stiffness-dependent lymphocyte activation. As a whole, this
thesis shows how physical parameters like gap-size and substrate stiffness can influence
lymphocyte activation. Thus, it enhances our general understanding of lymphocyte activation
and motivates antibody design for immunotherapy as well as close-to-physiological signalling
studies.
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Chapter 1

Thesis Overview

This thesis is divided into three main parts, all of which investigate different aspects of
lymphocyte signalling. The first chapters provide a basic introduction to immunology and
microscopy. The fourth chapter will then examine the molecular basis of the superagonism
phenomenon. It is well known that certain antibodies, so called superagonistic antibodies,
trigger immune cells very potently and without the usual requirement of T cell receptor
(TCR) costimulation and engagement. In this context key tenets of the emerging model
for T cell triggering, the Kinetic-segregation model, will be tested for their applicability on
superagonistic activation of T cells. The model assumes that exclusion of large inhibitory
proteins leads to T cell signalling. To this end, 2-color fluorescence microscopy and single
particle tracking was employed to relate changes of inhibitory protein distributions to the
locations of superagonistic and conventional antibodies. Here, experiments modifying
phosphatase- and antibody-size revealed a link between phosphatase exclusion and T cell
signalling. The fifth chapter examines B cell receptor triggering and whether it follows the
kinetic-segregation model. Here, experiments using ligands of various heights as well as
the expression of shortened and wild type inhibitory proteins are used to show that BCR
triggering agrees with key assumptions of the KS model. The sixth chapter studies the
interesting phenomenon that T cell signalling is surface stiffness dependent, with stiffer
surfaces leading to stronger triggering behaviour. Using a novel method to form bilayers on
gels of various stiffness, cell triggering and simultaneous phosphatase exclusion are studied.
Experiments showed that phosphatase exclusion is evident on stiff and soft surfaces, while
triggering is incomplete on soft surfaces. It seems that phosphatase exclusion is necessary for
TCR triggering but not sufficient to induce T cell activation, where other stiffness dependent
mechanisms seem to be required.





Chapter 2

Introduction to Imaging

2.1 Brief Overview of Cell Biology

Life, in the most abstract sense, is the consumption of energy to retain an imbalance in
entropy [1]. To maintain this gradient, all living organisms down to single cells have barriers,
so called plasma membranes, which separate the inside, intracellular, from the outside, the
extracellular. While the membrane itself consists of lipids, with hydrophilic and hydrophobic
parts, assembling into leaflets, where the hydrophobic core prohibits the exchange of large
or charged molecules, it is also abundantly populated with proteins. These proteins fulfill a
multitude of functions. They act as channels, transporters, receptors and form parts of various
adhesion and signalling machineries. The membrane serves therefore both as separator,
maintaining gradients, as well as communication platform to the outside.
Thereby is the distribution of proteins in the membrane vital to key cellular functions and
the assembly of proteins often initiates signalling cascades. Consequently there has been a
keen interest in the understanding of the plasma membrane and the dynamics of membrane
proteins. Since the formulation of the fluid-mosaic model by Singer and Nicolson [2], many
modifications have been made to the model of the plasma membrane. The most famous of
them is probably the "Picket-Fence" model. Single-particle tracking experiments revealed
that proteins and lipids in the cell membrane become locally "trapped" and followed a "hop
diffusion" behaviour, where they seem to "hop" from one compartment in the membrane to
another. This was shown to be related to the cytoskeleton, a complicated, dynamic network
of fibres inside the cell. It consists of different filaments, like microtubuli, actin and other
intermediate filaments and is responsible for cell shape, signalling, mobility, division, as
well as transport of intracellular cargo and membrane proteins. This network introduced
diffusional barriers to proteins and lipids, regulating their distribution along the membrane
[3–5]. However, the Picket-Fence model has been repeatedly revised further and factors,
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like lipid phase separation and the possibility of lipid rafts added. While the movement
of membrane proteins can be influenced through the cytoskeleton, lipid viscosity, protein
density and many other factors, so can vice versa signalling of receptors in the membrane
lead to restructuring of the cytoskeleton.
Interestingly, some membrane proteins nevertheless display pure Brownian diffusion which
can be changed upon signalling events. Therefore, understanding how proteins diffuse
and assemble can provide further insights into underlying mechanisms of many receptor
signalling pathways.

2.2 Introduction to Fluorescence Microscopy

2.2.1 Principles of Microscopy

The quote from Richard Feynman "It is very easy to answer many of these fundamental
biological questions; you just look at the thing!" eloquently illustrates the challenge in
answering many biological questions. The mechanisms of interest and its key players are
smaller than our bare eye can detect. Eukaryotic cells for example have a diameter of around
10 µm, which is still one order of magnitude smaller than is visible with the naked eye. With
this in mind, the invention and commercialisation of microscopes since the first microscopes
of Hans and Zacharias Jansen led to the discovery of many biological specimen like cells and
bacteria. Since then, many advances in lens fabrication and imaging technique contributed
to an improvement of magnification, contrast and image quality. However, any modern
infinity-corrected microscope still consists of the same basic elements, as shown in Figure
2.1: an objective, which collects light from the specimen placed in the front focal plane, a
tube lens which focuses the parallel beams forming an image in the intermediate image plane
and an eye-piece or a camera. Here, the camera is placed in the image plane to collect the
light while the eye piece acts as magnifying glass and projects the image in the intermediate
plane onto the retina.
Here, the useful range of magnifications in order to resolve fine details while not introduc-
ing artefacts through over-magnification is defined by the numerical aperture (NA) of the
objective, a measure of the cone of light entering the objective. When light interacts with
a sample it diffracts, and, as shown in the single slit experiment, the smaller the object the
more pronounced the diffraction of light. Large diffraction angles therefore correspond
to high spatial frequencies. In order to magnify small objects the angle of the light cone
should therefore be maximised to gather the most spatial frequencies. The maximum angle
α at which light can be collected from in a medium with refractive index n is given by the
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Fig. 2.1 Infinity-corrected microscope lightpath. Object is magnified through a combination
of lenses. The light from the object, which is placed in the focal plane of the objective, is
collected by the objective and the parallel light then focused by the tube lens to form an
inverted image in the intermediate image plane. The eye piece then acts as magnifying glass
and projects the image of the intermediate plane onto the retina.

numerical aperture NA with:
NA = n sin(α) .

Therefore, while a combination of matching refractive indexes in the collection path can
achieve high NA, the projection of the image is still not the exact counterpart of the object.
Even a perfect lens, due to the mentioned diffraction, projects a point emitter source to an
Airy-disc pattern with intensity fluctuations described by the point spread function (PSF).
This blurring of each emitter limits the precision of the recovered image. The minimal
distance between two emitters that can be resolved, the resolution of the optical system, is
defined as:

d = 0.66
λ

2NA
derived from fundamental diffraction limit formulated by Abbe 1873 [6].
Since then, microscopy advanced greatly and transmittance or differential interference
microscopy (DIC) could provide more insights into physical parameters like size or refractive
index of specimen. However, identifying specific proteins was not possible until the discovery
and exploitation of fluorescence in biology.
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Fig. 2.2 Principles of Fluorescence. A) Simplified Jablonski diagram illustrating absorption
of photons (blue) exciting an electron from the ground state S0 to an excited state. Through
vibrational relaxation the electron relaxes non-radiatively (orange) to S1 and can either
undergo non-radiative decay, fluorescence (green) or intersystem crossing to the triplet state
T1 to relax to the ground state S0. B) Example emission (green) and excitation (blue) spectra
illustrating the Stokes shift.

2.2.2 Principles of Fluorescence

The imaging of protein organisation in live cells using fluorescence emerged with the
discovery of the green fluorescent protein (GFP) [7]. This enabled the labelling and imaging
of specific proteins within a sea of other proteins, giving insights into protein dynamics, their
location and interactions with other proteins.
Upon illumination, a fluorophore can absorb energy in form of photons when the energy of
the photon(s) matches the energy difference between the ground and an excited state (see Fig.
2.2). Here, there are many quantised electronic, vibrational and rotational states available.
After excitation, the molecule stays in an excited state typically for a nanosecond lifetime [8]
after which it relaxes back to the ground state. This relaxation can occur via non-radiative
or radiative decay, where the molecule either emits a photon or undergoes spin-inversion
entering a long-lived triplet state. The fast vibrational, non-radiative relaxation from the
excited state to the lowest excited state leads to an energy loss. Upon full relaxation to the
ground state the emitted photon will have less energy than the absorbed photon. This energy
shift is called the Stokes-shift and allows the distinction of absorbed and emitted light due to
the wavelength shift [8]. This principle enables fluorescence microscopy and the next section
will introduce different modes of fluorescence microscopy.
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Fig. 2.3 Illumination paths in important fluorescence microscopes. A) Epi-fluorescence
microscopy. B) Total-internal reflection microscopy. C) Confocal microscopy

2.2.3 Sample Illumination in fluorescence microscopy: Epi, Confocal
and Total-Internal Reflection (TIRF)

The basis of every fluorescence microscope is the dichroic mirror which allows, due to its
coating, the wavelength-dependent reflection or transmission of incoming light. It is used to
direct the excitation light through the objective onto the sample and the emitted light onto the
detector or camera. This already describes the basic design of an epi-fluorescence microscope
as shown in Figure 2.3 A. The excitation beam is focused onto the back-focal plane of the
objective, creating parallel rays of light illuminating the sample, this is called "Köhler
illumination". Consequently, the extended excitation volume allows for the illumination and
observation of large samples and is therefore associated with high background fluorescence
through scattering, excitation of fluorophores outside the focal plane or autofluorescence of
the sample.

TIRF To minimise the excitation volume and therefore increase the signal-to-noise ratio
(SNR), Axelrod used total-internal reflection to create an evanescent wave emerging from
the glass water interface [9, 10].
In order to create TIRF illumination, as shown in Figure 2.3B, the excitation light should hit

the cover glass at an angle greater than the critical angle (see Fig. 2.4). Under these condi-
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Fig. 2.4 Snell’s law and the principle of total internal reflection. Illustration of Snell’s law on
diffraction and reflection (left) and total internal reflection creating an evanescent field.

tions the light is reflected off the upper surface of the cover glass, creating a non-propagating
evanescent field which only illuminates a thin slice of the sample [9]. Total internal reflection
can occur when the refractive index n at an interface between two media (n1,n2) is decreasing
as for example when light traverses through a glass-water interface (n1 > n2) (see Fig. 2.4).
With Snell’s law of refraction stating that:

n1sin(θ1) = n2sin(θ2) , (2.1)

with θ1 being the angle of incidence, the critical angle θcrit for reflection is set to

θcrit = sin−1(
n2

n1
). (2.2)

Described by the Maxwell equations, the direction of light cannot change infinitesimally
abruptly which leads to a non-propagating, evanescent field at the glass water interface,
penetrating the sample a couple of hundred nanometres with an energy profile of

Iz = Ioe−
z
d (2.3)

and the penetration depth d as:

d =
λ

4π

√
n2

1sin2(θ)−n2
2

. (2.4)

For a glass water interface θcrit = 63.8° and yields under 488 nm illumination a penetration
depth d of 220 nm. This small penetration depth allows selective imaging of fluorophores
close to the glass surface, leading to a high SNR due to the reduced background [11]. This
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high SNR in combination with high sensitivity electron-multiplying charge-coupled devices
(EMCCD) allows the detection of the signal from a single fluorophore (∼ 105 total emitted
photons per GFP [12]) inside live cells [10]. TIRF microscopy is therefore an ideal method
to visualise single molecules on the cell membrane, performing live cell imaging with a high
signal-to-noise ratio and low phototoxicity at diffraction limited resolution over a long time
[9, 10].

Confocal microscopy While TIRF microscopy is a great tool to visualise proteins close
to a surface, it limits the imaging of 3D structures away from the surface. Here, confocal
microscopy offers the possibility to increase the SNR away from a surface. As shown in
Figure 2.3, the excitation light is focused to form a small confocal volume (∼0.5x0.7x0.5µm),
minimising the number of excited fluorophores. A pinhole in the emission path additionally
reflects fluorescence from out-of-focus planes passing only light originating from the confocal
volume. Consequently, every position of the confocal volume yields one intensity signal and
the sample needs to be scanned to form an image.
To be able to collect fluorescence from a sample, or even only selected single molecules on
cells, these proteins of interest have to be labelled with fluorophores. The next section will
introduce various methods to fluorescently label proteins.

2.2.4 Protein labelling

The specific attachment of a fluorophore to a protein of interest is not a trivial task; Figure
2.5 summarises the various labelling methods performed in this thesis.

Fusion proteins The discovery of the green-fluorescent protein (GFP) in the jellyfish
Aequorea victoria [7] motivated genetic modifications yielding a wide array of fluorescent
proteins suitable to study mammalian and other cells through the expression of fusion proteins
[13]. Attaching the sequence of the fluorescent protein to the protein of interest enables the
direct expression of labelled fusion proteins. However, while this was thought to enable
the monitoring of every expressed fusion protein, factors like chromophore maturation time
and protein folding reduce the amount of fluorescent fusion proteins. Moreover, labelling
proteins with fluorescent proteins, which are at around ∼25 kDa in the range of 4.5 nm
[13, 14], has been shown to potentially influence protein folding, localisation, dynamics and
functionality [15–17]. This, together with the properties of fluorescent proteins, which are
inferior to organic dyes concerning their quantum yield, extinction coefficients and photo
stability, motivated the search for other methods in order to label proteins with organic dyes.



10 Introduction to Imaging

Fig. 2.5 Overview of methods employed in this thesis to label proteins of interest. Shown
are schematic illustrations of the used labelling methods: an antibody with its Fragmented
antibody (Fab), hinge and Fragment crystallisable (Fc) regions, a Halo tag, the fluorescent
protein mEos and the fluorescent dye TMR. Illustration are to scale.

2.2.5 Fluorescent dyes

Single-molecule imaging requires the tracking of a single fluorophore over multiple frames,
while being able to localise its position with high precision, requiring a high number of pho-
tons N (localisation precision σ ∼ 1/

√
N [18]). Accordingly, properties like high quantum

yield, extinction coefficient and photostability, which define the amount of photons emitted
per fluorophore, are very important since even high NA objectives collect only about 1% of
all photons emitted by a fluorophore. The fluorescent dyes used in this thesis are described
in Table 2.1 and the following section will describe chemical reactions that enable the direct,
covalent attachment of dyes to proteins.

Dye λex(nm) λem(nm) ε(M−1cm−1) Φ τ(ns)

Alexa Fluor 488 495 519 73,000 0.92 4.1
Alexa Fluor 647 650 668 270,000 0.33 1

TMR 553 577 87,000 0.28 2.2
650-SiR 650 672 42,000 0.4 2.5

Cellmask Deep Red 649 666 73,000 0.92 4.1
mEos 3.2 (Red) 572 580 32,200 0.55 48.0

Table 2.1 Photophysical parameters of fluorophores used in this thesis. Table gives excitation
and emission wavelength (λex, λem), as well as extinction coefficient ε , quantum yield Φ and
lifetime τ for the organic dyes Alexa Fluor 488, 647, TMR, Cellmask Deep Red (values as
given by supplier), 650-Silicone Rhodamine (SiR) [19] and the fluorescent protein mEos
[20].
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Antibody labelling A widely-used tool to fluorescently label proteins are dye-coupled
antibodies that specifically target the protein of interest. As illustrated in Figure 2.5, they
consist of two heavy and two light chains, with constant and variable regions and are produced
by cells of the immune system to bind pathogens. The functional elements of antibodies
are two identical antigen binding fragments (Fab) which are connected via the hinge region
to the fragment crystallisable (Fc) region of the antibody. The two light chains consist of
one variable and one constant domain while each heavy chain is formed by one variable and
three or four constant domains. Since antibodies are relatively large in size (see Fig. 2.5),
they are not able to enter the cell, restricting labelling on live cells to extracellular proteins.
Moreover, since antibodies are bivalent in nature, they can cross-link target proteins and
therefore cause unwanted artefacts. To circumvent these problems, Fabs, the monovalent
region of the antibody are often used instead of whole antibodies. However, with only two
variable chains binding the target protein the effective off rate of Fabs is increased and limits
their use to short-term imaging. The Abs and Fabs used in this thesis were purified and
fluorescently labelled using random lysine labelling through a NHS Ester reaction. This
covalently binds the reactive group on the fluorophore to accessible lysines on the protein. In
some circumstances this random labelling is not desirable and the next section introduces
labelling methods which enable the specific labelling of a target protein through genetic
modification with organic dyes.

Fusion protein labelling with organic dyes Prominent examples of these methods are
SNAP- and Halo-tag systems. These borrow enzymatic linking processes found in the human
enzyme repair mechanism (SNAP) [21] and the haloalkane dehalogenase (DhaA) [22] from
a bacterium. Both protein tags catalyse their own covalent binding to their substrate, which
in this case are modified organic dyes. The genetic insertion of a SNAP or Halo tag to the
protein sequence therefore allows very specific positioning of the label, and even enables
intracellular labelling, since many dye conjugated Halo- or SNAP-tag substrates are able to
pass through the cell membrane. Furthermore, since the substrates are chemically different,
both labelling strategies can be employed simultaneously to label different proteins without
cross-reactions, allowing multi-colour imaging.

Photoconvertible fluorophores While multi-colour imaging can be very advantageous,
examining proteins at natural expression levels can complicate single-molecule imaging.
Here, expression levels are usually too high to enable optical resolution of single emitters.
Therefore another important discovery for live cell single-molecule tracking were photocon-
vertible or photoswitchable proteins. Upon illumination with a specific wavelength, these
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proteins can either be irreversibly converted or reversibly switched from one state into another
with different emission and excitation spectra. This allows the separation and observation of
the desired density of molecules through tuning the activation laser. These molecules can
then be excited with the excitation laser and imaged until they are bleached. The user can
therefore choose the density of visible proteins independently of expression levels, and the
signal-to-noise ratio versus trajectory length. In this thesis, mEos3.2 [20] was used to image
single proteins while maintaining previous expression levels. mEos belongs to the class of
photoconvertible proteins and converts irreversibly from a green to red emitting state upon
illumination with 405 nm light.

2.3 Diffusion Measurements

As already mentioned, the diffusion of proteins in the plasma membrane is influenced by
many factors like lipid viscosity, protein density, size of extracellular protein domains, as
well as intracellular interactions with other proteins. To characterize the dynamics of proteins
in the plasma membrane and gain insights into physical parameters like diffusion coefficients,
multiple methods have been developed. The following section will introduce two commonly
used approaches.

2.3.1 Single Particle Tracking (SPT)

Following the motion of single molecules to characterise their behaviour was introduced
1988 [23] when Gells et al preformed tracking of single proteins using interference contrast
imaging. After the first detection of single-molecule fluorescence by Orrit and Bernard
[24], fluorescence tracking was readily employed to track the motion of proteins [25] with
localisation precisions between 1-50 nm at time scales of 0.01-100 ms [26]. The following
section will provide a brief introduction to single-particle tracking.

Particle tracking

To perform particle tracking, a sequence of steps needs to be performed to recover particle
behaviour. The method used to track particles in this thesis is summarised in Figure 2.6.

Estimating particle positions As previously mentioned, emitted light from a single fluo-
rophore will be projected as an intensity distribution described by the point-spread function
(PSF). The true position of a uniformly emitting fluorophore can therefore be estimated by
fitting the image of the emitter to a PSF. In typical microscopes the PSF can be well described
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Fig. 2.6 Overview of the single particle tracking algorithm used in this thesis. A) Raw data of
a single molecule image. The Fourier-transform of the data is subjected to a band pass filter
(B) to reduce high and low spatial frequencies unrelated to the signal. Peaks are then selected
based on local SNR and spot size (C). The selected peaks are then connected via a nearest
neighbour algorithm linking the closest particle positions between consecutive frames (D) to
a trajectory (E). Figure adapted from [27].

by a 2D Gaussian function [28]. Here, the Cramer-Rao lower bound limit was derived to set
the theoretical limit of the localisation precision via microscope, sample and illumination
parameters [29]. In the simplest case, this limit can be expressed as:

σx,y ≥
s√
N

,

with the localization precision σx,y in x or y, the number of photons N and the standard
deviation s of the Gaussian fit to the intensity distribution of the emitter.
This limit, however, is rarely achieved in experiments because experimental data is inevitably
the sum of the fluorescence signal and noise, with the noise being partly background fluo-
rescence, shot noise and electronic noise like dark current or readout noise and additional
sample drift. The algorithm used in this thesis therefore firstly performs filtering steps to
reduce the noise [30].
As shown in Figure 2.6, the noise is reduced using band pass filtering of the Fourier-transform
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of the image which allows the removal of high spatial frequencies (which usually correspond
to noise) and low spatial frequencies (which usually originate from uneven illumination).
Particles are then detected by their local maxima, discriminating particles both by spot size
and local SNR. The position of selected peaks is then estimated by a 2D Gaussian fit. A
detailed description of the program used can be found in [27].

Linking positions to form tracks After the identification of all particle positions, they
need to be linked between consecutive frames to form particle trajectories. However, this
is a nontrivial task due to fluorophore blinking, focal and stage drift. This motivated the
development of multiple tracking algorithms. While no single algorithm is suitable for
all tracking conditions, image quality like SNR and particle density are a major factor in
recovering particle trajectories [31]. The program used in this thesis employs a nearest
neighbour approach, where particles are linked to their nearest neighbour if their distance
is within a user-defined limit. As Weimann et al showed using Monte-Carlo simulations,
this approach is able to recover 80% of particle trajectories at low particle densities, where
the average particle distance is 10 times larger than the average displacement of a particle
between frames [27]. If nevertheless the nearest-neighbor algorithm identifies multiple
candidates, the tracking program chooses the candidate which maximises the probability
distribution function of the jump-distance distribution, assuming non-interacting particles
undergoing Brownian motion. As shown in [32], the probability P(δ |τ) of a freely diffusing
particle with diffusion coefficient D to diffuse the distance δ over time τ is given with:

P(δ |τ) = 1
4πDτ

exp(− δ 2

4Dτ
) (2.5)

and yields the following for the trajectory configuration of N particle positions [32]:

P(δi|τ) = (
1

4πDτ
)Nexp(−

n

∑
i=1

δ 2
i

4Dτ
) .

Analysing tracks

Once the particle trajectories are recovered, there are multiple methods available to analyse
the behaviour of the proteins to gather diffusion coefficients.

Mean Square Displacement (MSD) A commonly employed method to describe the diffu-
sion of a particle is via the mean square displacement (MSD). Plotting MSD for a given time
lag ∆t gives insight into the type of diffusion (Brownian, anomalous or directed transport)
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Fig. 2.7 Overview of single particle tracking analysis using either mean square displacement
(MSD) or jump-distance distribution (JD) analysis. From the particle track (a), the trajectory
can be either analysed using MSD (top) or JD analysis (bottom). MSD analysis averages the
mean square displacement between all points in the trajectory using distances travelled in
time intervals ∆t,2∆t, ... with ∆t being the smallest resolved time interval in the trajectory.
The diffusion coefficient of a freely diffusing particle is then given by the slope of the MSD
over time (b, inset). Including all diffusion coefficients within an ensemble of trajectories the
acquired diffusion coefficients display a range of values, shown as histogram (b). JD analysis
uses all individual jumps within the trajectories to form a histogram and fits the distribution
to a theoretical distribution curve. This allows the identification of multiple diffusing species.
Figure adapted from [27].

and the diffusion coefficient [33]. Statistical errors are reduced by calculating MSD(t) as
average square distance covered between all points of the trajectory separated by ∆t in time.
Theoretically, MSD(t) of a freely diffusing particle with diffusion coefficient D follows [33]:

MSD(t) = 4Dt .

However, analysing data acquired by a camera imposes certain limitations and requires
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therefore modifications to the MSD curve. As illustrated in [34], the ground truth of the
particle position is masked by dynamic and static localisation errors. Static localisation error
or localisation uncertainty σ is related to the already described localisation precision. The
dynamic error, or motion blur is an additional factor that needs to be taken into account
since the acquisition of the particle position through a camera is the accumulation of photons
during the exposure interval, thereby giving the cumulative position of the molecule which
undergoes diffusion during that time. MSD curves are therefore described as [35, 34, 36]:

MSD(t) = 4Dt +4σ
2 −4/3Dt .

While MSD curves can describe the diffusion of individual particles, due to photo-bleaching
and SNR requirements, long trajectories are often scarce. MSD analysis therefore is best
suited to estimate short-range diffusion since the number of shorter trajectories minimises the
error in the MSD plot. However, MSD analysis can become particularly inaccurate with short
trajectories when the time lag provides a substantial fraction of the trajectory. Here, Saxton
showed that the distribution of D can become so wide to render measurements of D useless
[33]. Since even within one sample, diffusion coefficients often display a wide distribution of
values [37] (see Fig. 2.7), ensemble averages of all trajectories are often used to acquire the
ensemble MSD curves and the behaviour of particles. This however can obscure transitions
between motions within one trajectory as well as the presence of multiple diffusion modes
[37].

Jump-distance Analysis While MSD analysis requires a large number of long trajectories
to estimate the diffusion coefficient, another method called jump-distance analysis only
requires a large number of individual jumps. Freely diffusing particles display, as previously
mentioned, a distribution of jumps. Fitting the distribution of experimental jumps to the
theoretical jump distance distribution not only allows the fitting of diffusion coefficient from
short trajectories, but also the identification of multiple populations diffusing at different
diffusing coefficients Di. Following formula 2.5, the probability distribution describing the
jump-distance distribution for multiple diffusing species is therefore defined as [27]:

P(δ |τ) =
N

∑
i=1

fi
1

4Diτ
e
−δ2
4Diτ .

However, any diffusion fit should be validated with simulated data at the same SNR, spot
size and bleaching behaviour as experimental data.
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2.3.2 Fluorescence Correlation Spectroscopy (FCS)

Fig. 2.8 Principles of Fluorescence Correlation Spectroscopy (FCS). A) Fluorophores diffuse
through the focal volume and upon excitation, emit photons which are collected from the
observation volume. B) The photon detector records fluorescence peaks indicating the
appearance of emitters in the observation volume (top). The signal is then binned (B, bottom)
and compared to itself at a time t + τ , the autocorrelation function G(τ) is plotted in C).
The autocorrelation function can then be fitted to extract molecule density and diffusion
coefficient. Figure adapted from [38]

Fluorescence correlation spectroscopy as a single-molecule method has been employed since
1994 [39–41]. It is based on recording intensity fluctuations of fluorophores diffusing through
a confocal spot (see Fig. 2.8A,B) and the autocorrelation of the signal. This autocorrelation of
the fluctuations then allows the determination of diffusion and concentration of the fluorescent
species. The autocorrelation function G(τ), (see Fig. 2.8C) measures how similar the signal
is to itself over varying time intervals δ t. The longer the peak, i.e. the longer the fluorophore
stays within the detection volume, the lower is the particle’s diffusion coefficient. Fitting
G(τ) with the suitable diffusion model, for 2D or 3D diffusion, under flow or freely diffusing
conditions, diffusion coefficient and concentration can be obtained. This method allows the
measurement of diffusion over wide time scales with the limitation of highly dense samples.
Here, bleaching and photon detection limits of detectors impede the ability to detect intensity
fluctuations at high densities.

2.3.3 Fluorescence Recovery after Photobleaching (FRAP)

A method that is not influenced by fluorophore density and widely used to assess diffusion
is fluorescence recovery after photobleaching (FRAP). As shown in Figure 2.9A, a laser is
used to bleach a pattern into the sample and the intensity recovery of the pattern after the
bleaching is monitored (2.9B). The time required to reach a steady-state intensity reflects the
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Fig. 2.9 Principle of Fluorescence Recovery After Photobleaching (FRAP). A) After bleach-
ing an area in the sample, the mobile, unbleached species diffuse from the outside of the
bleached area in the bleached area, thereby recovery the intensity. B) Schematic of the fluo-
rescence intensity in the bleached spot recovering over time with the fluorescence intensity
indicated at Ii (prior to bleaching), I0 (post-bleaching) and I∞ (at steady-state). The amount
of recovery indicates the fraction of mobile and the percentage of fluorescence which is not
recovered indicates the immobile fraction of fluorescent species.

diffusion coefficient D of the species and the extent of recovery indicates the percentage of
mobile fraction. The diffusion coefficient D can be extracted from the curve as [42, 43]:

D =
w2

4τD
,

with the beam radius w and the characteristic diffusion time τD, the time required for an
individual fluorophore to diffuse through the beam. The mobile fraction is defined as

M f =
I∞ − I0

Ii − I0
,

with the pre-bleach fluorescence intensity Ii, the initial post-bleach fluorescence intensity I0

and the post-bleach steady-state fluorescence intensity I∞.[42, 43]. While the experiment
itself is technically well established and not limited by sample density, the quantitative
analysis of the fluorescence recovery is highly dependent on the bleaching pattern, beam
profile and the sample [44, 43, 45, 46].



Chapter 3

Introduction to Immunology

3.1 Vertebrate Immune system: Of B and T Lymphocytes

Our immune system is constantly maintaining our health by fighting pathogens like viruses,
parasites, fungi and bacteria as well as abnormal cells, thereby providing normal and patho-
logical immunity. While there is the physical barrier of the skin and the epithelium, as well
as anti-bacterial secretion to stop pathogens from intruding, there is the immune system at
work once the pathogen intruded past the first barriers. The immune system thereby consists
of two complementary systems: the innate and the adaptive immune system. First signs of
infection are usually dealt with within hours by the engagement of molecular and cellular
defence mechanisms of the innate immune system. This acts as initial defence reaction and
is in its nature unspecific as it relies on broader pattern recognition. If the innate immune
response is not sufficient to vanquish the invader, the adaptive immune system is invoked.
As illustrated in Figure 3.1, cells of the innate immune system take up, lyse and present
peptides from the pathogen, so called antigens, via peptide-major histocompatibility complex
(MHC) proteins on their membrane. These cells are referred to as antigen-presenting cells
(APC). APCs then travel to lymph nodes to present pathogens to lymphocytes, the cells of
the adaptive immune response. The adaptive immune response is the second line of defence.
It provides, amidst a memory of previous pathogens, a highly specific response through a
large pool of lymphocytes with randomly generated receptors.
Lymphocytes that recognise the specific antigen can target the pathogen specifically either
through initiating a cell-mediated response by T cells or a humoral, antibody-based response
via B cells (see Fig. 3.1). Recognition then leads to clonal expansion, the proliferation of the
activated cell and differentiation into effector cells. The following chapters will introduce
these cell types briefly.
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Fig. 3.1 Schematic overview of the adaptive immune response. Antigen-presenting cells
(APC) take up, lyse and present peptides of pathogens (here microbes), via peptide-major
histocompatibility complex proteins (pMHC). CD4+ cells recognizing the peptide become
activated, release cytokines such as Interleukin-2 (IL-2), IL-4 or IL-21 which can initiate
cell-mediated response via CD8+ cells or antibody-based, humoral immune response via B
cells. A,B,C illustrate various models of CD4+ activation. A) Conformational change model
where the binding of pMHC leads to a conformational change of the T cell receptor (TCR)
which induces T cell activation. B) Aggregation model: the close proximity of TCRs induces
T cell activation through Lck. C) Kinetic-segregation (KS): TCRs are segregated from CD45
phosphatases which shift the phosphorylation balance in favour of Lck which induces T cell
activation.

T cells

There is a multitude of subclasses in the T cell population characterized by their prominent
surface proteins and function. The most prominent T cell classes are the CD4+ and CD8+

cells. CD4 and CD8 are proteins on the T cell membrane which recognise the self MHC
of antigen-presenting cells (see Fig.3.1). CD8 binds to MHC proteins of the constitutively
expressed class I while CD4 recognizes MHC class II proteins, which are usually expressed
in a subset of cells specialized on antigen-presentation.
CD8+ cells or killer T cells belong to the cell-mediated immune response. They target and
lyse infected or anomalous cells. The following chapters focus on CD4+, so called T helper
cells. These cells orchestrate the adaptive immune response and link it to the innate immune
system. They recognize foreign peptides presented to them on MHC II protein on APCs.
Upon activation, they proliferate and release various cytokines, there under Interleukin-2
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(IL-2). These cytokines lead to the activation of B cells and killer T killer cells which then
initiate the humoral, antibody dependent, and cell-mediated immune response (see Fig. 3.1).

B cells

B cells are the only cells able to produce antibodies, which they express both in membrane-
bound form as B cell receptors (BCR) and as soluble proteins. During B cell development, the
random combination of gene segments leads to a large range of possible BCRs, able to detect
1012 different antigens. Here, antigens can be small and large, protein and non-proteins,
repetitive sequences like toxins, and even polysaccharides occurring in bacterial cell wall
components. B cells can bind antigens in soluble form as well as membrane-bound presented
on the membrane of macrophages, dendritic cells, other B cells or follicular dendritic cells in
the lymph nodes [47]. Unlike T cells, B cells recognise antigens in their native, undigested
form and the following B cell activation is not dependent on the recognition of other surface
markers on the APC but soluble antigen binding can directly lead to activation [48]. Here B
cell activation in response to some multivalent ligands has been shown to be solely dependent
on the expression of Bruton’s tyrosine kinase [49]. However Toll-like receptors or other
pattern-recognition systems such as the complement system can provide a second activating
stimulus to the binding of antigens [49]. Activation through membrane bound ligands
involves costimulatory proteins like CD19 and CD21 on the B cell itself [50]. Here, CD19 is
known to act as adaptor and linker protein to the cytoseleton, thereby regulating the amount
of spreading and microcluster formation [50]. Upon B cell activation the B cell contracts
leading to an uptake of antigens and its processing and presentation on MHC class II [48].
The B cell can then either undergo differentiation into a low-affinity antibody producing so
called extrafollicular plasmablast or migrate to a germinal center to receive further T cell
co-stimulation [48]. One therefore, distinguishes between T cell dependent (TD) and T cell
independent (TI) B cell activation. In T cell dependent responses, an antigen-presenting
activated B cell can be further stimulated by T cells through cytokines like IL-4, IL-21 as
well as the upregulation of the ligand CD40L, a ligand of the costimulatory protein CD40 on
the B cell [51]. This environment can initiate affinity maturation and somatic hypermutation,
producing high affinity BCRs and thereby antibodies [48]. The secreted antibodies which
form the active compound of the humoral immune response, can activate the complement
system, bind pathogens to neutralise them or mark them for phagocytosis [48].
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3.2 T cell activation

T cells scan their environment via protrusions such as microvilli in the search for antigens
[52]. They recognise antigens via the so-called T cell receptor (TCR), a heterodimer com-
posed of the covalently bound TCR α and β chains, both containing constant and variable
domains. Like many other immunoreceptors, the TCR has no intracellular signalling motifs.
It forms a non-covalent complex with three CD3 protein dimers, namely the CD3εγ and
CD3εδ heterodimers as well as the homodimer CD3ζ ζ , each containing intracellular ITAM
motifs.
As illustrated in Figure 3.2, upon ligand engagement, the intracellular ITAM motif of the

Fig. 3.2 Overview of the TCR signalling cascade. TCR phosphorylation is controlled via the
kinase Lck and negative regulators like the phosphatase CD45 and the kinase Csk. ITAM
phosphorylation on the CD3 chains through Lck, leads to recruitment of the kinase ZAP-70
which is activated by Lck. ZAP-70 then phosphorylates LAT which functions as docking
platform for many proteins forming the LAT signalosome. From here downstream signalling
initiates the release of Ca2+ from internal storages, as well as cytoskeletal rearrangement,
mitogenic signalling and the inflammatory response.

TCR complex, or more specifically, the tyrosine residues in the motif, become phosphory-
lated by the Src-family kinase Lck [53]. This triggers important downstream events [54],
starting with the recruitment of the kinase zeta-chain associated protein of 70 kDa (ZAP-70),
which binds and therefore shields the phosphorylated sites from dephosphorylation. This
recruitment is considered to be the decisive step leading to T cell activation [54, 55]. ZAP-70
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initiates the downstream signalling cascade through recruitment of further signalling pro-
teins, forming the so-called LAT signalosome. This subsequently leads to internal calcium
release, the activation of the MAPK path and NFκβ signalling, generating a mitogenic and
inflammatory response (see Fig. 3.1). This further promotes adhesion, induces cytoskeletal
restructuring and leads to the formation of the immunological synapse. Further downstream
T cell activation causes the expression and release of cytokines like Interleukin-2 (IL-2).

3.3 Immunological Synapse

Cytoskeletal rearrangements and downstream signalling further leads to the formation (within
minutes) and maturation (within hours) of the so called immunological synapse (IS) [56].
Structurally the IS is the arrangement of various proteins in the APC- T cell contact into a
bullseye pattern. After initial contact formation TCRs are moved to arrange the center of the
supramolecular activation cluster (cSMAC) while adhesion proteins like LFA-1 and CD2
form a ring around it in the periphery (pSMAC). Larger proteins like CD45, CD44 and CD43
assemble in the distal, dSMAC [57–59]. Costimulatory proteins like CD28 are also found in
the cSMAC while Lck localises primarily in the pSMAC but is also found in the cSMAC
[57].
While the formation and organisation of the IS is best studied in CD4+ cells, SMACs and
IS have also been observed in other cell types of the immune system. NK cells, CD8+

and B cells show similar contacts with target cells [60]. However, while the structure and
organisation of these IS is well studied, their function is as yet not fully understood [60].
Originally, the IS was proposed to direct the secretion of cytokines [61] and further studies
have supported this, with accumulating evidence that this is in fact a major task of the IS
[62].
However, since IS formation is linked to TCR signalling and receptor reorganisation, further
functions have been postulated. One model suggests that the IS acts as a platform allowing
the discrimination of antigens [56, 59]. Here, the stabilization of the APC T cell contact could
facilitate ligand discrimination and signalling since TCR to pMHC affinities are naturally low
[56] and T cell activation requires sustained TCR signalling [56]. Therefore, the accumulation
of TCRs in the cSMAC could be a mechanism to enhance signalling [63]. However, since the
synapse persists while initial signalling has abated [59], other functions have been debated.
Here, the proximity of the TCRs in the cSMAC was speculated to provide a mechanism
allowing a fast termination of the signal through TCR degradation [63]. In this context it
was suggested that the IS could serve as platform where inhibitory and activatory signals are
balanced until one process is dominant [63].
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Kinapses However, while the IS is a stable contact between lymphocytes and APCs, which
can maintain the cell contact over hours [56], T cells are known to scan the surface of APC
via membrane protrusions prior to synapse formation [52]. These dynamic and mobile
contacts have been termed kinapses and while they are short-lived, they might still provide
physiological function [64, 65]. Here, T cells could integrate signals over multiple contacts,
leading to signalling or convert the kinapse to an IS [64, 65].

3.4 T cell triggering models

Despite being studied intensely, a complete model describing TCR triggering has not yet
emerged. While downstream signalling post TCR phosphorylation is well known, the events
leading to the initial phosphorylation are still under debate. Unlike other receptors, the trans-
lation of the ligand binding event to the intracellular signalling cascade is not well understood
for immunoreceptors such as the TCR. Immunoreceptors are distinct from other receptors, as
they contain no intrinsic enzymatic activity, meaning their activation is always dependent
on other proteins, such as kinases like Lck and phosphatases, such as CD45 [53]. They also
have small ectodomains [53, 66] and bind their ligands very specifically but with relatively
low affinity [53]. As such, the TCR has been shown to be highly selective, recognising even
single peptide ligands [67, 68] in a highly discriminatory fashion [69] amid a vast excess
of self-peptides [70], thereby retaining a conserved signal transduction mechanism over a
multitude of TCR clones in all T cells.
Several models have been proposed to explain the first step in T cell activation, the phospho-
rylation of the TCRs ITAM motifs, via mechanisms such as aggregation, conformational
change, and phosphatase segregation (reviewed in [71–73]).

Conformational change model

In analogy to the triggering of other receptors, the conformational change model was one
of the first models proposed as a triggering mechanism for the TCR. The model states
that conformational change in the TCR, induced by various proposed mechanisms such
as mechanical stresses or induced aggregation [74, 75], transduces signalling to the non-
covalently attached CD3 proteins (see Fig.3.1A). While crystal structures of TCR-pMHC
complexes give evidence of some structural changes during antigen binding [76, 77], these
are not conclusive and do not as yet reveal a mechanisms for signal transduction. So far, the
structural data on TCRs does not support these, necessarily in all TCRs present, changes in
conformation [78, 79].
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Force model A recently described triggering phenomenon is the force-dependent trigger-
ing, where it is suggested that shearing or pulling forces, through APCs or T cells, induce
a conformational change in the TCR. Being proposed by Finkel 2008 [80], the group of
Reinherz provided the first direct evidence [81] using optical tweezers. Further findings
using single-molecule pulling assays could confirm the proposed force dependent peptide
discrimination through binding strengths, distinguishing catch- from slip-bonds [82]. While it
seems clear that T cells can be activated through forces in the pN regime when in contact with
a ligand, how this fore-driven conformational change translates into downstream signalling
is as yet not resolved [82].

Aggregation model

The aggregation model proposes that the aggregation of monomeric TCRs leads to T cell
triggering (Fig. 3.1B). The hypothesis is that the close proximity of the receptors would
cause phosphorylation of many TCRs by chance colocalisation with kinases and trans-
phosphorylation between TCRs [83]. While it is known that artificially cross-linking TCRs
via multimeric ligands in solution, for example dimeric or multimeric pMHC constructs, will
effectively trigger T cells, the addition of monomeric pMHC complexes in solution does not
lead to triggering [84, 85]. Furthermore, it has been shown that a single TCR-ligand-MHC II
binding event can lead to T cell activation [67, 68, 86], which renders this model unlikely to
be the prominent cause of triggering.

Kinetic-Segregation model

The kinetic-segregation model was proposed by Simon Davis and Anton van der Merwe in
1996 and postulates that in resting T cells, the TCR complex is constantly phosphorylated
and dephosphorylated upon encounter with evenly distributed CD45 or Lck respectively and
stays effectively dephosphorylated. This claim is supported by protein ratios of about 15:5:3
(CD45:TCR:Lck) [87] and the high specific activity of CD45 to the CD3 ITAM motifs (10-
to 1000 times higher than kinases [88]). TCR phosphorylation is then induced by a local
shift in the phosphorylation balance in favour of small kinases through exclusion of large
phosphatases. According to the model, upon TCR engagement, the resulting gap between
the APC and the T cell would sterically exclude large proteins like the phosphatase CD45
(see Fig. 3.1C). Recently solved crystal structure of CD45 shows that CD45, the main
phosphatase for CD3 ITAM motifs of the TCR [89], is rigid and, with a length of 21.6 nm,
longer than the size of the TCR-MHC complex (∼15nm) and the gap set by the adhesion
complex CD2-CD48 (∼15nm) [90, 91]. The formation of a contact would therefore result in
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CD45 exclusion and the formation of an area where the TCR would be activated by Lck but
not deactivated by CD45, leading to T cell signalling. This model is also strongly supported
by imaging data showing these exclusion zones and the dependence of exclusion on CD45
length [90].
The model gains further support by studies on reconstituted systems, where it was shown
that binding events between membranes lead to spatial segregation of larger proteins [92]
and triggering [93]. Supporting observations were also gained on live cell systems, where it
was shown that synapse formation in T cells leads to the exclusion of particles larger than
∼ 15 nm [94, 93, 95].

Questions to be addressed

The previous brief introduction to microscopy and immunology revealed unanswered ques-
tions in immunoreceptor triggering of which some will be addressed in the main body of this
thesis. This thesis will focus on early events of TCR triggering, and the importance of the
kinetic-segregation model. It will address therefore questions such as: is the gap between cell
and surface influencing cell signalling and if so, are important signalling proteins influenced
by the gap, either in diffusion or spatial organisation. In this context, this thesis will examine
the relevance of the kinetic-segregation model for antibody-induced T cell signalling as well
as the possibility of kinetic-segregation as general mechanism for tyrosine receptor triggering
in B cells. Here, TIRF imaging was employed to achieve high signal-to-background imaging
of the cell membrane close to the glass, enabling both single molecule diffusion and bulk
distribution measurements of important signalling proteins. The experiments will vary the
gap between the cells and a surface to study the influence this has on the behaviour of
membrane proteins. The thesis then addresses the influence of the tensile properties of the
surface on early T cell activation markers using TIRF imaging of cells settling on substrates
of varying stiffnesses.



Chapter 4

Molecular mechanism of CD28
Superagonism

4.1 Introduction

The initial event leading to TCR phosphorylation and subsequent T cell activation is still
not understood and any model aspiring to describe the mechanism needs to be able to
accommodate well-known, triggering-related epi-phenomena. Almost 20 years ago the group
of Thomas Hünig discovered a very interesting triggering phenomenon wherein JJ316, a
monoclonal Ab against CD28, caused T cell activation in the absence of TCR engagement
[96, 97]. Accordingly he classified CD28 antibodies as "conventional" and "superagonistic",
depending on their ability to stimulate T cells without TCR ligands [98]. Understanding
how these antibodies initiate T cell activation will not only increase our knowledge of, and
confidence in, the mechanism behind T cell activation but also potentially open up new
Ab-based therapeutic pathways.

4.1.1 CD28

As early as 1970 it was postulated that T cells require two signals to become fully activated
[99]: the engagement and phosphorylation of the TCR and of costimulatory receptors. The
main costimulatory receptor required for T cell activation has been shown to be CD28, which
binds monovalently to its ligand CD80/CD86 on APCs [100]. CD28 itself is a covalent
homodimer [101] with two intracellular phosphorylation motifs [102]. Phosphorylation
through Lck recruits downstream signalling proteins to these domains [100, 103] which
induces gene expression responsible for cell survival, proliferation and differentiation as
well as resulting in the stabilisation of IL-2 mRNA and thereby prominently increasing
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Fig. 4.1 Superagonistic antibodies cause IL-2 production without anti-TCR mAb stimulation.
BW TCR+ CD28me cells were stimulated with or without Anti-TCR mAb and their IL-2
production measured after 24h. Data were acquired and analysed by Dr. Meike Aßman.

the IL-2 response [104]. CD28 signalling acts thereby independently of TCR and ZAP-70
phosphorylation but complements T cell activation through distinct effectors and enhances
TCR signalling per se through PLCγ recruitment [54, 104].

4.1.2 Antibody Superagonism

In 1997 Tacke et al found a subclass of anti-CD28 antibodies which could fully activate T
cells but did not require the engagement of the TCR, which they termed "superagonists" (SA)
[96]. Their counterpart, antibodies that act only through costimulation and are therefore TCR
ligand dependent are termed "conventional antibodies" (CA). Functionally, this distinction
can be exemplified through measuring T cell stimulation via the production of the cytokine
Interleukin 2 (IL-2). Following overnight stimulation of BW mouse T cells with conventional
and superagonistic Ab, IL-2 production is invoked by SA treatment. For CA treatment IL-2
signalling is only observed with additional stimulation using anti-TCR Ab (see Fig. 4.1).
However, superagonistic signalling is still TCR dependent since cells fail to produce IL-2
without TCR [105], the leading idea being that signalling through CD28 enhances tonic or
weak existing TCR signalling [106, 105, 107].

Proposed Mechanisms A variety of mechanisms was proposed to explain the stimulatory
differences between superagonistic and conventional antibodies [108].
Firstly, it was suggested that CD28 may exist in multiple states, varying in their activation
potential [96]. However, there has been no evidence yet that supports multiple states of



4.1 Introduction 29

Fig. 4.2 Configuration of Superagonistic and conventional Ab binding. Shown is a model of
a Fab fragment of the superagonistic Ab 5.11A1 (SA: red, model based on x-ray crystallogra-
phy) in complex with the soluble human CD28 homodimer (yellow). This is overlayed with
a model of a Fab fragment of the 7.3B6 conventional Ab (CA: blue, model based on cryo
electron microscopy) in complex with human CD28 (yellow). Adapted from [109].

CD28. Secondly, a model proposed that superagonists would stabilise CD28 in a signalling-
inducing conformation, which would drive the equilibrium to more signalling. However,
the crystal structure of CD28 bound to superagonist and conventional antibodies did not
support this possibility since the binding of either antibody did not lead to any major changes
in the structure of CD28 [109]. A third hypothesis suggested that superagonists may form
denser or more effective CD28 lattice structures which could influence signalling. While
it was shown that superagonists bind CD28 in a membrane-proximal, flat fashion, studies
showed that both antibodies bind CD28 bivalently and so were equally capable of producing
lattices [109]. However, differences in lattice formation on cells cannot be fully excluded.
A fourth model introduced the idea that superagonistic stimulation would increase the
proximity of intracellular signalling motifs and their bound effector proteins like kinases [98].
Consequently, the proximity would increase phosphorylation events and induce downstream
signalling. However, this assumes a fixed position between extracellular and intracellular
domains which has not been shown yet and requires further studies.
The idea that affinity differences between the antibodies to CD28 could explain the observed
signalling differences can be dismissed since surface plasmon resonance-based binding
assays and flowcytometric measurements found that the affinity of both antibodies is similar
at approximately 96.1 nM (JJ316) and 94.1 nM [105].

Crystal structure and Kinetic-Segregation The first indication of different binding posi-
tions of superagonistic compared to conventional antibodies was found in 2003 by Hünig
et al [98]. They conducted epitope mapping of JJ316 and JJ319 to find that superagonistic
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antibodies bind CD28 exclusively on a laterally exposed region, while JJ319 recognises a
binding site close to that of the natural ligand of CD28. These findings were further supported
by the crystal structure of CD28 binding fragments of superagonistic and conventional Ab
fragments [109].
As shown in Figure 4.2, CA binds CD28 membrane-distally close to the binding site of
CD28 ligands while the binding of superagonistic antibodies occurs in close proximity to
the cell membrane [98]. This difference in binding sites could result in an effective size
increase of the CD28 Ab complex of ∼7.5nm perpendicular to the membrane [110] as
illustrated in Figure 4.2. The molecular mechanisms of superagonistic stimulation is not
clear but decreased gap-size and clustering properties could influence the protein distribution
or the diffusion kinetics, influencing T cell signalling. Following the assumptions of the
previously discussed kinetic-segregation model, a decreased gap-size might induce a shift
in the phosphorylation balance, leading to a larger degree of phosphatase exclusion and
therefore greater signalling. Further support for the kinetic-segregation model is provided by
the necessity of Ab immobilisation on glass or plastic surfaces via secondary antibodies to
induce IL-2 production via superagonists [105].

4.1.3 Antibody based Therapies

Shortly after the characterisation of superagonistic antibodies, they were considered for use
as Ab-based therapies, a tool to suppress the immune response in autoimmunity [111]. In
2006 a Phase I clinical trial of the hCD28 superagonist TGN1412 ended catastrophically
as the treatment invoked a life-threatening cytokine storm. A deeper understanding of the
mechanism behind the activation is therefore key for designing antibodies with therapeutic
potential to safely stimulate or silence the immune response. By binding their target an-
tibodies can block the binding sites of natural ligands and thereby "silence" the receptor,
thereby enhancing the immune response if the receptor is inhibitory [112]. A prominent
example of successful antibody-based immune therapy granted James P. Allison and Tasuku
Honjo the Nobel Prize in Medicine 2018. Using antibodies to target the T cell inhibitor PD1,
they developed the so-called immune checkpoint therapy, which has been shown to be more
effective in many cancer treatments than chemotherapy [113].
Through the available receptor targets on immune cells, both inhibitory and activatory, the
possibility of controlling the immune response either by blocking receptor activity or by
agonising receptors and increasing their activity, seems feasible. However, controlling the
immune response can only be achieved safely if we fully understand the mechanistic effect
of antibodies.
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4.1.4 Experimental Aims

A prominent model explaining T cell activation is the previously introduced kinetic-segregation
model [110]. The following chapter will test some of the main tenets of the kinetic-
segregation model and determine if they apply to CD28 superagonism, the underlying
idea being that superagonistic antibodies increase phosphatase exclusion leading to T cell
activation as illustrated in Figure 4.3.

Fig. 4.3 Kinetic-segregation hypothesis of the mechanism behind Ab superagonism. The
gap created by conventional antibodies (CA) presented to the T cell via Fc receptors on the
antigen-presenting cell (APC) creates a gap of ∼21 nm which is large enough for CD45 to
enter the created gap, the T cell is not activated. Superagonistic antibodies (SA) create a
gap of around 15 nm, which could hinder CD45 from entering the gap. This would create a
zone of CD45 depletion, where Lck (not shown) can readily phosphorylate TCR and CD28,
leading to T cell activation and IL-2 production.

To test this hypothesis, the first part of this chapter presents 2-color and 3-color TIRF imaging
experiments comparing CD45 intensity distributions under various antibody bound condi-
tions. The following conditions were assessed:

• Phosphatase distribution on glass and bilayers comparing superagonistic and conven-
tional Ab treatment

• Dependence of phosphatase exclusion on phosphatase size

• Dependence of phosphatase exclusion on antibody size
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• Influence of antibody mediated cross-linking on phosphatase exclusion

The second part of this chapter is concerned with protein dynamics and how they are affected
by different cell to substrate gap-size and cross-linking conditions. The following experi-
ments were conducted to assess the influence of temporal segregation for the superagonistic
triggering phenomenon:

• CD45 diffusion in superagonistic and conventional antibody induced gap

• CD28 diffusion under different gap-size, cross-linking conditions

The third section is examining the possibility to apply the superagonistic principle to other,
therapeutically interesting signalling proteins:

• Phosphatase exclusion on glass and bilayers using PD1-Antibodies

• Phosphatase exclusion on bilayers using Nivolumab derivatives

The work presented here is a collaboration with Dr. Meike Aßmann, Dr. Ana Mafalda Santos,
Mai Vuong and Nicole Ashman from the Davis Laboratory in the Weatherall Institute for
Molecular Medicine, Oxford. They kindly supplied all cell lines, purified proteins and IL-2
results presented here. The author performed TIRF imaging experiments and data analysis.
Importantly, all IL-2 data was collected using fully functional CD28 constructs and TCR
expressing cells, while imaging experiments were performed using truncated CD28 and cell
lines which do not express the TCR. This enabled the imaging of antibody-induced effects
without confounding signalling induced effects. To be able to study superagonism without
interference from endogenous mCD28, cell lines where transfected with a "rat-mouse"
(rm)CD28 chimera protein with the extracellular domain of rat CD28 and the transmembrane
and intracellular domain of mouse CD28. All antibodies used were mouse anti-rat if not
otherwise indicated.
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4.2 Results & Discussion

4.2.1 Superagonistic stimulation related to phosphatase segregation

The kinetic-segregation (KS) model postulates that in resting cells, phosphatases like CD45
are evenly distributed over the cell membrane and phosphatase exclusion from certain regions
is crucial for T cell activation. Therefore, to test if the KS model explains CD28 antibody
superagonism, the first part of this chapter examines the effect of superagonistic antibodies
on CD45 distribution.

Results

Size-dependent phosphatase exclusion on glass related to T cell signalling It is known
that superagonistic stimulation on glass leads to T cell activation and production of the
cytokine IL-2 in the absence of TCR ligand engagement (see 4.1). What remains unclear is
how superagonistic antibodies initiate IL-2 production while conventional antibodies fail to
do so. To relate the late events of IL-2 production with earlier activation events this chapter
examines the distribution of the important signalling protein CD45 within the first minutes
of the cell contacting the surface. The experiments performed in this chapter will assess if
contacts mediated by superagonistic antibodies affect the distribution of CD45 stronger than
their conventional counterpart. To this end 2-color fluorescent TIRF images were collected
recording Ab and CD45 intensity.
The following analysis methods were employed as a readout of CD45 distribution changes as
described in Figure 4.4.
Firstly, an Ab mask was created using the Otsu thresholding algorithm (see Materials &
Methods) and the average CD45 intensity in the Ab mask was calculated (see Fig. 4.4D).
The same mask is used to gather pixel-wise CD45 intensities in those regions, represented
in a normalised histogram (see Fig. 4.4E). This would reveal shifts or multiple populations
in the CD45 intensity which otherwise might be lost in cell-wise averaging. To be able to
determine the effect of increased Ab concentration, high Ab intensity masks were created
using intensity thresholding to measure the average CD45 intensity per high intensity Ab
region (see Fig. 4.4B,F). Here, the reasoning being that possibly only one of the regions in
the cell needs to exclude CD45 in order for the cell to become activated. The last analysis
compared CD45 intensities within the high Ab regions to the rest of the CD45 mask, yielding
an "in" Ab and "out" of Ab mask (see Fig. 4.4C). These masks are used to calculate the
exclusion of CD45 (see Fig. 4.4G), a measure of the effect high Ab density has on the CD45
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Fig. 4.4 Intensity Analysis. Three different masking methods (A-C) were used to perform
four different analyses (D-G). A) TIRF images of the Ab intensity were thresholded (using
Otsu algorithm) to create an Ab mask (yellow). This mask was overlayed with the CD45
intensity channel to yield the average CD45 intensity in the Ab mask presented in a boxplot
with 25%-75% quantile and whiskers representing SD shown in (D) and the normalised
histogram of the pixel-wise CD45 intensity shown in (E). B) Intensity thresholding (threshold
= 60% of max. Ab intensity) was used to create high intensity Ab masks (yellow). Overlaying
this mask with the CD45 channel and averaging the CD45 intensity per region yields boxplot
F with 25%-75% quantile and whiskers representing upper and lower extreme (1.5xinter-
quantile range) . C) Creating a CD45 mask (via Otsu) and overlaying the mask with the high
Ab intensity mask created two masks: CD45 in (yellow) and outside (red) of the Ab mask.
G) Scatter plot of cell-wise exclusion values (Exclusion = 1− (AvgCD45in/AvgCD45out)
with mean±SD. Scale bar 5µm.

distribution, with

Exclusion = 1− AvgCD45in

AvgCD45out
. (4.1)

These analyses were then performed on data comparing cells treated with JJ316 (SA) and
JJ319 (CA) (see Fig. 4.5). The cell lines used here expressed CD28 at medium expression
levels (CD28me), similar to cell lines used to measure IL-2 production. For these experiments
cells were fluorescently labelled with anti-mCD45 Fab and SA or CA prior to being dropped
on DAM coated glass. Here, the DAM coating would bind the Fc regions of the antibodies
SA or CA and lead to immobilisation of antibody-bound CD28 (see Fig. 4.5A). Figure 4.5B
shows 2-color fluorescence images of representative cells treated with SA or CA antibody.
The analysis of the average CD45 intensity per cell (see Fig. 4.5B) revealed no significant
difference between the antibody conditions and also the pixel-wise CD45 histograms were
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very similar (see Fig. 4.5C). Focusing on Ab regions of high intensity, however, the average
CD45 intensity per Ab region (see Fig. 4.5D) was significantly reduced under SA treatment.
Also the CD45 exclusion (see Fig. 4.5E) showed a significant increase under superagonistic
treatment. This experiment showed that regions of high antibody intensity of SA excluded
CD45 more efficiently than CA regions.
Since CD45 exclusion differences were only visible in Ab regions of high intensity, the next
experiments tested if the effect could be increased by using cell lines with high levels of
truncCD28 expression (truncCD28hi: 1 ·106 molec. per cell, truncCD28me: 1 ·105 molec.
per cell) (see Fig. 4.6). Under truncCD28hi conditions the average CD45 intensity per cell
(see Fig. 4.6B), the pixel-wise CD45 intensity histogram (see Fig. 4.6C) and the average
CD45 in high Ab intensity regions revealed a decrease in CD45 fluorescence intensity for
the superagonist (see Fig. 4.6D). Ab intensities in the contact, however, were found to be
similar for both Ab conditions, excluding the possibility that different amounts of Ab were
responsible for the observed differences (see Appendix Fig. A.1). The ratio of CD45 intensity
inside high Ab intensity regions versus low Ab intensity regions (see Fig. 4.6E) showed
no change, indicating that under conditions of high expression of truncCD28, CD45 is
excluded over the whole cell and CD45 exclusion is not affected by antibody variation in high
versus low Ab intensity regions. To conclude, the experiments presented here, showed that
superagonistic antibodies exclude CD45 more effectively than their conventional counterpart
in antibody-mediated cell-glass contacts.
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Fig. 4.5 Superagonistic antibodies mediate CD45 exclusion in high density regions. A)
Schematic representation of the experiment. BW truncCD28me cells were labelled with
anti-mCD45-Fab (Alexa488) and treated with superagonistic (SA) or conventional (CA)
antibodies (Alexa647) and dropped on DAM coated glass. B) 2-color TIRF images of Ab
and CD45 channel of representative cells treated with SA (left) and CA (right) and their
composite (CD45:red, Ab: blue) are shown. Average CD45 intensity in the Ab mask per
cell (SA: red, CA:blue) is presented in boxplots. C) Normalised histogram of pixel-wise
CD45 intensity inside Ab mask. D) Boxplots of average CD45 intensity per Ab region in
high Ab intensity masks. E) CD45 exclusion per cell. Data was taken at RT over 3 days
(SA ncells = 82, CA ncells = 63). Scale bar 5 µm. A two-sample Student t-test was used with
p*<0.05,p**<0.01 and p***<0.001.
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Fig. 4.6 High expression increases superagonistic Ab mediated CD45 exclusion. A)
Schematic representation of the experiment. BW truncCD28hi were labelled with anti-
mCD45-Fab (Alexa488), and treated with superagonistic (SA) or conventional (CA) antibod-
ies prior to being dropped on DAM coated glass. B) Representative 2-color TIRF images
and their composite are shown of cells treated with SA (left) and CA (right). Average CD45
intensity in the Ab mask per cell (SA:red, CA: blue) is presented in boxplots. C) Normalised
histogram of pixel-wise CD45 intensity. D) Boxplots of average CD45 intensity per Ab
region in high Ab intensity regions. E) Scatter-plot of cell-wise CD45 exclusion values,
mean±SD. Data were taken at RT over 3 days (SA ncells = 95, CA ncells = 93). Scale bar
5 µm. A two-sample Student t-test was used with p*<0.05,p**<0.01 and p***<0.001.
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Size-dependent phosphatase exclusion on bilayers Previous experiments showed a link
between T cell signalling and CD45 exclusion. However, these experiments were performed
on glass where the direct immobilisation of CD28 through SA or CA antibodies bound
to DAM could not only influence CD45 segregation but also CD28 diffusion and cross-
linking, and thereby signalling. Superagonistic antibodies, however, are known to function
as potent immune stimulators in vitro as well as in vivo. In vivo, however, antibodies are
cross-presented to other cells via mobile Fc receptors binding the constant regions of the
Ab with the Fc receptor itself diffusing in the plasma membrane. This mobility allows
interactions of antibody-bound receptors within the membrane.
The next experiments therefore tried to mimic physiological conditions using supported lipid
bilayers (SLB) to verify whether the observed CD45 exclusion differences can be attributed
to antibody mediated gap-size differences or were artefacts from the glass surface.
To this end, cells were labelled with anti-mCD45 Fab and dropped on SLB pre-coated with
superagonistic or conventional antibody loaded Fc receptor (see Fig. 4.7). The Fc receptor
used here was mFcγRIIb, which binds the constant regions of both antibodies with an affinity
of 0.7 µM [105]. The mobility of the antibody-loaded Fc receptors allowed the formation of
Ab-mediated contacts (see Suppl. Video 1). CD45 exclusion from these contacts was then
measured as previously defined (see Equ.4.1).
Using truncCD28me cell lines, the contacts formed by CA and SA did not show a significant
difference in CD45 exclusion (see Fig. 4.7B). Here, the observed zones originated from
antibody presented by Fc receptors since the accumulation of Ab was dependent on the Fc
receptor and antibody presence (see Appendix Fig. A.3, A.4). SLB coated only with Ab, in
the absence of Fc receptors, did not lead to accumulation (see Appendix A.3) and cells only
settled on Fc coated bilayer when it was loaded with Ab (see Appendix A.4).
Since the observed contacts were, however, small and quite variable in intensity, the next
experiments examined if the contact formation could be facilitated through an increased
level of CD28 expression (see Fig. 4.8). Using cell lines with high expression level of
truncCD28 (truncCD28hi) the contacts formed faster (∼1 min) (see Appendix Fig. A.2 and
Suppl. Video 2), were larger in size and more homogeneous in intensity (see Fig. 4.7, 4.8
for comparison). As shown in Figure 4.8B, superagonistic antibody mediated contacts led
to exclusion of CD45 from the contact (see Suppl. Video 3). Similar behaviour was not
observed for conventional Ab mediated contacts. Comparing the CD45 exclusion showed
that superagonistic antibodies mediated contacts increased CD45 exclusion. SA treatment
led to CD45 exclusion of 0.09± 0.17 (mean±SD) which was four times larger than the
CD45 exclusion observed under CA treatment with 0.02±0.15 (mean±SD).
To conclude, superagonistic antibody-mediated contacts formed on bilayers excluded CD45
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only more efficiently than their conventional counterpart when cells expressed high levels of
CD28.

Fig. 4.7 No exclusion differences in CD45 exclusion on Fc receptor coated bilayers for
truncCD28me cells. A) Schematic representation of the experiment. BW truncCD28me cells
were labelled with anti-mCD45-Fab (Alexa488) and dropped on bilayers coated with Fc
receptors presenting either SA or CA (Alexa647). B) 2-color TIRF images of SA/CA, CD45
channels and their composite (left and right). Exclusion values per cell for each condition
are shown (SA: red, CA: blue) with mean±SD. Data were taken at RT over 3 days with 2
repeats per day (SA ncells=48, CA ncells=55). Scale bar 5 µm.
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Fig. 4.8 Superagonistic antibodies increase phosphatase exclusion in truncCD28hi cells. A)
Schematic representation of the experiment. BW truncCD28hi cells were labelled with
anti-mCD45 Fab (Alexa488) and dropped on bilayers coated with Fc-receptors presenting
either SA or CA (Alexa647). B) 2-color TIRF images of SA/CA, CD45 and a composite of
both channels (left and right). Exclusion values per cell for each condition are shown (SA:
red, CA: blue) coated Fc receptor bilayers. Shown is mean±SD. Data were taken at RT over
3 days with 2 repeats per day (SA ncells=54, CA ncells=59). Scale bar 10 µm. A two-sample
Student t-test was used with p*<0.05,p**<0.01 and p***<0.001.

Loss of exclusion of shortened CD148 phosphatase One of the key predictions of the
KS model is that large phosphatases are excluded from small gaps and that this exclusion
leads to T cell signalling. Conversely, a smaller phosphatase should be able to enter the gap
and abrogate signalling.
To test this theory cell lines with shortened phosphatases were created. Here, the extracellular
and transmembrane domain of the phosphatase CD148 were replaced by those of LAT, which
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has a very short extracellular domain (4 residues), while the intracellular phosphatase domain
was still intact. IL-2 assays comparing superagonistic stimulation using cell lines expressing
no CD148 were compared to cells expressing full-length CD148 and truncated LAT-CD148.
As shown in Figure 4.9, the shortened LAT-CD148 indeed silenced IL-2 production. This
was not an artefact of the additional expression of CD148 phosphatases, since the expression
of full-length CD148 showed similar IL-2 production levels as cell lines without additional
expression of CD148.

Fig. 4.9 Superagonistic signalling is sensitive to the CD148 phosphatase dimensions. BW
TCR+ CD28me cells were transfected with CD28 alone (no CD148) or additionally with
either CD148 or LAT-CD148. Cells were incubated with SA, and then allowed to interact
with DAM-coated glass. A) IL-2 production was measured after 24 hours. Data and analysis
was kindly provided by Dr. Meike Aßmann. Figure adapted from [105]. B) Schematic
representation of the experiment.

To test if the abolition of IL-2 production was related to differences between LAT-CD148
and CD45 distributions, cells expressing LAT-CD148-Halo were labelled with CD45 Fab, a
fluorescent Halo-tag substrate and either directly dropped onto SA coated Fc receptor-bearing
bilayers (see Fig. 4.10A-C) or pretreated with SA Ab and then allowed to settle on DAM
coated glass (see Fig. 4.10D-F).
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Fig. 4.10 Phosphatase exclusion sensitive to phosphatase size. A, D) Schematic representation
of the experiment. BW truncCD28me cells expressing LAT-CD148-Halo were labelled with
Halo-TMR, anti-mCD45-Fab (Alexa488) and dropped on bilayers coated with SA (Alexa647)
loaded Fc receptors (A) or pre-coated with SA and dropped on DAM coated glass (D). B,E) 3-
color TIRF images of SA (blue), CD45 (red), LAT-CD148 (green) channels and a composite
of the channels. Scale bars 5 µm. C,F) Scatter plot of exclusion values of CD45 (red) and
LAT-CD148 (green) per cell. Shown is mean±SD. Data on glass were taken at RT over three
days with one repeat per day (Glass ncells=36). Data on bilayers were taken over one day with
two repeats (SLB ncells=19). A two-sample Student t-test was used with p*<0.05,p**<0.01
and p***<0.001.

On bilayers (see Fig. 4.10 A-C), clear antibody-induced segregation of CD45 was visible,
with CD45 forming rings around Ab-rich regions (see Suppl. Video 4). LAT-CD148, however,
was not segregated from the Ab zones but was evenly distributed across the contact (see
Fig. 4.10 B). This was also reflected in the exclusion analysis of CD45 and LAT-CD148,
where CD45 showed positive exclusion values of 0.11±0.12 (mean±SD) and LAT-CD148
accumulated with values of -0.27±0.17 (mean±SD) (see Fig. 4.10C). Dropping SA treated
cells on DAM coated glass, however, showed no change in exclusion values (see Fig. 4.10F,
Suppl. Video 5). As shown in Figure 4.10E, while CD45 was excluded from the central
region of the contact, the Ab was excluded to the same extent. LAT-CD148, however, was
present across the whole contact.
The experiments presented here showed a link between phosphatase size, signalling and
distribution. The expression of truncated phosphatases abolished T cell signalling while
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TIRF imaging showed clear differences in the distribution of full-length and truncated
phosphatases.

Size-dependent phosphatase exclusion on glass and bilayers via extended Antibodies
The previous section established that cell activation and phosphatase exclusion is dependent
on the size of the phosphatase. The next section will focus on the gap size mediated by the Ab.
To study this, antibodies were fabricated with extended, heavily glycosylated, linker domains
of 50 amino acids (aa), rendering them approx. 12.5 nm longer in the hinge region assuming
2.5Å per aa [114]. The experiments presented in the following will examine T cell signalling
and changes in phosphatase distribution upon treatment with extended superagonists (extSA)
and non-extended superagonistic antibodies (SA).

Exclusion on Glass Measuring the IL-2 production of cells stimulated over 24h with
SA or extSA showed that while extSA functions as costimulatory Ab, initiating IL-2 produc-
tion under additional stimulation with anti-TCR antibody, it did not function as superagonist
(see Fig.4.11) 1.

Fig. 4.11 Extended SA antibodies are costimulatory, but not superagonistic. A) BW TCR+

CD28me cells expressing rmCD28 were incubated with SA or extSA, and then allowed to
interact with DAM or DAM + anti-TCR mAb coated glass surface. IL-2 secretion was
assessed after 24 hours. Data taken and analysed by Dr. Meike Aßmann. Figure adapted
from [105]. B) Schematic representation of the experiment.

1Reduction of IL-2 signalling was also observed with a 30aa extended linker, rendering the Ab 7.5 nm
long, which is similar to the expected gap difference between CA and SA. All imaging experiments were only
performed with +50aa Ab [105])
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Fig. 4.12 CD45 exclusion sensitive to Ab size. A) Schematic representation of the experiment.
BW TCR− truncCD28me cells were stimulated with SA or extSA (Alexa647) antibodies,
labelled with anti-mCD45-Fab (Alexa488) and dropped on DAM coated glass. B) 2-color
TIRF images of SA/SAext, CD45 and a composite are shown (left and right). C) Normalised
histogram of pixel-wise CD45 intensity in the Ab masks. D) Boxplot of average CD45
intensity per high Ab intensity regions. E) Exclusion values per cell for each condition are
shown (SA: red, extSA: blue) with mean±SD. Data were taken at RT over 3 days with 2
repeats per day (SA ncells=82, extSA ncells = 84). Scale bar 5 µm. A two-sample Student
t-test was used with p*<0.05,p**<0.01 and p***<0.001.
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Having established that extSA abolished IL-2 production, the next set of imaging experiments
investigated whether CD45 is excluded from contacts created with extSA. Medium expressing
truncCD28 cells were therefore labelled with anti-mCD45-Fab and pretreated with SA or
extSA before being dropped on DAM coated glass slides (see Fig. 4.12A). Measurements of
the average CD45 intensity per cell (see Fig. 4.12B) and the intensity histograms (see Fig.
4.12C) showed no difference between SA and extSA (see Fig. 4.12B,C). Focusing on high
Ab intensity regions, however (see Fig. 4.12D,E), the analysis revealed that SA mediated
contacts caused an increased CD45 segregation both comparing average CD45 intensity per
Ab region and CD45 exclusion values.

Exclusion on Bilayers To test if this Ab-mediated CD45 segregation was also visible
in a more physiological setting, cells were labelled with anti-mCD45 Fab and dropped onto
Ab loaded Fc receptor coated bilayers (see Fig. 4.13).
As shown in Figure 4.13B, extSA and SA both accumulated under the cells (see Suppl. Video
6). Contacts mediated by SA exhibited clear CD45 exclusion, as CD45 formed rings around
the individual contacts. ExtSA mediated contacts showed no or only a slight change in CD45
intensity in Ab regions. This is reflected in the exclusion analysis (see Fig. 4.13B). Here,
SA regions excluded CD45 three-fold more than extSA contacts, with exclusion values of
-0.033±0.15 for SA and -0.10±0.14 for extSA.
To conclude, the experiments performed here revealed a link between antibody size, sig-
nalling and CD45 exclusion. The extension of the superagonistic antibody led to a loss of
superagonistic activity in the IL-2 assays (see Fig. 4.11), while TIRF imaging on glass and
SLB showed that contacts mediated by extSA antibodies led to reduced CD45 exclusion in
comparison to the contacts formed by the non-extended SA antibodies.
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Fig. 4.13 CD45 exclusion sensitive to Ab size on Fc receptor-coated bilayer. A) Schematic
representation of the experiment. BW TCR− truncCD28me cells were labelled with anti-
mCD45-Fab (Alexa488) and dropped on bilayers coated with Fc receptors presenting either
SA or extSA (Alexa647) antibodies. B) 2-color TIRF images of SA/SAext, CD45 and a
composite (left and right). Exclusion values per cell for each condition are shown (SA: red,
extSA: blue). Shown is mean±SD. Data were taken at RT over 3 days with 2 repeats per day
(SA ncells=65, SAext ncells = 64). Scale bar 10 µm. A two-sample Student t-test was used
with p*<0.05,p**<0.01 and p***<0.001.



4.2 Results & Discussion 47

Clustering and phosphatase exclusion on glass While the previous sections focused
on the Ab induced gap-height differences between cell and a surface, the effect on CD28
clustering was not examined. Since CD28 is a dimer, and the SA, CA and extSA antibodies
bind bivalently, the Abs would cluster CD28 into lattices. This clustering could also affect
signalling. To examine the role of clustering in superagonistic signalling and separate
clustering from gap-height effects a monomeric CD28 was designed where the extracellular
domain of CD28 was replaced with the extracellular domain of the human monomeric
receptor PD1, creating PDCD28. To mimic the use of the previous superagonistic antibodies
SA (JJ316) and CA (JJ319), the antibodies Cl.19, which binds proximal to the membrane
(similar to JJ316) and Cl.2 which binds PD1 close to its ligand binding site (similar to JJ319)
were used. Cl.19 and Cl.2 thereby bind PD1 with similar affinities of 0.036±0.0037 µM
(Cl.2) and 0.028±0.0014 µM (Cl.19).

Fig. 4.14 Cross-linking of PDCD28 is required for signalling. TCR+ BW cells were trans-
fected with high levels of A PDCD28, or B truncPDCD28. Cells were incubated with a
combination of Cl.2 and Cl.19 anti-PD1 antibodies and then allowed to interact with DAM-
coated glass surfaces. Cl.2 and Cl.19 concentrations were titrated from 0 to 50 µg/mL. IL-2
production was assessed after 24 hours. Data taken and analysed by Dr. Meike Aßmann. C)
Schematic representation of the experiment. Figure adapted from [105].

To achieve IL-2 responses via cross-linking the expression levels of PDCD28 had to be
increased to match high expressing CD28 cell lines [105]. Interestingly, the monomeric
PDCD28 cells did not produce IL-2 upon stimulation with either Cl.2 or Cl.19 alone but only
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upon cross-linking using both antibodies (Fig. 4.14). Here, also the truncPDCD28, lacking
intracellular signalling motifs of CD28, led to IL-2 production 2.
To test whether cross-linking of PDCD28 led to increased CD45 exclusion, 2-color TIRF
experiments were performed, labelling mCD45 and the cross-linking antibodies (see Fig.
4.15A). The treatment of truncPDCD28 cells with a combination of Cl.19 and Cl.2 led to the
formation of clusters (see Fig. 4.15B) while Cl.19 treatment alone formed larger contacts.
However, analysing the average CD45 intensity per cell showed no significant decrease in
average CD45 intensity (see Fig. 4.15B). Analyses relying on high Ab regions are not shown
since the cross-linking conditions led to a vast shift in Ab intensities prohibiting comparable
Cl.19 versus Cl.19+Cl.2 masking conditions (see Appendix Fig. A.6). While intensities
relying on Ab regions of high density were not possible, the slight trend of reduced CD45
intensity under clustered conditions could suggest increased CD45 exclusion in small regions
of high Ab intensity. Furthermore the observed difference in signalling could be due to the
proximity of signalling motifs or a clustering-mediated slow down of CD28 or CD45.

2However, upon reduction of the TCR expression, IL-2 production was markedly decreased comparing
full-length to truncated PDCD28 (see Appendix Fig. A.5)
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Fig. 4.15 Effect of Cross-linking on phosphatase distribution. A) Schematic representation of
the experiment. BW truncPDCD28hi cells were labelled with anti-mCD45-Fab (Alexa488)
and treated with either Cl.19 (50 µg/ml) or Cl.19+Cl.2 (25 µg/ml, 25 µg/ml) fluorescently
labelled Ab (Alexa647) before being dropped on DAM coated glass slides. B) 2-color
TIRF images of Cl.19/Cl.19+Cl.2, CD45 and a composite of both channels (left and right).
Average CD45 intensity per cell (Cl.2: pink, Cl.19 + Cl.2: orange) is presented in boxplots.
Shown is mean±SD. Data were taken at RT over 3 days with 2 repeats per day. Cl.19
(ncells=48, Cl.19+Cl.2 ncells=54). Scale bar 5 µm. A two-sample Student t-test was used with
p*<0.05,p**<0.01 and p***<0.001.
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Discussion

The previous section asserted that phosphatase and antibody size-dependent changes influ-
enced T cell signalling and CD45 exclusion. In the following some aspects of the results will
be discussed in further detail.

SA versus CA on glass and the expression levels The experiments presented in Figures
4.7 and 4.1 revealed a link between superagonistic signalling and increased CD45 exclusion
through superagonistic antibodies. As shown in Figure 4.5 and 4.6, the superagonistic effect
of increased CD45 exclusion scales with CD28 expression and is, for medium truncCD28
expressing cells, only visible in high Ab intensity regions. Differences in IL-2 signalling,
however, were clearly observable for medium expressing CD28 cells (see Fig. 4.1). This
could have the following implication for CD28 superagonism. The observed IL-2 signalling
could be possibly attributed to small, dense regions of high Ab intensity. The high density
might be required to form a gap of uniform height, able to exclude CD45. Less dense regions
might allow for a more heterogeneous gap height able to accommodate CD45. Here, it has
been shown that already a two-fold decrease in CD45 can lead to T cell signalling [115].
From an imaging point of view, individual, small Ab accumulations on glass could be small
enough to render CD45 exclusion within the diffraction limit unnoticeable. Moreover, the
small contacts confer potential artefacts on the analysis, possibly explaining the peak of small
intensity values in the pixel-wise CD45 intensity histogram (see Fig. 4.5C), due also perhaps
to the masking method. For this analysis, masks include all of the Ab region and do not
reliably distinguish background from signal especially in the case of smaller regions of the
CA contacts. Increasing expression levels (see Fig. 4.8), increased the observable exclusion
effect and in this case the pixel-wise intensity histogram (see Fig. 4.8A), the average CD45
intensity per cell (see Fig. 4.8B) and per high intensity regions (see Fig. 4.8D) showed
clear differences between the Ab conditions. Exclusion values, however, showed no change
between regions inside the high Ab intensity regions and outside for the high-expressing cells.
While this would indicate that changes in SA and CA antibody intensity did not influence
CD45 distribution, in this case it is also possible, that if all CD28 proteins accumulate
strongly, the difference of exclusion between "high" and "low" Ab intensity regions could
be marginal for both antibodies and differences between Abs difficult to identify using this
parameter.

SA versus CA on bilayers and the expression levels Experiments performed on bilay-
ers showed that superagonistic antibody-mediated gaps increased CD45 exclusion if cells
expressed high levels of CD28 (see Fig. 4.7,4.8). Cells expressing truncCD28 at medium
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expression levels showed no differences in exclusion values. Similar to the glass experiments
(see Fig. 4.5), medium expressing truncCD28 cells on Fc receptor coated bilayers, formed
small, heterogeneous contacts making the masking of Ab regions difficult. Here, one can
speculate that at lower expression levels the formation of regions of high Ab intensity is
constrained by the inherently lower CD28 density on the membrane. This could explain the
delayed onset of zone formation as well as the size of the zones (see Appendix A.2). Here,
the small difference in height between SA and CA could under these clustering conditions not
be sufficient to cause CD45 exclusion and/or a detectable exclusion in a diffraction-limited
image. At high expression, however, Ab zone formation was accelerated (see Appendix Fig.
A.2) and contacts were more homogeneous and larger in size which may have facilitated
the generation of more uniform gap height across the contact, facilitating CD45 exclusion.
Notably, small CD45 exclusion zones in CA mediated contacts were visible (see Fig. 4.8), but
they were, unlike the SA mediated CD45 exclusion, not related to CA contacts, possibly due
to interactions with free nickel-bound lipids in the bilayer. However, the observed differences
in CD45 exclusion between the antibodies is not an artefact induced by nickelated lipids
since Ab accumulation and CD45 exclusion were dependent on Fc receptor and Ab presence
(see Appendix Fig. A.4, A.3).

truncCD148 on glass and bilayers To test the influence of phosphatase size on T cell
signalling and phosphatase distribution, the experiments presented in Figures 4.9 and 4.10 ex-
amined whether truncated phosphatases could inhibit signalling by avoiding steric exclusion
effects (see Fig. 4.9). Experiments on bilayers (see Fig. 4.10A-C) showed clear exclusion
of CD45 from the accumulation zones of SA as well as a homogeneous distribution of the
shortened phosphatase.
On glass (see Fig. 4.10D-F), there was no difference in antibody mediated exclusion of
the two phosphatases detected. Nevertheless, a clear exclusion of CD45 to the edge of the
cell was observable while LAT-CD148 was homogeneously distributed across the contact.
This, however, is not detected by the analysis. Looking at the data one finds that the Ab
seems also excluded. Previously these effects have been overlooked through the direct
comparison of two antibodies and their effect on CD45, without membrane staining. The
exclusion of CD45 is therefore not detected by the analysis, since the analysis measures the
Ab dependent exclusion of CD45. Consequently, differences between CD45 and LAT-CD148
were not detected. Moreover, the data shows that the intensity of LAT-CD148-Halo is also
increased for high Ab regions. This suggests, that regions of high Ab intensity could lead to
proteins being closer to the glass and therefore brighter in the exponentially decreasing TIRF
field. This could lead to higher CD45 and LAT-CD148 intensity at higher Ab intensity. To
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correct for this effect in future experiments, it might be possible to include a membrane stain
to normalise to membrane intensity, and therefore correct for the distance of the proteins
from the glass. Membrane stains like DiO or DeepRed, however, are usually broad in their
intensity spectrum, which poses difficulties in three color experiments. Incubating cells with
fluorescently labelled lipids to be incorporated into the plasma membrane could be another
option.
Apart from these possible imaging artefacts, it remains that superagonistic antibodies ex-
cluded CD45 over the whole region of the cell, leading to accumulation of CD45 and the
antibody on the cell edge. Here, since the cells are pre-coated with antibodies, one could
speculate that after initial contact formation the cell settles down and thereby excludes already
formed Ab clusters to the edge of the cell where they bind DAM. Consequently, to compare
the exclusion of CD45 and LAT-CD148, a different analysis approach would need to be
implemented to compare the exclusion of the phosphatases from the cell, and not the Ab
area.

SA versus SAext on glass and bilayers The experiments presented in Figures 4.11, 4.12
and 4.13 used extended antibodies and revealed a link between signalling, antibody-size
and phosphatase distribution, further supporting the claims of the kinetic-segregation model.
Extended antibodies were shown to loose their superagonistic signalling capacity (see Fig.
4.11) and decreased CD45 exclusion in high intensity Ab mediated contacts on glass (see
Fig. 4.13).
Interestingly, both glass and bilayer contacts revealed a decreased CD45 exclusion in extSA
mediated contacts although the expression levels of truncCD28 are medium. While SA and
CA bilayer did not show a significant change in exclusion these were now visible for SA
versus extSA. The reason behind this could be that extSA forms a larger gap than CA and the
height difference between SA and CA with 7.5 nm is almost doubled comparing SA versus
extSA with about 12 nm. This increased gap height might facilitate the detection of exclusion
differences. However, future experiment could assess directly if the gap height between the
surface and the cell is influenced by antibodies through interference contrast microscopy
(ICM) or fluorescence lifetime imaging microscopy (FLIM).
To conclude, these experiments linked signalling with CD45 exclusion and suggest that
differences between superagonistic and conventional antibody stimulation are a steric effect
of reduced gap-sizes. The comparison of SA and SAext showed that this is most likely
related to antibody mediated gap height rather than cross-linking differences between the
Abs, since SAext binds, and therefore likely cross-links, its target in a similar fashion as SA
antibodies.
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Clustering and phosphatase exclusion The previous experiments used different antibod-
ies to test if gap-height influences signalling and CD45 exclusion. These antibodies, however,
possibly changed gap-height and in the case of SA versus CA antibodies, clustering of
CD28. This is supported by the result that high Ab intensity regions showed increased CD45
exclusion (see Fig. 4.7). Therefore, the next experiment tried to elucidate the importance
of clustering for signalling and CD45 exclusion. The IL-2 assays presented in Figure 4.14
clearly showed that clustering of monomeric PDCD28 is necessary for T cell activation since
neither Cl.2 or Cl.19 stimulation was sufficient to induce IL-2 production. As shown in
Appendix Figure A.5, this ligand-independent signalling scales with PDCD28 expression
levels, with PDCD28me leading to less IL-2 release than PDCD28hi. Imaging of CD45
under clustered and not clustered conditions, only showed a trend towards increased CD45
exclusion under clustered conditions in the average CD45 intensity per cell (see Fig. 4.15).
Analysis of high intensity regions which could be unveiling local CD45 exclusion was not
possible due to the differences in Ab intensity distributions between the conditions (see
Appendix A.6). While changes in CD45 exclusion were not pronounced, diffusional effects
due to cross-linking inhibiting CD45 diffusion leading to temporal segregation could add to
the slight exclusion differences and result in the observed IL-2 response. Another explanation
of the observed effect is that, while CD45 exclusion was similar, the density of the contact
could promote a local, sub-diffraction-limited, accumulation of PDCD28 signalling motifs
and thereby enhance signalling. This is supported by IL-2 assays showing a decreased, but
not abolished IL-2 production upon removal of the intracellular signalling motifs via the
truncPDCD28 constructs (see Appendix A.5). Cross-linking of truncPDCD28 therefore
could lead to the formation of sub-diffraction limited exclusion zones promoting TCR phos-
phorylation with truncPDCD28, while the density of signalling motifs in PDCD28 could
enhance this signalling. In summary, these results suggest that superagonistic signalling
is correlated with spatial segregation of CD45 and receptor clustering. The next set of
experiments examined the effect of temporal segregation on CD28 and CD45.
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4.2.2 Superagonistic stimulation and temporal segregation

Previous sections established that superagonistic stimulation is sensitive to both gap-height
and phosphatase size as well as being related to CD45 exclusion. However, the steric
hindrance imposed by the gap might not only lead to exclusion of large proteins like CD45
but also affect their diffusion. In the setting of the KS model, temporal segregation, meaning
a decrease in protein diffusion, can have a similar effect to spatial segregation (see Fig. 4.16).
If certain proteins are slowed down due to increased steric hindrances, their collision rate
also decreases, which would lead to less enzymatic modifications such as dephosphorylation
events. In a close contact, the large phosphatase CD45 could be slowed down due to steric
hindrance while the small kinase Lck could diffuse freely, this would effectively shift the
phosphorylation balance in a similar fashion as spatial segregation. The next section therefore
examines the diffusion of CD45 and CD28 under various Ab treatments assessing the effect
of gap-height and cross-linking on protein diffusion.

Fig. 4.16 Temporal and spatial segregation. Illustration of the effect of temporal segregation
(left), no segregation (middle) and spatial segregation (right) of CD28 and CD45 on TCR
phosphorylation. Figure adapted from [105].

Results

CD45 Diffusion To measure CD45 diffusion, cells were labelled at low labelling density
with anti-mCD45 Fabs. They were either left untreated (untr.) or were additionally treated
with SA or CA prior to being dropped and imaged on a DAM-coated glass slide (see Fig.
4.17A). The acquired single-molecule data (example shown in Fig. 4.17B, Suppl. Video 7)
were then analysed via ensemble MSD and cell-wise JD analysis as shown in Figure 4.17C,D.
While the cell-wise JD analysis (see Fig. 4.17D) showed a slight increase in CD45 diffusion
upon CA treatment, it revealed no further changes between the conditions. On a cell to
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cell basis, SA treatment therefore did not slow down CD45 diffusion. The MSD ensemble
measurement as shown in Figure 4.17C, revealed a slight decrease of CD45 diffusion under
SA treatment.

Fig. 4.17 CD45 Diffusion influenced by superagonistic antibody. A) Schematic of the experi-
mental design. BW truncPDCD28hi cells were labelled with anti-mCD45-Fab (Alexa488)
and either directly dropped on DAM coated slides (unstim.) or pre-treated with conventional
(CA) or superagonistic (SA) Ab. B) Example of single-molecule data with subsequent frames
showing the molecule trajectory (top inlet, scale bar 1 µm.) and the corresponding trajectory
ensemble of the whole acquisition. Scale bar 5 µm. C) Ensemble MSD analysis comparing
SA,CA and unstim. conditions. D) Cell-wise JD analysis. Boxes represent mean and 25%-
75% quantile with whiskers showing the SD and markers showing the individual cell values
for Dfast (left), Dslow(right) and the fraction of the fast diffusing population (top). Data were
taken at 37°C over 3 days. A two-sample Student t-test was used with p*<0.05,p**<0.01 and
p***<0.001.

CD28 Diffusion CD28 diffusion was measured using cell lines expressing high levels
of truncCD28 mEos3.2 fusion protein (as illustrated in Fig. 4.18A). The photoswitchable
mEos allowed the acquisition of single-molecule trajectories over the background of many
molecules without having to reduce truncCD28 expression levels (see Fig. 4.18 B). In this
case, both cell-wise JD (see Fig. 4.18 D) and ensemble MSD analysis (see Fig. 4.18 C)
showed that SA treatment led to a decrease in CD28 diffusion of fast and slow populations
as well as increased fraction of slow diffusing population. This indicated an increased
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amount of CD28 immobilisation to the glass. However, in this experiment the CD28 would
be immobilised to the DAM coated glass surface if it was Ab bound. The next section
will therefore examine non-immobilised CD28 diffusion and whether it is influenced by
gap-height or cross-linking conditions alone.

Fig. 4.18 CD28 Diffusion influenced by superagonistic antibody. A) Schematic of the
experimental design. BW TCR− truncPDCD28hi cells expressing truncCD28mEos3.2hi were
either dropped directly on DAM coated slides (unstim.) or pre-treated with conventional
(CA) or superagonistic (SA) Ab. B) Example of single-molecule data with subsequent
frames showing the molecule trajectory (top inlet, scale bar 1 µm.) and the corresponding
trajectory ensemble of the whole acquisition. Scale bar 5 µm. C) Ensemble MSD analysis
comparing unstim. (black), CA(blue) and SA (red) conditions. D) Cell-wise JD analysis.
Boxes represent mean and 25%-75% with whiskers showing the SD and markers showing
the individual cell values for Dfast (left), Dslow(right) and the fraction of the fast diffusing
population (top). Data were taken at 37°C over 2 days. A two-sample Student t-test was used
with p*<0.05,p**<0.01 and p***<0.001.

CD28 Diffusion unimpaired by Gap-size modulation This section tries to elucidate if
steric effects, due to gap height or cross-linking, are sufficient to affect CD28 diffusion. To
change gap-height and cross-linking independently from each other and without immobilis-
ing CD28 to the glass, a combination of humanised Cl.10 and Cl.19 (hCl.10, hCl.19) and
mouse Cl.2 (mCl.2) antibodies was used. Here, Cl.10 binds membrane-proximally, setting
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the gap similiar to Cl.2 via binding a different epitope to Cl.2. Humanised antibodies binding
PDCD28 would be immobilised by the GAH coated glass slide while mCl.2 would bind only
to PDCD28. hCl.19 and hCl.10 therefore change the gap while the addition of mCl.2 would
change clustering conditions of PDCD28. Since SA and CA are mouse-anti rat antibodies
they would not bind to the GAH glass. Therefore this experimental setup, illustrated in
Figure 4.19A, allows the measurement of non-immobilised CD28 diffusion under different
gap-size, clustering and antibody-bound conditions.
As shown in Figure 4.19, without treatment with anti-CD28 (no anti CD28 Ab), the diffusion
of CD28 was unimpaired by gap-size modulation via hCl.19, hCl.10 or cross-linking of
PDCD28. The cell-wise JD analysis (see Fig. 4.19B) revealed that the diffusion coefficients
of the fast and slow diffusing populations as well as the fractions of the two populations
remained unchanged. Changing the gap height alone, or clustering of other proteins therefore
did not impede CD28 diffusion when it was not antibody bound (untr.).
Treatment of CD28 with SA or CA antibodies, however, affected CD28 diffusion. The
binding of CA compared to no-anti CD28 on just GAH coated glass already decreased
CD28 diffusion significantly. Setting the gap height with hCl.10, which binds PDCD28
membrane-distal decreased CD28 diffusion further. An even greater reduction in diffusion
coefficients was observed when the gap was further reduced by creating contacts using the
membrane-proximally binding hCl.19. Cross-linking of PDCD28 via hCl.19 and mCl.2 treat-
ment led to diffusion coefficients similar to hCl.10 gap-size. Superagonistic antibody binding
on the other hand showed no significant reduction upon changes of gap or cross-linking
conditions. Here, only treatment with SA antibody at gaps formed with hCl.19, lead to a
significant decrease in CD28 diffusion compared to diffusion values without anti-CD28 Ab.
Similar results were achieved by MSD ensemble analysis shown in Appendix, Figure A.7.
These results suggest that diffusion of CD28 is influenced mostly by steric effects of anti-
body CD28 complexes. Importantly, the diffusion of SA-bound CD28 in the presence of
the membrane-proximally binding anti-PD1 antibody (Cl.19) was not significantly slower
than that of CA-bound CD28 in the presence of the distally-binding anti-PD1 antibody
(Cl.10), suggesting that differences in diffusion of non-immobilised, antibody-bound CD28
complexes is not the explanation for the differential effects of the anti-CD28 antibodies.
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Fig. 4.19 No difference in diffusion of un-immobilised CD28 upon superagonistic or conven-
tional Ab treatment. A) Schematic representation of the experiment. BW truncPDCD28hi

cells expressing truncCD28-mEos3.2hi were dropped on GAH coated glass. Cells were
coated with PD1-binding antibodies (hCl.10, hCl.19) to vary the gap-height and cross-linking
conditions (hCl.19+ mCl.2) independently of CD28. To test the effect of superagonistic
antibodies on CD28 diffusion, cells were either additionally treated with SA or CA or used
without anti-CD28 stimulation. B) Cell-wise JD analysis showing Dfast, Dslow and fractions
of fast diffusing population. Boxes represent mean and 25%-75% with whiskers showing the
SD and markers showing the individual cell values. Data were taken at 37°C over 3 days. A
two-sample Student t-test was used with p*<0.05,p**<0.01 and p***<0.001.
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Discussion

The presented experiments tried to elucidate the role of temporal segregation for superago-
nistic signalling. Single molecule tracking of CD45 and CD28 under various gap-height and
cross-linking conditions was performed and the results will be discussed briefly.

CD45 Analysing the CD45 diffusion via an MSD ensemble fit (see Fig. 4.17) revealed that
CD45 diffusion is slightly reduced under SA treatment compared to unstimulated and CA
treatment. Here, modelling and simulations would need to be employed to show if this slight
reduction in diffusion is sufficient to influence signalling.
Analysing the data via cell-wise JD analysis showed no significant reduction of CD28
diffusion comparing SA versus unstimulated conditions. With all JD parameters, i.e. Dfast,
Dslow and fractions of populations varying, the result is difficult to interpret, as is a comparison
between conditions. However, 2-color diffusion experiments (see Appendix Fig. A.9A)
showed that CD45 mostly diffuses around SA regions while it is present in CA contacts. This
suggested that CD45 is mostly excluded from contacts. Since Ab intensities were similar
between SA and CA conditions, this implies that similar amounts of Ab bind to the DAM
coated glass (see Appendix Fig. A.9B). JD maps, maps of instantaneous CD45 speed, i.e.
the average distance covered by CD45 molecules passing through each pixel (see Appendix
Fig. A.8), further supported this claim. Here, CD45 not only diffused around SA regions but
also revealed a small fraction of CD45 molecules which were diffusing inside the contact but
exhibited low instantaneous speed (marked by darker pixels). CD45 under unstimulated and
CA conditions in comparison, almost covered the complete contact at homogeneous speeds.
In summary, CD45 seemed mostly excluded from SA contacts, except for a small fraction
of trapped CD45 within the contact. While this could explain the slight difference in the
MSD plot, the cell-wise analysis possibly was not able to visualise this effect due to the low
amount of trapped CD45 per cell, since the majority of CD45 seem to be diffusing around
the contact and were excluded.

CD28 Following the diffusion of mEos3.2 labelled CD28 under different Ab conditions
(see Fig. 4.18) revealed that SA contacts clearly limited CD28 diffusion both according to
cell-wise JD analysis and the MSD ensemble fit. According to the JD analysis, this is due to
an increase in the slow moving population under SA treatment.
The ensemble fit showed sub-diffusive behaviour around 0.6s at MSD of around 0.1 µm2 for
untreated conditions. This could be due to the contact with the glass limiting the area over
which CD28 can diffuse. These values are in good agreement with the slight sub-diffusive
shift visible in MSD ensemble fits for CD45 diffusion at similar values as unstimulated, SA
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and CA treatment. CD28 diffusion under SA is restrained compared to untreated and CA
bound CD28. This could relate to the immobilisation of CD28 through the SA/CA antibodies
binding to the DAM-coated glass.
To assess the effects of steric hindrance due to gap height and clustering without immobilising
CD28, the next set of experiments modified gap-height and clustering independently from
CD28 stimulation via SA and CA (see Fig. 4.19). In this case, non-immobilising CD28
diffusion showed that CD28 itself can freely diffuse in Cl.10 and Cl.19 contacts. However,
when CD28 was bound by a stimulating Ab, its diffusion was gap-size sensitive, especially
for CA, the Ab gap-size constrained CD28+CA diffusion. Here two effects could lead
to the observed results: clustering of CD28 and steric hindrance. Since CA binds CD28
membrane-distally, the size of CD28 is elongated and steric hindrances due to the gap-height
could be increased. Additional clustering of PDCD28 did not further impede CD28 diffusion
but was comparable to Cl.10 gap. Here, the height created by Cl.2 and Cl.19 is as previously
mentioned expected to be larger than the gap created by Cl.19 alone. A matching of diffusion
between Cl.10 and Cl.2+Cl.19 is therefore not entirely unsurprising. For SA stimulation,
where the CD28+SA complex is expected to be shorter, CD28 diffusion is only impeded
by gap-height differences when the gap is set to hCl.19 and is not further changing upon
clustering. This indicates that the decisive factor in CD28 diffusion is not clustering but
gap-height imposing steric hindrance on CD28. Moreover, the experiments showed that the
diffusion coefficients of un-immobilised Ab/CD28 complexes were similar for CA and SA
treatment. Together with IL-2 assays (see Appendix Fig.A.10) showing no IL-2 release upon
non-immobilising conditions, this indicates that the diffusing Ab/CD28 complexes were not
influencing signalling via differential diffusion and temporal segregation of freely diffusing
CD28 is not the deciding factor in superagonistic signalling. In summary, the observed
decrease in CD28 diffusion under SA treatment on glass is therefore probably attributable to
an increase of SA/CD28 complexes binding to the glass. Further experiments are needed to
clarify if the immobilisation of SA bound CD28 is a co-operative effect due to the reduced
membrane to glass proximity facilitating immobilisation.

4.2.3 Generalising superagonistic principle to the inhibitor, PD1

The previous section gathered information about the mechanism of CD28 superagonism
and it showed that superagonistic T cell activation is clustering and gap-height dependent.
According to the KS model, regions of highly clustered Ab would form gaps of uniform
height, able to exclude CD45 and forming a zone of increased phosphorylation through Lck.
If this principle is universal, then it follows that any protein on the T cell membrane can, with
the right antibodies, form similar exclusion zones. If signalling active, the receptor would
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become phosphorylated and initiate downstream signalling. This is especially interesting for
not only activating signalling proteins like CD28 but also inhibitory proteins such as PD1.
Blocking of PD1 is already a very successful cancer treatment and activating it could open up
pathways to treat a variety of autoimmune diseases without the danger of over-activating the
immune response through stimulating activating signalling proteins. Consequently the next
section explores if antibodies against PD1 could influence CD45 exclusion in a antibody-size
dependent manner.

Results

Size-dependent phosphate exclusion on glass through PD1 antibodies In the previous
sections it was shown that conventional anti-CD28 antibodies give rise to less CD45 exclusion
than superagonists. However, even for the conventional antibodies there was residual CD45
exclusion, consistent with their ability to induce weak signalling (i.e. their so-called “cos-
timulatory” activity). This raises the possibility that all antibodies that bind small receptors
might have residual signalling activity, even those used to block receptor functions. This
is especially interesting in the context of blocking antibodies against PD-1, which are now
widely used for immune checkpoint immunotherapy. Therefore the following experiments
tested whether a blocking anti-PD-1 antibody, Clone 2 (Cl.2), was indeed likely to exclude
CD45 in vivo, and whether these effects could be ameliorated by making the antibody larger.
To this end, cells were either treated with Cl.2, or the extended Cl.2 (Cl.2ext), where the
linker region of the Ab was extended by 50 aa. To analyse the effect of Cl.2 and Cl.2ext
treatment on glass, fluorescence imaging was undertaken. However, analysis of the imaging
data (see Fig. 4.20) showed no differences between Cl.2 and Cl.2ext treatments, neither in the
average CD45 intensity per cell (see Fig. 4.20B), nor the pixel-wise intensity histogram (see
Fig. 4.20C), or in high Ab intensity regions (see Fig. 4.20D) or the exclusion analysis (see
Fig. 4.20E). On glass, CD45 exclusion was not influenced by the use of Cl.2ext. Bearing in
mind that, as previously shown, Cl.2 stimulation was not sufficient to induce IL-2 production,
but required cross-linking of PDCD28, the next set of imaging experiments was performed
on Fc receptor coated bilayers. Here, Abs could accumulate under the cell forming regions
of possibly more uniform height which could facilitate CD45 exclusion.
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Fig. 4.20 CD45 exclusion not affected by size of PDCD28 antibodies on glass. A) Schematic
representation of the experiment. BW truncPDCD28hi cells were labelled with anti-mCD45-
Fab (Alexa488) and either Cl.2 or Cl.2ext (25 µg/ml, 25 µg/ml) fluorescently labelled Ab
(Alexa647) before being dropped on DAM coated glass slides. B) 2-color TIRF images of
Cl.2/Cl.2ext, CD45 and a composite(left and right). Average CD45 intensity per cell (Cl.2:
red, Cl.2ext: blue) is presented in boxplots. C) Pixel-wise CD45 intensity in Ab region. D)
Boxplots of average CD45 intensity per high Ab intensity region. E) Exclusion values per
cell for each condition. Shown is mean±SD. Data were taken at RT over 3 days with one
repeat per day (Cl.2: ncells = 31, Cl.2ext: ncells = 39). Scale bar 5 µm. A two-sample Student
t-test was used.



4.2 Results & Discussion 63

Size-dependent phosphate exclusion on bilayers through PD1 Antibodies To test if
Cl.2 and Cl.2ext exclude CD45 to different extent in a more physiological setting, cells were
labelled with anti-mCD45 Fab and allowed to settle on Ab-loaded Fc receptor coated bilayers
(see Suppl. Video 8). As shown in Figure 4.21, Cl.2 and Cl.2ext readily accumulated under
the cells. While Cl.2-rich zones clearly excluded CD45, Cl.2ext-rich zones failed to do so.
This difference was also apparent in the exclusion analysis. Cl.2 yielded positive CD45
exclusion values of 0.14±0.15 while Cl.2ext did not exclude or accumulate CD45 with an
exclusion value of -0.02±0.14. These data suggest that an anti-PD1 Ab agonist could lead to
a decrease in immune response in vivo, detected, for example by measuring either IL-2 or
IFNγ .
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Fig. 4.21 CD45 exclusion on bilayers sensitive to anti-PD1 antibody size. A) Schematic
representation of the experiment. BW truncPDCD28hi cells were labelled with anti-mCD45-
Fab (Alexa488) and dropped on bilayers coated with Fc receptors presenting either Cl.2
or extCl.2 antibodies (Alexa647). B) 2-color TIRF images of Cl.2/Cl.2 ext, CD45 and a
composite (left and right). Exclusion values per cell for each condition are shown (Cl.2: red,
Cl.2ext: blue). Shown is mean±SD. Data were taken at RT over 3 days with 2 repeats per
day (Cl.2 ncells= 69, Cl.2ext ncells=65). Scale bar 5 µm. A two-sample Student t-test was used
with p*<0.05,p**<0.01 and p***<0.001.
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Generalising superagonistic principle to cancer drug Nivolumab on bilayers Treat-
ment with the cancer drug Nivolumab, an anti-PD1 Ab, has been shown to be very successful
and correlate with long-term survival [116]. While being relatively safe in administration it
still causes immune related adverse events. Nivolumab is thought to act through blocking the
binding of PD1 to its ligand PD-L1 and thereby abolish inhibitory signalling through PD1.
As the catastrophic clinical trial around TGNF1412 showed, antibodies also act through
cross-presentation via Fc receptors. Cancer cells are known to express Fc receptors which
could present Nivolumab to T cells. This binding of Nivolumab to PD1 could on the one
hand block the binding of PD1 to its ligand, achieving the desired effect of inhibiting PD1
signalling. On the other hand, in the KS framework, the binding of PD1 to Nivolumab
presented by an Fc receptor on a cancer or other cells could cause a superagonistic signalling
effect, since CD45 exclusion was observed to occur for our anti-PD1 antibody, Cl.2. In this
case, Nivolumab would create a small gap where PD1 is held in a CD45 exclusion zone
leading to PD1 phosphorylation and inhibitory signalling effects that would reduce the overall
effectiveness of receptor "blockade". These unwanted effects could be mitigated by extended
Nivolumab, which would only block PD1 binding to PD-L1 and not activate the receptor by
creating a small CD45 exclusion zone. The following section therefore tested if Nivolumab
(Nivo) presented on an Fc receptor caused CD45 exclusion and if a 50aa extended Nivolumab
(Nivoext) could limit this exclusion. Cells expressing truncPDCD28 were dropped on Ab
coated Fc receptor bearing SLB and readily accumulated Nivo and Nivoext (see Fig. 4.22A,
Suppl. Video 9). Similar to Cl.2 and Cl.2 ext, Nivo led to CD45 exclusion of 0.09±0.14
(mean±SD), with the mean exclusion being 10-fold higher than the mean exclusion observed
in Nivoext contacts (0.009±0.13) resulting in almost homogeneously distributed CD45 in
the cell region independently of Ab accumulation. This finding suggests that if Nivolumab is
cross-presented by Fc receptors, its efficacy could be increased by extending it and thereby
avoid unwanted KS-based PD1 activation.
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Fig. 4.22 Extended Nivolumab decreases CD45 exclusion. A) BW truncPDCD28hi cells
were labelled with anti-mCD45-Fab (Alexa488) and dropped on bilayers coated with Fc-
receptors presenting either Nivolumab (Nivo) or Nivolumab extended (Nivo ext) antibodies
(Alexa647). B) 2-color TIRF images of Nivo/Nivo ext, CD45 and a composite (left and right).
Exclusion values per cell for each condition are shown (Nivo: red, Nivo ext: blue). Shown is
mean±SD. Data were taken at RT over 3 days with 2 repeats per day (Nivo ncells = 58, Nivo
ext ncells = 61). Scale bar 5µm. A two-sample Student t-test was used with p*<0.05,p**<0.01
and p***<0.001.
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Discussion

Generalising superagonism to PD1 The experiments presented in Figure 4.21 were aimed
at establishing if extending the conventional PD1 Ab Cl.2 could decrease CD45 exclusion.
Cl.2 stimulation of PDCD28 on its own did not lead to IL-2 production (see Fig. 4.14),
possibly due to its inability to form larger chains of cross-linked PDCD28, since cross-linking
of PDCD28 with Cl.19 and Cl.2 readily induced IL-2 production. Imaging experiments
on glass studying the CD45 exclusion mediated by Cl.2 with Cl.2ext did not show any
differences between the conditions, either overall or in high Ab intensity, i.e. Ab dense
regions (see Fig. 4.20). This could be a result of the PDCD28 dimers that Cl.2 and Cl.2 ext
can form. Upon contact with the DAM coated glass PDCD28 dimers would immediately be
immobilised. Even close proximity of these dimers, as would be the case in high Ab intensity
regions, may allow CD45 to reside between these located "anchor" points. Here, large chains
of protein "anchor points" would be necessary to form contacts that exclude CD45. This
possibly could be the reason why the localised effect of dimers excluding CD45 more or less
due to their size difference was not observed. However, since cells treated with SAext and
immobilised on glass at medium expression levels showed differences in CD45 exclusion
comparing SA with SAext, this suggests that CD45 exclusion seems to rely on high levels of
receptor cross-linking.
On bilayers, however, (see Fig. 4.21), antibodies could accumulate under the cell and form
zones of possibly homogeneous gap height, able to exclude CD45. These exclusion zones
were readily observed and the larger antibody leads to a decrease in CD45 exclusion.
While cross-linking seemed to be necessary to induce IL-2 on glass, on bilayers, possibly
due to ligand mobility, cells formed large CD45 exclusion zones. Here, future experiments
are necessary to determine if the exclusion observed on bilayers is sufficient to induce cell
activation. However, bilayers cannot be used as substrate for IL-2 stimulation assays. After
24 h of cell-bilayer contact the cells would have taken up lipids leading to the destruction
of the bilayer. Consequently, earlier signalling indicators would have to be employed. For
superagonistic signalling T cells likely rely on tonic and weak TCR stimulation, therefore
calcium assays are not suitable and did not show strong signalling effects [105]. However,
there are two interesting methods available measuring later signalling events. Huang et al
used capturing antibodies and release inhibitors to visualise IL-2 and TNFα on stimulated T
cells [117]. Another method relies on the use of fluorescent fusion protein reporters under
the control of signalling markers like NFκB [118].

Nivolumab A final experiment aimed at testing if Nivolumab, an FDA approved cancer-
drug, is working as PD1 superagonist possibly causing PD1 activation through forming CD45
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exclusion zones. If Nivolumab would cause CD45 exclusion an extended Nivolumab variant
could provide PD1 blockade while avoiding unwanted signalling effects through residual
PD1 activation. Evidence from CD28 superagonists lead to the hypothesis of Nivolumab
being presented on the surface of cancer cells or indeed other APC. This could lead to
inhibition of the immune response if Nivolumab is inducing CD45 exclusion zones which
then leads to PD1 phosphorylation and downstream, inhibitory signalling. It has been shown
that anti-CD28 superagonists act in vitro only when immobilised on a surface [105], and
cell to cell cross-presentation of superagonists is likely needed for cell activation. Moreover,
the cytokine release syndrome which patients developed after TGN1412 administration
has been attributed to tissue resident cell-cell contacts, which are suggested to play a vital
role in the mechanisms of antibodies in vivo [119]. To test if Nivolumab induces CD45
exclusion, TIRF imaging on antibody loaded Fc receptor coated bilayers was undertaken,
comparing Nivolumab and extended Nivolumab (see Fig. 4.22). Nivolumab showed clear
CD45 exclusion on Fc receptor coated bilayers, while the extended Nivolumab reduces the
CD45 exclusion. Here, additional cell and animal based experiments need to be performed to
test if the hypothesis of enhancing the efficacy of Nivolumab while reducing unwanted side
effects yields extra therapeutic benefits. However, since the extended superagonist extSA
(see Fig. 4.11) still acted as costimulatory Ab, an even further elongation might be necessary
to fully abrogate exclusion mediated signalling.

4.3 Conclusion

This chapter showed that T cells are gap size- and phosphatase size-dependently activated
and that this activation correlated with CD45 exclusion. Moreover, superagonistic signalling
seems to be cross-linking dependent, while experiments seem to suggest that this cross-
linking is influencing signalling through mediating a more uniform height, excluding CD45
as well as through restraining CD28 diffusion by immobilisation to the surface (see Fig.
4.23).
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Fig. 4.23 Proposed model of CD28 superagonism where spatial segregation of CD45 and
temporal segregation of CD28 lead to the observed signalling effect.

To conclude, spatial segregation of CD45 together with a possible influence through temporal
segregation, contributed to the observed signalling behaviour. The experiments presented here
support the kinetic-segregation model as mechanism for superagonistic signalling and could
further show that this receptor triggering principle can be applied to important signalling
proteins as well as having implications for the use of existing cancer drugs.





Chapter 5

Molecular mechanism of B cell activation

5.1 Introduction

The previous chapter established that antibody-superagonism is closely related to CD45
exclusion and the experiments support the kinetic-segregation model as mechanism behind
antibody superagonism. This chapter explores if the KS model can act as universal principle
of influencing phosphorylation states and will focus on KS as a general mechanism for
lymphocyte activation, not only for T but also B cells. B cells share many similarities with T
cells. They scan the surface of surrounding cells with their B cell receptor (BCR), recognising
ligand motifs that lead either T-cell dependently or T-cell independently to activation. Upon
activation B cells differentiate into plasma or memory B cells, providing antibody based
defense and immunological memory. Similar to the TCR of T cells, the BCR has no intrinsic
enzymatic activity or signalling motifs and is non-covalently bound to a Ig-αβ heterodimer,
in a one to one stoichiometry [120]. This Ig-αβ heterodimer has two ITAM motifs, which
induce downstream signalling upon phosphorylation. Similar to T cell activation, much is
known about the intracellular signalling cascade succeeding the initial phosphorylation of
the B cell receptor (BCR), the events leading to the initial ITAM phosphorylation remain
unclear.

5.1.1 B cell activation

Although it has been shown that B cells can be activated by soluble ligands, e.g. through
cross-linking of BCRs [121, 122], in vivo ligands are predominantly presented membrane-
bound to B cells by other immune cells [47, 123, 124]. B cell activation then occurs in a
mostly T-cell dependent manner [125].
Upon B cell activation, BCR ligands are internalised, degraded and presented on pMHCII



72 Molecular mechanism of B cell activation

molecules to T cells. After ligand recognition through the T cell, the T cell becomes
activated and releases cytokines which stimulate B cell differentiation. Here, B cells undergo
maturation to produce high-affinity BCRs and differentiate into memory or plasma cells.
B cells can be also be activated T-cell independently. Here, the proliferation into plasmablasts
mostly yields low affinity antibodies and occurs early in the immune response [49].

BCR triggering

Fig. 5.1 Overview of BCR signalling. Upon ligand engagement, the ITAM motifs of the
Ig-αβ heterodimer are phosphorylated by src family kinases (SFK). These kinases are
regulated by CD45 and Csk. Phosphorylation through Csk retains SFKs in an inactive state,
while dephosphorylation through CD45 converts it into a primed state. Active SFKs can
bind and phosphorylate the ITAM motifs which leads to the recruitment of the Syk kinase.
The Syk kinase initiates downstream signalling through phosphorylation of BLNK (B-cell
linker protein) which recruits further signalling proteins forming the signalosome. The
ensuing signalling cascade leads to Ca2+ release from internal calcium stores, cytoskeletal
rearrangement, mitogenic responses such as proliferation and cytokine production as well as
an inflammatory response.

The protein structure of the BCR closely resembles that of an antibody, with two heavy and
two light chains, with an additional membrane-spanning immunoglobulin (IgM, IgA, IgD,
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etc.), anchoring it to the cell membrane. As such it only differs in the C-terminus from
secreted immunoglobulins.
The phosphorylation of ITAM motifs on the Ig-αβ heterodimer, which initiates downstream
signalling, is mediated by Src family kinases (SFK) such as Syk and Lyn [126–128]. These
activating kinases are themselves regulated by phosphatases and the kinase Csk. Here, the
important receptor-type protein tyrosine phosphatases (RTPT) are CD45 and CD148 with
expression levels that reach up to 10% of surface expressed proteins in lymphocytes [129].
CD45 and CD148 recently have been shown to be almost redundant in their activity to
regulate BCR signalling [130]. Through dephosphorylation of SFKs like Lyn they regulate
their activity [131]. The removal of a phosphate keeps Lyn, similar to Lck in T cells,
in a primed but inactive state, where it can now bind to the ITAM motifs of the BCR
[132]. Through autophosphorylation, Lyn can become fully active [131, 133] (see Fig. 5.1).
Following ITAM phosphorylation, downstream signalling leads to signalosome assembly,
Ca2+ release, remodelling of the cytoskeleton, microcluster formation, B cell spreading,
BCR internalisation and antigen-presentation to T cells (see Fig. 5.1) [50, 134, 135].

Spatial organisation Within the first few seconds of the encounter of membrane-bound
antigen, studies report the formation of so-called "microclusters" [124, 136]. These micro-
clusters contain 10-100 BCRs and are the site of so called microsignalosomes. A single
cluster itself is not sufficient to cause full B cell activation but requires further signal am-
plification [137]. Here, important amplifying proteins assemble leading to increased B cell
spreading and the establishment of an immunological synapse and full B cell activation [138].
Similar to T cells, the synapse exhibits a bullseye pattern where BCR clusters are located in
the centre with adhesion proteins and phosphatases in the periphery [139, 140]. The extent
of spreading is guided by ligand affinity and has been implied to be a ligand discrimination
mechanism [138]. Additionally it has been shown that adhesion proteins [140] and CD45
[141, 142] influence the threshold for activation.
After spreading and synapse formation, B cells contract, gathering microclusters in the
synapse centre. This is a relative slow response and results in the internalisation of the
ligands [139, 138, 50].
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5.1.2 BCR triggering models

From the previous section, it is clear that the downstream signalling cascade is well under-
stood. What remains unclear is how ITAM phosphorylation is initiated. Multiple models
have been proposed to accommodate for the observed activation conditions of B cells. The
following section will briefly explain four models which attempt to explain the early stages
of B cell activation.

Cross-linking model

Fig. 5.2 BCR cross-linking model. The model proposes that BCR is monomeric in the resting
state and becomes clustered and activated upon ligand encounter.

The first evidence for a cross-linking model was provided by the group of Kobe James and
Prof. Michael F. A Woodruff in 1967 [143]. They observed that bivalent anti-BCR antibodies
and F(ab)2 fragments can activate B cells but monovalent Fabs fail to do so [143–146]. It
was also shown that soluble monomeric ligands are unable to activate B cells, while soluble
multivalent ligands cause B cell triggering.
The emerging cross-linking model assumes, that in a resting B cell, all BCRs are monomeric
and are cross-linked by the ligand, which leads to B cell triggering (illustrated in Fig. 5.2).
It is important here though, that B cells mostly encounter antigens presented on the membrane
of other cells and also that monomeric ligands either surface bound [123] or presented on
cells, can lead to B cell activation [139]. Moreover, the requirement of cross-linking cannot
be easily fulfilled by all antigens. Additionally, not every multivalent ligand will bind BCRs
in a confirmation that can induce close-proximity between intracellular domains of the BCRs
which is necessary to form BCR oligomers [147].
It follows that while cross-linking definitely leads to B cell activation, there must be a
mechanism which allows B cell triggering under monomeric, not cross-linking, stimulatory
conditions. This motivated multiple other B cell triggering models.
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Conformation-induced oligomerisation model

Fig. 5.3 Conformation-induced oligomerisation model. This model proposes that ligand
engagement leads to a conformational change in the BCR, exposing previously inaccessible
clustering domains, leading to activation. Adapted from [148].

The first evidence for monomeric BCRs on resting B cells was published by Tolar et al
[149] and led to the formulation of the so-called "conformation-induced oligomerisation
model" by Reth and colleagues [147]. This model assumes BCRs on a resting B cell are
monomeric and in an autoinhibitory state. Upon ligand engagement, the BCR changes its
conformation, exposing a clustering domain which allows oligomerisation and therefore
signalling (illustrated in Fig. 5.3).
Evidence for this model is provided by studies using single-molecule tracking of single
BCRs [150] and FRET studies [149, 151]. To detect interactions between single BCRs, Tolar
et al genetically expressed FRET constructs in B cell lines, with either donor or acceptor
fluorophores attached to the cytoplasmic region of the Ig-α domain. In resting B cells there
was little inter-BCR FRET signal detected, implying that the BCR is monomeric. Upon
stimulation the inter-BCR FRET signal increased initially, indicating cluster formation,
followed by a rapid decrease. These findings were interpreted as initial clustering followed
by a rearrangement of cytoplasmic domains, leading to the observed decrease of the FRET
signal. This model is further supported by single-molecule and TIRF studies performed by
Tolar et al. Through diffusion measurements of single BCRs they found that BCRs display
Brownian diffusion behaviour and are ligand-dependently slowed down. This process was not
due to cross-linking of multiple BCRs since similar behaviour was observed upon monomeric
antigen stimulation. Through genetic mutations of the BCR, they could identify a single
membrane-proximal domain in the constant region of the immunoglobulin responsible for
BCR clustering. This domain, if separately expressed, led to spontaneous, ligand-independent
clustering and B cell triggering. Deletion of this domain resulted in the abolishment of
diffusion slow-down and signalling.
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Although this model encompasses multivalent and monomeric triggering behaviour, some
key problems remain unresolved. Crystal structures have so far been unable to accommodate
for the necessary conformational change in the BCR upon ligand engagement or how a
change in the BCR would translate through the mobile hinge-region of the BCR and the
plasma membrane into a cytoplasmic rearrangement of the intracellular ITAM motifs.

Dissociation activation model

Fig. 5.4 BCR Dissociation activation model. The model postulates that the BCR is oligomeric
and autoinhibited in the resting state. Ligand encounter leads to dissociation of the BCR
cluster and exposes previously inaccessible ITAM motifs to activating kinases.

The Dissociation activation model proposes that in the resting state, all BCRs are in autoin-
hibited clusters which dissociate upon antigen binding, freeing the ITAM motifs leading to
BCR phosphorylation and subsequent signalling (illustrated Fig. 5.4). The first evidence for
this was collected 2000 by Schamel and Reth. Using detergent lysis and purification of BCRs
they observed multimeric BCR complexes on resting B cells at low detergent concentration
and a decrease in size of the complex with increasing detergent concentration.
2010 Reth and Yang formally introduced the Dissociation activation model to explain their
observation using a bifluorescence-complementation (BiFC) assay. They expressed Ig-α
constructs with parts of YFP, itself not fluorescent, but able to combine to a full, fluorescent
YFP through complementation with the second part. This would happen spontaneously if
two Ig-α are in close contact. Through controls comparing the BiFC efficiency of Ig-α and
Ig-β complementation they could show that BCR is oligomeric in a resting state. Changing
from BiFC stabilized Ig-αβ heterodimers to a cell system expressing Ig-α-YFP, led to a
decreased calcium response in the stabilised pair, suggesting that activation is translated
through the opening of clusters rather than the cluster formation. This finding was supported
by Klasener et al using a high-resolution proximity ligation assay (PLA). Here, Fab with an
attached DNA-oligosequence assemble into a primer for DNA amplification if the Fab targets
are close enough. After multiple amplification steps, the product can then be fluorescently
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detected. They could detect a significant difference in fluorescent spots between resting
and activated cells, indicating an increase in BCR distance above the limit of detection of
10-20 nm upon B cell activation.
While this model is very versatile and able to explain various activatory conditions, from
monomers to small toxins and other ligands, the evidence is based on biochemical assays or
self-stabilizing constructs where it is not clear if the native state is adequately reproduced.

Kinetic Segregation model

Fig. 5.5 Kinetic-segregation model. Ligand engagement leads to the formation of close-
contacts, excluding large phosphatases. This shift in phosphorylation balance has been
suggested as the activating mechanism.

As previously described, the KS model postulates that close cell-cell contacts segregate
phosphatases from the region of contact, leading to sustained phosphorylation of the im-
munoreceptor, in this case the BCR (illustrated in Fig. 5.5). Here, it seems problematic for
the KS model that the BCR is with 15 nm significantly larger than the TCR with 7.5 nm
[91]. However, B cells express CD45RABC, the longest isoform of CD45, as well the long
phosphatase CD148, both estimated to be up to 50 nm (CD45RABC) and 55 nm (CD148)
long [131, 152, 153], which would allow for passive size-dependent segregation [154, 155].
While the KS model and its implications have not been studied extensively in B cells, it has
been shown that phosphorylation state and balance is very important for B cell signalling,
motivating the study of KS-model in B cells [131, 126].
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5.1.3 Experimental Aims

In this chapter the following parts will be studied to test key predictions of the KS-model for
BCR triggering.

• Phosphatase exclusion from triggering contacts on SLB

• Effect of ligand elongation on phosphatase exclusion and B-cell signalling

• Effect of shortened phosphatase on exclusion and B-cell signalling

All cell lines and purified proteins used in this chapter were produced by Dr. Martin Wilcock
from the Simon Davis Group in the Weatherall Institute of the University of Oxford. For
the following experiments A20 B cell lines, expressing HyHEL10, a BCR with high-affinity
against its ligand, the Hen-Egg-Lysozyme (HEL), with a SNAP tagged Ig-α domain (Ig-α-
Snap), as well as mCD45/mCD148-Halo, or mCD45/mCD148-Halo and LAT-mCD148/LAT-
mCD148-Snap were used. The affinity of HyHEL10 against the HEL-SNAP-Halo (HSH)
fusion construct was tested by Dr. Martin Wilcock via Biacore and was found to be with
8.9±3.5pM similar to the natural lysozyme ligand with 8.0±6.5pM. After CRISPR mediated
gene editing, the generated cell lines exclusively expressed HyHEL10 BCRs at levels of
approximately 25000 proteins/cell, which is a quarter of endogenous BCR expression levels.
All imaging data was acquired at 37°C in collaboration with Dr. James McColl and Jane
Humphrey from Prof. Klenermans group and Dr. Martin Wilcock from the Davis Laboratory.
All TIRF image analysis was performed using custom-written Matlab code by the author.
The calcium data presented here was acquired and analysed by Dr. Martin Wilcock.

5.2 Results

5.2.1 CD45 and CD148 excluded from ligand mediated contacts on bi-
layers linked to B lymphocyte activation

One of the main hypothesis of the KS model is the ligand-induced formation of close-
contact zones causing phosphatase exclusion and leading to BCR triggering. The following
experiments will therefore test conditions in which monomeric HEL ligands cause B cell
activation (soluble vs. membrane bound) and if ligand binding leads to the formation of
close-contacts, and if these contacts exclude phosphatases like CD45 and CD148.
To test the conditions under which monomeric HEL leads to BCR triggering, A20 B cells
(HyHEL10,Ig-α-SNAP, CD45/CD148-Halo) were loaded with the calcium-sensitive dye
Fluo4 to compare BCR triggering in solution to triggering on surfaces (see Fig. 5.6). Fluo4
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increases in fluorescence upon calcium binding and is a good indicator of BCR triggering
since calcium release is one of the earliest events after BCR phosphorylation. Here, the
sudden release of calcium upon B cell activation leads to a sudden peak in Fluo4 intensity
which enables the identification of time to trigger after cell landing on the surface (as shown
in Fig. 5.6).
BCR triggering upon exposure to HEL-SNAP-Halo (HSH) in solution was examined by
dropping B cells on nickel-free SLBs to avoid surface binding effects. The triggering
behaviour was then compared to the triggering upon contact with nickel-containing SLB
coated with monomeric HSH (as shown in Fig. 5.7).

Fig. 5.6 Calcium Assay. A) Protocol for assessing triggering in solution and on surfaces.
B) Representative Calcium assay experiment. Cells pre-loaded with the calcium sensitive
dye Fluo4 are dropped on a surface and light up upon activation. Scale bar 50 µm. C)
Representative Fluo4 intensity trace. After an initial increase in mean fluorescence which
signifies the cells landing, cells exhibit a sudden intensity increase (triggering) after a certain
time (time to triggering). Figure adapted from [156].

While monomeric soluble HSH did not trigger calcium release, tetrameric HSH readily
activated B cells to a similar extent as the activating control anti-IgM, an antibody which
cross-links BCRs (see Fig. 5.7). It follows that on a nickel-free surface, where B cells are
not forming contacts with the surface, the cross-linking of BCRs via tetrameric ligands or
antibodies readily initiates calcium release, but monomeric ligands fail to do so.
In the next step it will be assessed if monomeric ligands cause calcium release when the

ligand is surface-bound. Here, HSH is anchored to the SLB via a double His-tag which binds
to nickelated lipids in the bilayer. B cells dropped on the HSH coated bilayer exhibit calcium
peaks within 90 s (see Fig. 5.7, [156]), indicating that monomeric ligands can lead to BCR
triggering but need to be surface-bound to do so. The triggering also showed a dose-response
with no triggering at 0.0625 µg/l and increased triggering from concentrations of 0.25 mg/l
which equates to approximately 100 molecules/ µm2 [156].
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Fig. 5.7 B cell triggering via soluble and membrane bound ligands. A) Schematic representa-
tion of the experiment. B cell, pre-loaded with calcium sensitive dye Fluo4 were dropped on a
bilayer to test soluble ligand triggering via HEL-Snap-Halo (HSH) and streptavidin mediated
tetrameric HSH. B) Percentage of cells triggering under various HSH concentrations and
tetrameric ligands. Shown are mean ± S.D. C) Schematic representation of the experiment.
B cells, pre-loaded with calcium sensitive dye Fluo4 were dropped on a nickelated (yellow
circles) bilayer coated with HSH via the N-terminal His-tag to test triggering of membrane-
bound ligands. D) Percentage of cells triggering under various HSH concentrations. Shown
are mean ± SD. All calcium experiments were performed by Dr. Martin Wilcock at 37 °C
and 5% CO2.

Having established triggering conditions and time to trigger, the next experiments tested if B
cells form close-contacts within the time of the observed calcium release (within 90 s after
landing) with the HEL ligand under these conditions and if these contacts exclude the B cell
phosphatases CD45 and CD148. To this end, 3-color TIRF experiments were performed to
observe contact formation on the fluorescently labelled HSH coated SLB, corresponding
BCR accumulation via the SNAP tag and the effect of the contacts on the distribution of the
phosphatases CD45 or CD148, labelled with Halo tags (see Suppl. Videos 10-12).
The TIRF images showed that formation of HEL zones correlated with the accumulation of
BCR while the phosphatases CD45 and CD148 formed exclusion zones around the HEL/BCR
zones (see Figs. 5.8, 5.9). Staining of the B cell membrane with DiO confirmed that the
observed exclusion zones are not artefacts from insufficient contact-formation or membrane
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Fig. 5.8 CD45 is excluded from HEL contacts. A) Schematic representation of the experiment.
Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise BCR (SNAP)
and CD45 (SiR-Halo) in fluorescently labelled HEL contacts after dropping on a HEL coated
bilayer. B) Representative image of a HEL (blue), BCR (green) and CD45 (red). Imaging
was performed within 90 s of the cells landing at 37 °C. Scale bar 5 µm C) Exclusion of CD45
and BCR from HEL contacts. Scatter plots show the exclusion values from individual cells,
bars represent the mean±SD, ncells = 22.

Fig. 5.9 CD148 is excluded from HEL contacts. A) Schematic representation of the exper-
iment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise BCR
(SNAP) and CD148 (SiR-Halo) in fluorescently labelled HEL contacts after dropping on a
HEL coated bilayer. B) Representative image of a HEL (blue), BCR (green) and CD148
(red). Imaging was performed within 90 s of the cells landing at 37 °C. Scale bar 5 µm C)
Exclusion of CD148 and BCR from HEL contacts. Scatter plots show the exclusion values
from individual cells, bars represent the mean±SD, ncells = 97

ruffles (see Appendix Fig. A.11). These are zones of phosphatase exclusion.
To quantify the extent of phosphatase exclusion from the HEL-mediated contact an intensity-
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based analysis was performed. Here, intensity-based masks were created to define areas of
HEL and CD45, CD148 and BCR (see Fig. 5.10). The extent of exclusion was defined as
shown in Figure 5.10.

Here, two different mask generating methods, the Otsu algorithm and intensity based

Exclusionc = 1− Intensityc inside contact
Intensityc outside contact

; outside contact = maskc without contact

Fig. 5.10 Illustration of the exclusion analysis. A) Shown is a 3-color TIRF composite image
of HEL (blue), BCR (green) and CD45(red). B) To calculate CD45 exclusion from a HEL
mediated contact, HEL (orange) and CD45 (yellow) masks were defined. C) Exclusion
values were calculated using average intensities of the fluorescence channel of interest c (here
CD45) inside the contact mask (orange) and outside of the contact mask (yellow) according
to the formula shown. Intenstiyc indicates average intensity values of fluorescence channel c,
with c ∈ {CD45,CD148,BCR}. Scale bar 5 µm.

thresholding, were used with both reflecting similar results (see Fig. A.14). The results
presented in this chapter were acquired using Otsu generated masks. To avoid artificial
exclusion results, if cell and HEL masks are almost identical, a second analysis was performed.
Here, the Pearson correlation coefficient is calculated between two fluorescence channels,
comparing intensity values of pixels inside the cell mask to identify if the pixel values in the
two channels are correlated or anti-correlated. The results confirmed the exclusion analysis
and can be found in Appendix Figure A.13.
The analysis clearly identified an accumulation of BCR in the HEL zones, indicated by
negative exclusion values, and an exclusion of phosphatases from the HEL areas (see Fig.
5.8,5.9). Exclusion values (mean±SD) were found to be around 0.33± 0.18 (CD45),
-0.38±0.31 (BCR) and 0.46±0.17 (CD148), -0.21±0.47 (BCR).
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Co-Segregation of phosphatases in HEL-mediated contacts

Having established the phosphatase exclusion in separate experiments, the next experiment
examined if the phosphatases co-segregate from the HEL-mediated contacts (see Fig. 5.11).
As shown in Figure 5.11, both phosphatases are excluded from the HEL-mediated contacts,

Fig. 5.11 CD148 and CD45 are co-segregated from HEL contacts. A) Schematic representa-
tion of the experiment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to
visualise CD148 (SNAP-TMR), CD45 (SiR-Halo) in fluorescently labelled HEL contacts
after dropping on a HEL coated bilayer. Imaging was performed within 90 s of the cells
landing at 37 °C. B) Representative image of a HEL (blue), CD45 (green) and CD148 (red).
Scale bar 5 µm C) Exclusion of CD45 and CD148 from HEL contacts. Scatter plots show the
exclusion values from individual cells, bars represent the mean±SD, ncells = 93.

but CD148 with 0.56± 0.11 (mean±SD) to a larger extent than CD45 with 0.01± 0.22
(mean±SD). This supports a size-dependent exclusion mechanisms, since CD45 is suggested
to be the shorter phosphatase.

5.2.2 Reduced CD45 and CD148 exclusion from extended ligand medi-
ated contacts on bilayers linked to B lymphocyte activation

Another important prediction of the KS model is the size-dependent phosphatase exclusion.
It follows that elongated ligand-receptor complexes, which exceed the length of phosphatases,
would reduce BCR triggering due to the undisturbed balance of phosphorylation, which is
similar to the resting state.
To test this prediction different HEL constructs were purified as fusion proteins with addi-
tional extracellular spacer domains consisting of the heavily glycosylated and therefore rigid
protein CD43 [114]. It was found that the HEL-2xCD43 construct lead to an abolishment



84 Molecular mechanism of B cell activation

of B cell calcium signalling on SLB coated with elongated HEL-2xCD43 (see Fig. 5.12).
Following crystal structure studies [157], this construct is estimated to be roughly 90 nm
larger than the previously studied HEL-BCR complex.
Having established that signalling is abolished in contacts formed by the extended HEL con-

Fig. 5.12 B cell triggering is dependent on the size of the ligand. A) Schematic representation
of the experiment. A20 HyHEL10 cells were pre-loaded with calcium sensitive dye Fluo4
and dropped on nickel-containing (yellow circles) lipid bilayers pre-coated with HSH (N-
terminal His-tag) variants. B) Calcium responses of A20 HyHEL10 B cells settling on SLB
coated with various HEL constructs. Bars represent mean±SD. Calcium data was acquired at
37 °C and 5% CO2 over 10 min. Data acquisition and analysis was performed by Dr. Martin
Wilcock.

structs, TIRF imaging was performed to examine if the phosphatase distribution is effected
by the elongated ligand.
To this end, A20 cells expressing either CD45-Halo or CD148-Halo were dropped on
LongHEL (2xCD43 HEL) coated bilayers (see Suppl. Video 13). The exclusion analysis of
the LongHEL mediated construct showed that both CD45 and CD148 still exhibited positive
exclusion values (Fig. 5.13, 5.14). Similar results were observed for the Pearson correlation
analysis (see Appendix Fig. A.13). Here the correlation coefficient of CD45 versus HEL was
with 0.16± 0.22 (mean±SD) significantly lower than the observed correlation coefficient
for CD148 versus HEL with -0.06±0.19 (mean±SD). Nevertheless comparing phosphatase
exclusion on HEL (HSH) with LongHEL (HSH-2xCD43), one finds that the elongated
ligand leads to a decrease in phosphatase exclusion (see Fig. 5.15 panel C3). Moreover, the
exclusion of the shorter phosphatase CD45 is reduced to a lesser extent than the exclusion
of CD148, which is in good agreement with the size-dependent phosphatase exclusion
hypothesis of the KS model. The next section investigates the effect of phosphatase size on
signalling and exclusion further.
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Fig. 5.13 CD45 exclusion is dependent on ligand height. A) Schematic representation of the
experiment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise BCR
(SNAP) and CD45 (SiR-Halo) in fluorescently labelled LongHEL contacts after dropping on
a 2xCD43HEL (LongHEL) coated bilayer. B) Representative image of a LongHEL (blue),
BCR (green) and CD45 (red). Imaging was performed within 90 s of the cells landing at
37 °C. Scale bar 5 µm C) Exclusion of CD45 and BCR from LongHEL contacts. Scatter plots
show the exclusion values from individual cells, bars represent mean±SD, ncells = 26.

Fig. 5.14 CD148 exclusion is dependent on ligand height. A) Schematic representation of
the experiment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise
BCR (SNAP-TMR) and CD148 (SiR-Halo) in fluorescently labelled 2xCD43 HEL-SNAP-
505 contacts after dropping on a HEL coated bilayer. B) Representative image of 2xCD43
HEL (blue), BCR (green) and CD148 (red). Imaging was performed within 90 s of the
cells landing at 37 °C. Scale bar 5 µm C) Exclusion of CD148 and BCR from 2xCD43 HEL
contacts. Scatter plots show the exclusion values from individual cells, bars represent the
mean±SD, ncells=21.
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Fig. 5.15 Phosphatase exclusion is dependent on ligand and phosphatase height. A) Scatter
plots show the exclusion values from individual A20 HyHEL10 cells. Cells were pre-loaded
with Fluo4 and dropped on a HEL or LongHEL (HEL-2xCD43) pre-coated SLB, bars
represent mean±SD.

5.2.3 LAT-CD45 and LAT-CD148 not excluded from ligand mediated
contacts on bilayers linked to B lymphocyte activation

Another important prediction of the KS model is that triggering is phosphatase size-dependent,
meaning that phosphatases with smaller or similar extracellular domain size to the native
BCR:HEL complex would readily enter the close-contact and abolish signalling. To test
this hypothesis B cell lines were created where the extracellular domain of the phosphatases
CD45 or CD148 were replaced with the short extracellular domain (4 residues) of the protein
LAT, which will be referred to as LAT-CD45 and LAT-CD148. Using those cell lines and cell
lines expressing the full-length phosphatases, calcium triggering experiments were performed
on HEL coated bilayers (see Fig. 5.16).
The expression of LAT-CD148 led to a significant decrease in calcium triggering. However,
the expression of LAT-CD45 did not cause a change the percentage of triggered cells
comparing LAT-CD45 and CD45 expressing cell lines. However, the expression levels of
LAT-CD45 were quite low which might have led to the absence of a response.
Subsequently performed TIRF imaging (see Fig. 5.17, 5.18) revealed that the shortened
phosphatases LAT-CD45 and LAT-CD148 were able to enter the HEL-mediated contact
and showed a clear overlap with HEL intensity, while the full-length phosphatases showed
pronounced exclusion from HEL contacts.
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Fig. 5.16 B cell triggering is dependent of extracellular size of phosphatases. A) Schematic
representation of the experiment. A20 HyHEL10 B cells expressing either CD45, LAT-CD45,
CD148 or LAT-CD148 were dropped on nickel-containing lipid bilayers pre-coated with
HEL-Snap-Halo (HSH). B) Recorded calcium responses. Bars represent mean±SD. Calcium
data was acquired at 37 °C and 5%C02 over 10 min. Data acquisition and analysis was
performed by Dr. Martin Wilcock.

Fig. 5.17 Exclusion of CD45 is size-dependent. A) Schematic representation of the ex-
periment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise
LAT-CD45, CD45 and fluorescently labelled HEL contacts after dropping on a HEL coated
bilayer. B) Representative image of a HEL (blue), LAT-CD45 (green) and CD45 (red).
Imaging was performed within 90 s of the cells landing at 37 °C. Scale bar 5 µm C) Exclusion
of CD45 and LAT-CD45 from HEL contacts. Scatter plots show the exclusion values from
individual cells, bars represent mean±SD, ncells=10.
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Fig. 5.18 Exclusion of CD148 is size-dependent. A) Schematic representation of the ex-
periment. Three-color TIRF imaging is performed on A20 HyHEL10 cells to visualise
LAT-CD148 (SNAP) and CD148 (SiR-Halo) in fluorescently labelled HEL contacts after
dropping on a HEL coated bilayer. B) Representative image of a HEL (blue), LAT-CD148
(green) and CD148 (red). Imaging was performed within 90 s of the cells landing at 37 °C.
Scale bar 5 µm C) Exclusion of CD148 and LAT-CD148 from HEL contacts. Scatter plots
show the exclusion values from individual cells, bars represent the mean±SD, ncells=5.

5.3 Discussion and Conclusion

Phosphatase exclusion

One of the key predictions of the KS model is the segregation of phosphatases from a close-
contact. Here, the experiment presented in Figure 5.8 and 5.9 showed that ligand-induced
contacts exclude CD45 and CD148. These exclusion zones formed within 90 s (see Suppl.
Videos 10,11,12), which is in good agreement with the observed triggering time of the
calcium release after cell landing. The results also showed that this phosphatase exclusion is
ligand and phosphatase size dependent, with longer gaps or shortened phosphatases leading to
less exclusion and reduced signalling (see Fig. 5.13, 5.14). Interestingly, the co-segregation
experiment presented in Figure 5.11, gave similar exclusion values for CD148 with reduced
CD45 exclusion. At the same contact size, the larger phosphatase (CD148) is excluded to
a larger extent than the smaller phosphatase CD45. However, the exclusion and Pearson
correlation coefficient analysis showed increased correlation to HEL in the co-segregation
than in the single segregation experiments. This seems surprising since one would not expect
the exclusion of either phosphatase to influence the other. On the other hand one could
speculate that the additional expression of CD148 increases the amount of glycocalyx, the
sugar-rich coating of cells induced by glycosylated membrane proteins like CD45 or CD148
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and many others. With more phosphatases present the amount of phosphatases possibly
trapped during contact formation increases as well. The exclusion in single phosphatase
experiments was not complete, so phosphatases were to some extent inside the contact.
CD148, as the larger phosphatase if trapped could raise the membrane and increase the
gap-size or create niches in the contact where CD45 was easily accommodated, overall
reducing the exclusion of CD45.

Ligand elongation

Subsequently, another key requirement of the KS model was tested: if phosphatase exclusion
and BCR triggering are dependent on the ligand-induced gap-size. Using elongated ligands
with spacer protein CD43, experiments showed that at a height of HEL-2xCD43 calcium sig-
nalling was abolished (see Fig. 5.12). Here, the calcium signal showed a step-like reduction,
proposing the idea that a harsh size-threshold exists which regulates BCR triggering. The
insertion of the two spacer proteins corresponds to ∼90 nm gap, assuming that the proteins
extend upright from the bilayer. This gap-size would be sufficient for the phosphatases to
enter the contact. 3-color TIRF imaging (see Fig. 5.13, 5.14) showed that the phosphatases
CD45 and CD148 are less excluded from elongated HEL-BCR contacts. Consulting the
Pearson correlation analysis (Appendix A.13), which calculates the correlation between
pixel values in the whole cell area and is therefore insensitive to masking effects yielded the
same trend. However, close-contacts and phosphatase exclusion zones were still observed,
which suggests that the phosphorylation balance is tightly regulated and small deviations can
influence BCR triggering. Here, a noteworthy observation was that CD45 expressing cells on
LongHEL SLBs often formed contacts with dark areas in the middle (see Fig. 5.13) or cells
would extend finger-like protrusions instead of contacts (see Appendix A.12). A possibility
for these observations could be that the cells were binding free nickel on the bilayer. Cells are
known to bind to charged glass surfaces such as PLL coated glass, leading to close-contact
formation and cell signalling [90]. Here, this charged interaction would create a very tight
contact with the SLB, excluding LongHEL, LongHEL bound to BCR, as well as CD45. On
CD148 expressing cells these effects were not often observed. The increased amount of the
longer CD148 phosphatase could reduce the unspecific charged interactions with the nickel
groups and promote only HEL dependent contact formation. To clarify these observations
further experiments with varying expression levels would need to be conducted.
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Shortened Phosphatases

To test a third important prediction of the KS model, the dependence of B cell triggering upon
phosphatase size was studied. Here, the model predicts that a smaller phosphatase would not
be segregated from close-contacts and therefore silence any BCR phosphorylation events.
Dr. Martin Wilcock created A20 cell lines expressing short versions of the phosphatase
CD45 and CD148, by replacing the extracellular domain of the phosphatases by the small
extracellular domain of the protein LAT. These short forms were still enzymatically active.
The cells were then tested for calcium triggering on HEL coated SLBs. As shown in Figure
5.16, cell lines with truncated CD148 phosphatases showed significantly reduced calcium
triggering. This was not an effect of an increase of the net phosphatase amount on the
cell surface, since the introduction of full-length phosphatases failed to abolish signalling
under these conditions. While TIRF imaging revealed that shortened CD45 phosphatases
clearly localised in HEL-mediated close-contact zones (see Fig. 5.17, 5.18), the bulk calcium
assay showed no reduction of calcium triggering. This is probably due to the subsequent
down-regulation of LAT-CD45 expression which was observed in the experiments. While
imaging experiments were possible shortly after lentiviral transfection, functional assays
could not be performed in time for cells to recover and still express the construct. Here, both
shortened phosphatases showed a significant decrease in expression compared to wild type
forms, which is the reason for the low n number in the TIRF experiments. To improve this,
2-color calcium assay could be performed to selectively examine the calcium response of
cells expressing shortened CD45.

Implications for triggering models

The previous section focused on the kinetic-segregation model and how imaging and sig-
nalling experiments relate to it. The following section will specifically address other trigger-
ing models and the implications of the presented results.

Cross-linking model The cross-linking model cannot be supported by the data, since
monomeric, surface-bound ligands were shown to trigger BCR phosphorylation. However,
it could be speculated that the close-proximity to the SLB and the charged, maybe free
nickel groups, could induce BCR cross-linking and this would be the effect we are observing.
Again the data cannot support this as it would still be secondary to phosphatase exclusion
since short phosphatases are able to quench the signalling and are less excluded than their
elongated counterpart. Also, cross-linking in solution can trigger calcium release and one
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could speculate that this is caused by the creation of a phosphatase protected zone through
the cross-linked BCRs.

Conformation-induced oligomerisation model Taken together, these findings not only
support the KS model but also challenge the conformational change model. If conformational
change of the BCR upon ligand engagement were to be the source of BCR triggering, these
changes would happen independently of the height above surface in which the ligand binding
occurs. The same ligand (HEL) was shown to reduce BCR triggering upon elongation. If the
ligand caused a conformational change it is difficult to fathom how this would be inhibited
by elongated ligand presentation.

Dissociation activation model A similar argument can be made in the case of the dissoci-
ation activation model. While monomeric ligands could lead to dissociation of oligomeric
BCR clusters, how elongation of the ligand or how a shortened phosphatase would influence
this is not trivial. Moreover, studies in our research group in collaboration with the group of
Simon Davis support the presence of monomeric BCRs and do not observe BCR clusters in
naive B cells [156].

Kinetic-segregation model The experiments above clearly support the Kinetic segregation
model as a mechanism which can activate B cells, since we found size-dependent segregation
of phosphatases which was found to be related to B cell signalling. However, to thoroughly
test if the exclusion is a passive, purely gap-size dependent process, or the cause of BCR
triggering, one would have to use different means to study that. Firstly, one could follow a
similar approach to Vale et al [158] and use giant-unilamellar vesicles (GUVs) coated via
His-tags with the purified extracellular domains of phosphatases and the BCR. These lipid
vesicles do not possess any intracellular signalling machines and no cytoskeleton, so any
observed exclusion would be a purely passive process. The second option is the expression
of a "silent" BCR, with intracellular ITAM motifs of Ig-αβ either removed or the tyrosines
mutated to a non-signalling aminoacid, to not alter the secondary structure and introduce
other unwanted effects.
Another key prediction of the KS model is the possibility of the so-called ligand-independent
triggering (LIT), the triggering of BCR phosphorylation independent of ligand engagement.
The idea being that if a large area is free of phosphatases, randomly diffusing BCRs will stay
long enough in the phosphatase depleted area to become phosphorylated. For T cells this
behaviour has been shown [159]. In B cells, Carrasco et al showed 2004 that adhesion proteins
lower the threshold for B cell activation [140]. Here, adhesion protein binding has been
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shown to be tightly linked to BCR engagement, meaning that no close-contact formation was
observed without BCR ligand. To test the LIT hypothesis in B cells independently of BCR
engagement and potential signalling through adhesion proteins would require the expression
of adhesion proteins which have no signalling capacity in B cells. A possible candidate
could be the binding partners CD2-CD58 borrowed from the T cell system to promote
close-contact formation. In this context one could test if calcium signalling is observed in a
ligand-independent fashion and if LIT is also sensitive to the gap- or phosphatase height.

Phosphatases in B cells signalling A key question which remains is the role of phos-
phatases in controlling ITAM phosphorylation. While it is known that CD45 directly targets
the ITAM motifs of CD3 in T cells [89], it remains to be determined if phosphatases directly
dephosphorylate the BCR or if the regulation occurs indirectly via the control of the src
kinases. Here further experiments would be required to provide clarification. However, the
introduction of CD148 in T cells where it has been shown that CD148 size-dependently
excluded from the synapse and regulates T cell signalling provides additional support for this
theory in B cells [97].



Chapter 6

Stiffness dependent T cell activation

6.1 Brief Introduction in Stiffness

Previous chapters studied immune cell signalling on functionalised glass. Immune cells
however are relentlessly in contact with other cells and tissues which are 1 to 7 orders
of magnitude softer than glass [160]. Recent studies exploring how the stiffness of the
environment affects immune cells found that increasing substrate stiffness led to increasing
T cell activation [161]. The following chapter will therefore develop a platform enabling
activation and imaging studies of T cells to correct for this stiffness discrepancy and study T
cell activation in a more physiological stiffness regime.

6.1.1 Stiffness

Stiffness can be described as a materials resistance against deformation through force. It
derives itself from Hookes law:

F = kδ

with force F resulting in deformation δ for a material with stiffness k. But since a materials
deformability is highly dependent on its shape, to gather a material property requires nor-
malising the force F by the cross-sectional area A and the deformation δ by the materials
resting length L. This yields the material constant Young’s modulus E, measured in Pascal
(Pa=N/m2)1:

F
A
= E

δ

L
.

1 F
A and δ

L are called stress σ and strain γ . The constant of proportionality between stress and strain is
called compliance C with C = γ

σ
.
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Therefore the materials stiffness k is related to the Youngs modulus E through the material
geometry:

k =
EA
L

.

In the following all stiffness values will be given by the Young’s modulus of the material.

Elastic vs. viscous Another important property of a material is its fluidity. Materials can
be broadly divided into elastic and viscous, according to their response to force. Here, the
response of a material to a force step ∆F over time t often follows a powerlaw behaviour:

d(t) ∝ c∆F(
t
t0
)α ,

with relative elongation d, the constant c which is related to the materials compliance (see
Footnote 1) and fluidity α [162]. If we consider an ideal spring the response to a force
step is immediate and without energy dissipation, α=0, the spring is purely elastic. Viscous
materials display a linear response to force, energy losses and no shape recovery, with α=1.
Materials with viscos and elastic elements are called viscoelastic and recover partially after a
force step. Cells, for example, display fluidity coefficients around 0.3 [163, 164], rendering
them viscoelastic. While the cytoskeleton, a network of actin, microtubuli and intermediate
filaments, exerts tension on the cell membrane, setting the cell stiffness [165, 166], it is also
responsible for the viscoelasticity of cells. The active remodelling, rupture and deformation
of the cytoskeleton give rise to the viscoelastic response to force.

Stiffness Measurements A variety of methods is available to measure stiffness, such as
magnetic tweezers, rheometers and microindentation methods like atomic-force microscopy
(AFM) (reviewed in [167]). In the following all stiffness values have been measured using an
AFM setup in contact mode. Here, a cantilever with known spring constant and length reflects
a laser beam onto a 4-quadrant photodiode to record the deflection of the cantilever upon
contact and subsequent force exertion. The resulting force vs indentation curves can be fitted
using the Hertz model [168], which describes the contact mechanics of two curved elastic
bodies. Here, the shape of the cantilever (spherical or conical) sets the force to indentation
relation which will be fitted. The Hertz model also sets some assumptions which need to
be met, such as limited indentation depth, as well as pure elasticity and homogeneity of the
sample.
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Stiffness in the body

Tissues and cells in our body exhibit a wide range of stiffnesses. While immune cells with a
Young’s modulus of approximately 100 Pa are among the softest cells in our body, antigen
presenting cells, such as dendritic cells, range in stiffness up to 1000 Pa, with the Young’s
modulus of skin at megapascals and bones at tens of gigapascals (see Fig. 6.1) [160].
This range of stiffnesses has been shown to be important for cell mobility, division, tissue
homeostasis and cell differentiation [169, 170]. Importantly, stiffness changes are also
associated with tumour formation and metastasis and can therefore be used as a diagnostic
marker for disease screenings [171–173].

6.1.2 Stiffness dependent Lymphocyte activation

Substrate stiffness might play an especially important role for the immune response. On one
side, immune cells, such as macrophages [174], B cells [175–177] and T cells [161, 178]
have been shown to be increasingly activated with increasing substrate stiffness (see Fig.
6.2). Here, cytokine production, spreading, mobility and expression level changes were
used as marker of activation [161, 179, 178]. The reported increase in APC stiffness upon
inflammation [160] could therefore be a mechanisms to facilitate immune activation. On
the other hand, cancer cells have been shown to be up to 5-fold softer than their healthy
counterpart [180, 181], suggesting that this reduced stiffness could cause a failure in immune
activation and facilitate the cancers cells evasion of the immune response.

6.1.3 Substrates with tuneable stiffness

To study the effect of stiffness on cells in a controlled environment and mimic the variety
of stiffnesses found in the body, substrates are required where the stiffness can be easily
controlled. Here, artificial polymers are used, where single fibers can be cross-linked to
generate complex networks with tuneable stiffness. The stiffness of the gel is controlled via
the extent of cross-linking of the monomer fibers via the monomer to cross-linker ratio. Two
commonly used substrates are poly-dimethyl siloxane (PDMS) and polyacrylamide (PA).
While PA is considered a linear elastic material, exhibiting complete, time-scale independent
recovery from mechanical loading [182], it has the drawback of its highly toxic monomer
acrylamide. PDMS on the other hand, is a viscoelastic, rubber-like material, with minimal
viscous properties [183]. Additionally, its inertness makes it suitable to a wide range of
applications in biological sensors, microfluidics and lab-on-chip devices [184, 164]. PDMS
cures under heat via a Pt catalyst (see Fig. 6.3) [185], and has been shown to be almost
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Fig. 6.1 Overview of elasticity values of different cells under various conditions (A) and
tissues (B). Reproduced with copyright permission from [160].

purely elastic for temperatures between 20 and 40 °C [183]. It is also transparent for UV-Vis
from 240 nm to 1100 nm, with a refractive index of 1.41 (Sylgard) [183, 184] making it a
good substrate for TIRF imaging, where a critical angle needs to be achieved between PDMS
and water surface, after travelling through glass. Both materials have been used to study the
response of cells to different stiffnesses and produced similar effects [178, 186].
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Fig. 6.2 Cytokine production scales with substrate stiffness. SEM Images of Jurkat T cells
after 30min settling on a activating (aCD3+aCD28+ICAM-1) PA-gel (0.5 kPa) and glass
(left). Scale bar 2 µm. IL-2 production on activating and non-activating PA-gels of increasing
stiffness (right). Reproduced with Copyright permission from [161].

Fig. 6.3 PDMS cross-linking reaction. Siloxane oligomers (grey) with the addition of siloxane
cross-linkers (blue) and a Pt catalyst cure under heat to form an extensive polymer network
(right).
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6.1.4 Experimental Aims

The following section will examine the effect of different substrate stiffnesses on T cell
activation with respect to the organization of important signalling proteins on the T cell
membrane. This chapter is the work of a collaboration with Ivan Dimov and Alex Winkel from
Dr. Kristian Franzes group in the Department of Physiology, Development and Neuroscience
of the University of Cambridge. To achieve substrate stiffnesses ranging from 3 kPa to 1 MPa
gels were made from the silicon based polymer poly-dimethyl siloxane (PDMS), following a
protocol developed by Ivan Dimov. All substrates used were produced and their stiffness
verified via AFM by Ivan Dimov. The first part of this chapter will examine the already
established effect of antibody-coated surfaces of different stiffnesses on T cell activation, but
unlike previous studies it will focus on a short time scales using calcium release measurements
to study early triggering events. The second part will introduce a newly developed method
to form bilayers on these PDMS gels and subsequently characterise bilayer properties such
as mobility and lipid diffusion. Further characterisation of the bilayers is performed using
AFM experiments to measure bilayer stiffness and thickness. These experiments were
conducted with the help of Alex Winkel. Using this platform the next section will study
ligand-independent triggering via phosphatase exclusion and calcium signalling on bilayers
formed on PDMS gels of different stiffnesses and subsequently ligand-dependent triggering
is briefly assessed. This chapter therefore examines:

• Antibody dependent triggering on substrates of various stiffness on short timescales

• Bilayer formation and characterisation on PDMS gels

• Ligand-independent triggering on substrates of different stiffnesses

• Ligand-dependent triggering on substrates of different stiffnesses

6.2 Results

6.2.1 T cell activation is dependent on substrate stiffness

Previous studies reported an increase in T cell activation with increased substrate stiffness
(see Fig. 6.2, [161, 178, 179]). These studies measured cytokine production, mobility and
spreading, as well as genomic alterations indicating T cell activation. In these studies PDMS
and polyacrylamide substrates with stiffness of 0.5 kPa (PA)/ 5 kPa (PDMS) up to GPa (glass)
were compared.
The substrate used in this chapter was PDMS. The PDMS used here was produced by Ivan
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Dimov who developed a method to fabricate soft PDMS with Young’s modulus of 3.12±
0.35 kPa (n=16) and the gels showed very low creep (see Fig. 6.4), indicating a low viscous
contribution and therefore an almost pure elastic response of the PDMS.

Fig. 6.4 PDMS characterisation. A) Illustration of AFM measurements. A laser beam is
reflected of the top off a cantilever to measure the cantilevers deflection upon contact with
a sample. B) Creep response measurements show soft PDMS gel were mostly elastic with
a small viscos component. C) Antibody coating properties of soft (3 kPa) and stiff (1 MPa)
PDMS gels measured by Epi fluorescence of antibody coated PDMS gels with 5 µg/ml and
10 µg/ml of antibody solution.

The 1 MPa PDMS was produced following a well-characterised Sylgard protocol at curing
temperature of 60°C which produces gels of around 1.7 MPa with stiffness variation below
1% [187]. To measure the creep response the height of the cantilever on the substrate is kept
constant and the change in cantilever deflection measured. In viscoelastic materials, one
would observe a "creep" of the deformation over time. Since the curves observed were linear
with only a minimal amount of creep (see Fig. 6.4), the PDMS can be seen as mostly elastic.
To test if T cell activation is also stiffness dependent on earlier timescales, the calcium
response, an early T cell activation marker, was measured on PDMS gels coated with the
activating antibody OKT3, which binds to the CD3ε chains of the TCR complex. To confirm
that the antibody coating of the PDMS gels was not affected by the different cross-linking
conditions necessary to vary the PDMS stiffness, the fluorescence intensity of PDMS gels,
coated overnight with fluorescently labelled antibody, in Epi-fluorescence excitation was
assessed (see Fig. 6.4). This experiment found the Ab coating to be similar for all stiffness
values for the used antibody concentration (10 µg/ml). Analysing the calcium response of
Jurkat cells dropped on these gels, reveals that on differently stiff PDMS, the same percentage
of cells (∼60%) exhibited a calcium response (see Fig. 6.5). Looking closer at the calcium
signal itself, one finds different patterns of calcium responses. While stiffer gels lead to a
single, sustained calcium response, similar to that found on glass, cells on softer PDMS gels
often showed a fluctuating, blinking calcium response with multiple peaks (see Suppl. Video
14). Separating the calcium traces of cells into traces exhibiting one vs multiple calcium
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peaks one finds a clear separation between soft and stiff activating PDMS coatings (see Fig.
6.5). On soft activating gels 26.1±14.8% of triggering cells showed multiple peaks, while
only 1.0±_1.3% of triggering cells on glass and stiff PDMS exhibited multiple peaks.

Fig. 6.5 Stiffness dependent T cell activation. Calcium response of T cells dropped on acti-
vating antibody coated PDMS gels of different stiffnesses. A) Schematic of the experimental
procedure. T cells, pre-loaded with calcium-sensitive reporter dye (Fluo4) are dropped
on antibody coated PDMS gels of various stiffness. B) Boxplots indicating percentage of
cells exhibiting a calcium response (Peak≤1) and percentage of those responding cells that
displayed multiple peaks (Peaks>1) in the calcium trace. Each data point in the boxplot
represents one experiment with ncells>100. Experiments were performed at 37°C. Mann-
Whitney-U test was used with *:<0.05. C-D) Calcium traces of cells on soft (C) and stiff (D)
PDMS.

TIRF imaging of CD45 on cells interacting with OKT3 coated glass or 3kPa PDMS revealed,
that while cells settled and spread on glass within 4 min (as shown in Fig. 6.6, Suppl. Video
15) they remained mobile on 3 kPa PDMS. However, since PDMS, even if antibody coated,
could influence the interactions of cells with the substrate, the next section focuses on bilayer-
coated PDMS substrates. Here, the interactions of cells would be guided by the bilayer and
the proteins anchored to the bilayers, the effects from the substrate should be purely stiffness
dependent.



6.2 Results 101

Fig. 6.6 Substrate stiffness influences cell substrate interactions. Fluorescence images of
anti-CD45 Gap 8.3 Fab (Alexa488) labelled Jurkat cells interacting with OKT3 coated glass
(top) and 3 kPa PDMS (bottom) within 4 min. Scale bar 5 µm.

6.2.2 Bilayer formation on differently stiff PDMS gels

Bilayers pose another advantage over activation studies on antibody-coated surfaces. In
cell-cell contacts proteins on both cells would diffuse, allowing for rearrangements such as
observed in immunological synapses. To get closer to a physiological setting and circumvent
any artificial effects of the PDMS surface, the next section is concerned with the formation of
supported-lipid-bilayers (SLB) on PDMS. Since PDMS is a hydrophobic polymer network,
bilayers do not easily form and many methods have been used to facilitate their formation
[188–190]. Unfortunately these methods, especially the treating of the gels with solvents
or plasma changes the stiffness of the gels (communication with Ivan Dimov, [191]). The
following section develops a method to form bilayers on PDMS of various stiffnesses without
affecting the stiffness of the gel. Here, bilayers were formed through incubating the gels
overnight at 4°C with a 1 mM CaCl2 solution. After washing, small-unilamellar vesicle
(SUV) solution was added at 1 mg/ml and supplied with CaCl2 solution to achieve a final
concentration of 25 µM CaCl2. After 30 min to allow for bilayer formation, bilayers were
thoroughly washed with PBS to remove the residual Ca2+ and excess of SUVs (see Fig.
6.7A).
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Bilayer fluidity

Fig. 6.7 Bilayer formation and characterisation on PDMS gels. A) Schematic representation
of the experimental setup and the formation process. B) Representative MSD plot and fit of
data acquired on 1 MPa SLB with 840 tracks. C) Comparison of the diffusion coefficients of
SLBs on glass, 1 MPa and 3 kPa PDMS gels. Each data point represents one independent
measurement of lipid diffusion at RT (ntracks > 100). D) Representative FRAP curve and
fit from a SLB on 1 MPa PDMS gel with raw data showing the fluorescence recovery after
photobleaching. E-F) Diffusion coefficients and mobile fraction fmobile measured using FRAP.
Each data point represents one independent experiment, performed at room temperature.

To assess the mobility and diffusion of the formed bilayers, FRAP and single-particle
tracking of fluorescently labelled lipids in the bilayers were performed. Here, the diffusion
coefficients did not vary significantly across the conditions with either method (see Fig.
6.7C,E,F). For the SPT analysis, diffusion coefficients were acquired by fitting the ensemble
MSD curve with Brownian diffuser fit (see Fig. 6.7B). MSD analysis of tracks gathered from
different bilayers on different days resulted in diffusion coefficients of 1.16±0.52 µm2/s
(glass), 1.47 ± 0.62 µm2/s (1 MPa) and 1.38 ± 0.24 µm2/s (3 kPa). FRAP experiments
revealed diffusion coefficients of 1.91 ± 0.92 µm2/s (glass), 2.52±0.78 µm2/s (1 MPa) and
1.67±0.39 µm2/s (3 kPa) (Fig. 6.7E). All bilayers showed a mobile fraction of around 80%,
confirming the formation of fluid and mobile bilayers (see Fig. 6.7F).
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Bilayer AFM experiments

Fig. 6.8 Mechanical characterisation of SLBs on PDMS via AFM. A) Schematic representing
the AFM cantilever approaching and contacting the supported-lipid bilayer (SLB) and then
the PDMS. B) Representative force curve (blue) on 3 kPa PDMS gel. Push-through events
are detected via the force gradient (gray). C) Boxplots of SLB thickness (z-jump), force at
push-through event and the slope ratio measured on SLB formed on glass, 1 MPa and 3 kPa
PDMS gels. D) Comparison of force curves acquired on Ca2+ treated (blue) and untreated
(black) PDMS gels without SLB coating.

To assess if the bilayer exhibits comparable stiffness to the underlying substrate stiffness,
AFM force curves were acquired. Here, the AFM cantilever was repeatedly pushed on and
through the bilayer and so called "push-through" events were recorded. As shown in Figure
6.8B, the force curve exhibited a sudden drop after which it increases again, indicating the
push of the cantilever through the bilayer and contacting the underlying substrate. Similar
events are not observed on untreated or Ca2+ incubated PDMS substrates (see Fig. 6.8D).
By comparing the slope of the force curves before and after push-through events (see Fig.
6.8C) it was observed that the stiffness of the bilayer (slope before push-through) was similar
or softer than the underlying PDMS. The thickness of the bilayers, assessed via the z-jump
during the push-through (as shown in Fig. 6.8C), was similar between the conditions and
in good agreement with the reported values for POPC bilayers of 3.9 nm [192]. As shown
in Figure 6.8D and Appendix A.15, the pretreatment of the PDMS gels with calcium did
not alter the stiffness of the PDMS, if any effect was observed it was a minor decrease in
stiffness.
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After fully characterising the SLBs on PDMS gels, the next section employs this platform to
study stiffness dependent T cell signalling.

6.2.3 Ligand-independent CD45 exclusion and T cell signalling on dif-
ferent stiffnesses

The kinetic-segregation model postulates that TCR phosphorylation is controlled by the
exclusion of large phosphatases and the residency time of TCRs in phosphatase depleted
regions. Subsequently, one of the models predictions is the possibility of ligand-independent
triggering (LIT), the phosphorylation of the TCR without engagement of a ligand, given a
large enough phosphatase depletion zone or a slow diffusing TCR. It follows that postulated
factors influencing triggering are: size of the phosphatase depleted zone, TCR diffusion and
extent of phosphatase exclusion. The following experiments will study the effect of substrate
stiffness on LIT and address the role of these factors in stiffness-dependent T cell activation.
A suitable platform to study TCR diffusion, phosphatase exclusion and T cell signalling
are functionalised SLBs. The use of lipid-anchored adhesion proteins in the bilayer allows
for the formation of contacts similar to what is to be expected in cell-cell contacts. To
study LIT, Jurkat cells with signalling deficient rCD48 were dropped on bilayers coated
with the rCD48 binding partner, the adhesion protein rCD2. The contact between rCD2 and
rCD48 would promote a close contact small enough to exclude CD45, therefore creating a
ligand-independent exclusion zone, which allowed the study of stiffness related effects on
LIT. To measure T cell signalling, epi-fluorescence measurements of the calcium response
were performed using cells loaded with the calcium-sensitive dye Fluo4 (see Fig 6.9). To
establish the effect of stiffness on ligand-independent triggering the following surfaces were
used: OKT3 on glass as an activating control, IgG coated glass as a LIT control and finally
bilayers coated with rCD2, formed either on glass, 1MPa or 3kPa PDMS (Fig. 6.9B). Similar
to previous results, the percentage of cells that triggered, exhibiting at least one calcium
peak, and the percentage of triggering cells with multiple calcium peaks were measured
(example traces in Fig 6.9 B). While the percentage of total cells triggering on rCD2 bilayers
is unaffected by the substrate stiffness, the percentage of triggering cells with multiple
calcium peaks followed a trend with increased multiple peaks on softer bilayers.
To rule out effects of contact size influencing the triggering, the contact sizes between the
conditions were compared. Here, preliminary results showed a slight difference between
glass, 1 MPa and 3 kPa, with 3 kPa exhibiting the smallest contact sizes. To further examine
contact sizes as well as the effectiveness of CD45 exclusion, TIRF imaging was performed
on cell-bilayer contacts formed on 1 MPa and 3 kPa PDMS SLBs (see Fig. 6.10). Here,
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Fig. 6.9 Ligand-independent calcium signalling. A) Schematic of the experiment. Fluo4
loaded Jurkat cells expressing signalling deficient rCD48 are dropped on SLB coated with
rCD2. Imaging was performed under two-color epi-illumination. B) Calcium response of
T cells dropped on activating antibody coated PDMS gels of different stiffnesses. Traces
were analysed depending if they exhibited a calcium-response (Peaks ≤ 1) and percentage of
triggering cells with multiple peaks (Peaks>1). Every data point represents an independent
experiment, performed at 37 °C with ncells>100. Below shows representative calcium traces
and rCD2 fluorescence of cells settling on SLB formed on glass and 3 kPa PDMS.

preliminary results also showed a minor decrease in contact size on the softer PDMS gels (see
Fig. 6.10D). According to the KS model, different triggering behaviour on soft surfaces could
also be related to the amount of phosphatase exclusion, where stiffer substrates could lead
to an increased exclusion. To compare the exclusion of CD45 on soft and stiff SLB-coated
PDMS, Jurkat rCD48 cells were labelled with fluorescently labelled Fabs against CD45 and
recorded rCD2 and CD45 fluorescence (see Suppl. Video 16). The contacts formed on 3 kPa
PDMS bilayers clearly showed rCD2 mediated exclusion of CD45, as can be seen by the
anti-correlated intensity line profiles (Fig. 6.10C).
Comparing the exclusion of the phosphatase CD45 (see Fig. 6.10E), with Exclusion =

1− AvgCD45in
AvgCD45out

on soft and stiff rCD2 SLBs, did not reveal differences between the gels. This
suggests that the binding of rCD2 to rCD48 led to passive segregation of CD45, independently
of the stiffness of the underlying substrate. To link exclusion with the observed calcium
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response, 2-color time-lapse TIRF imaging was performed to record contact formation and
CD45 exclusion as well as contact formation and calcium signalling. This confirmed that
early contacts already excluded CD45 (see Fig. 6.11B, Suppl. Video 15) and the size at
which triggering occurred seemed similar between the soft and stiff PDMS SLB (see Fig.
6.11C). Interestingly, in the observed time interval, soft SLB produced a less prolonged
calcium response although the contact itself was still growing. Further experiments are
required to examine this effect.
In summary, it seems like contact formation caused CD45 exclusion and calcium spikes
independent of the stiffness. Since the occurrence of second calcium spikes or shortened
calcium peaks could be a possible way to discriminate the behaviour on different stiffness
the following experiments studied the diffusion of the TCR. If TCR diffusion is faster on
softer surfaces, this could explain why the calcium peaks are less prolonged or occur more
frequently.

TCR diffusion on different stiffnesses As discussed in previous chapters, changes in dif-
fusion of important signalling proteins could affect T cell signalling. The kinetic-segregation
model would postulate increased signalling if the TCR is slowed down in a phosphatase
depleted zone. To determine if TCR diffusion was affected by the stiffness of the underlying
substrate, single-molecule tracking of individual TCRs was performed on SLB-coated glass

Fig. 6.10 Similar CD45 Exclusion on substrates of different stiffnesses. A) Schematic
representation of the experiment. Cell were labelled with Gap8.1 anti-TCR Fab (Alexa488)
ad dropped on SLB coated with rCD2 (Alexa647). B) Composite TIRF image of rCD2 (blue)
and CD45 (red) acquired on 3 kPa SLB. C) TIRF images of CD45 (left) and rCD2 (right)
and a line profile of normalised pixel intensity. D) rCD2 contact areas and CD45 exclusion.
Each data point represents one cell. (1 MPa ncells=31, 3 kPa ncells=22) Scale bars are 5 µm.
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and 3 kPa PDMS substrates (see Fig. 6.12). T cells were labelled with anti-CD3 Fab, which
binds the CD3 domain of the TCR complex, and dropped on a SLB coated with the adhesion
protein rCD2.
TIRF imaging on the PDMS surface enabled single-molecule tracking of single TCRs in the
contact of rCD2:rCD48 between cell and adhesion protein. Analysing the first results via cell-
wise JD distribution (see Fig. 6.12D) using a 2-component fit revealed two populations D1 and
D2 with diffusion coefficients of D1=0.06±0.01 µm2/s for glass (0.05±0.01 µm2/s for 3 kPa
PDMS) and an immobile fraction of D2=0.01±0.004µm2/s (3kPa PDMS: 0.01±0.01µm2/s)
with f1=0.82±0.09 (3 kPa PDMS: 0.74±0.16), for both conditions. Similar results were

Fig. 6.11 Ligand-independent calcium signalling and contact formation. A) Schematic of the
experiment. Cells expressing signalling deficient rCD48 are dropped on SLB coated with
rCD2. B) Time-lapse TIRF images of CD45 (red) and rCD2 (blue) and the overlay of both
over 80 s acquired on a 3 kPa SLB. Below is the normalised intensity across the indicated
line (white). Scale bar 5 µm. C) Calcium response (green) and corresponding rCD2 contact
formation (blue) on 3 kPa and 1 MPa SLB. Scale bar 1 µm.
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Fig. 6.12 TCR diffusion on softer PDMS bilayer. A) Schematic representation of the
experiment. Jurkat cells were labelled with UCHT1-Fab (Alexa488) and dropped on rCD2
(Alexa647) coated SLB. SLB were formed either on 3 kPa PDMS or glass. B) Tracking of
TCR labelled via UCHT1-Fab (Alexa488), binding the CD3 domain. Shown is a z-projection
of the acquired tracks (red) and the rCD2 contact (blue) on 3 kPa PDMS bilayers. Below
is an example of a single TCR over time (interval 54 ms). Scale bar is 5 µm and 1 µm in
the inset. C) MSD ensemble plot comparing TCR ensemble diffusion on glass (black) and
3 kPa PDMS (blue). D) Cell-wise 2-component JD fit of the JD distributions of both glass
(ncells=21, ntracks per cell>50, mean track length over all cells: 14.5 ± 1.8. mean SNR: 7.1±1.9)
and 3 kPa (ncells=37, ntracks per cell>50, mean track length over all cells: 14.4±3, mean SNR:
5.5±0.8) tracking data. shown are D1 and D2, as well as f1 at the top. Error bars indicate SD.

obtained in the MSD ensemble plot (see Fig. 6.12C). The diffusion properties of TCR on
glass and PDMS SLBs seemed similar, with a possibly slightly decreased diffusion of the



6.2 Results 109

TCR on soft surfaces (see Appendix Fig. A.16). Although more experiments are needed to
determine a definite result, first results did not suggest an increased TCR diffusion on soft
SLBs.
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6.2.4 Signalling on ligand-dependent bilayers

The next section studies the ligand-dependent calcium response of T cells on SLBs on
differently stiff PDMS gels. Here, Jurkat cells expressing the calcium indicator GCaMP and
the well-characterized 1G4 TCR with known ligands, were dropped on SLBs coated with
pMHC complexes loaded with the high affinity peptide 9V (see Fig. 6.13A). Cells accumu-
lated pMHC:9V and their calcium response was measured by the increase in fluorescence.
Preliminary results presented in Figure 6.13 showed that, while comparing the absolute
number of cells exhibiting a fluorescence increase was similar between cells dropped on
glass, 1 MPa and 3 kPa PDMS SLB (∼ 60%), the percentage of cells that showed a blinking
calcium response was increased on 3 kPa PDMS with 38.0 ±7.1% compared to glass (17.5±
3.5%) and 1 MPa (6.0 ± 5.6%).

Fig. 6.13 Ligand-dependent calcium signalling on pMHC coated bilayers. A) Schematic
representation of the experiment. T cells expressing the genetically encoded calcium sensor
GCaMP and the 1G4 TCR were dropped on pMHC:9V coated bilayers. B) Percentage of
cells triggered (Peaks ≤ 1) and fraction of triggering cells that exhibited multiple peaks
(Peaks >1) for SLBs formed on glass, 1 MPa and 3 kPa.

Next, preliminary experiments were performed trying to link contact formation with cal-
cium response, i.e. comparing ligand-dependent with ligand-independent contacts on 3 kPa
SLBs using TIRF microscopy. Cells expressing the 1G4 TCR and the genetically encoded
calcium indicator GCaMP were dropped on 3 kPa SLBs coated with rCD2-A647 alone or
unlabelled rCD2 and pMHC:9V-A647. Here, two cells will be compared that showed a
single, pronounced calcium peak (see Fig. 6.14). While both traces showed an increase in
fluorescence upon contact formation the pMHC contact led to rapid spreading of the T cell,
indicated by the ring-like exclusion of other pMHC molecules in the bilayer, resembling
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synapse formation (see Fig. 6.14A). The adhesion protein mediated contact without pMHC
present (see Fig. 6.14B) induced a calcium response, but the contact itself stayed constant
and did not show cell spreading or remodelling. A closer look at the calcium traces revealed
an almost two-step increase in the calcium peak on pMHC bilayers: a first peak similar to
the rCD2 trace, followed by a second, less sharp increase. The different delays before the
increase in calcium were not significant but a result of the data acquisition. Here, further
experiments are necessary to reach any truly significant conclusions.

Fig. 6.14 Ligand-dependent (A) and ligand-independent (B) calcium signalling and contact
formation on pMHC, rCD2 (A) and rCD2 (B) coated bilayers. Calcium fluorescence was
recorded under epi-illumination while T cell expressing the calcium sensor GCaMP and a
known TCR were forming contacts which were imaged in TIRF.
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6.3 Discussion and Conclusion

This chapter examined stiffness-dependent T cell triggering in the light of the kinetic-
segregation model.

The meaning of calcium The experiments started by examining early T cell triggering
on activating surfaces. While previous studies showed that T cell migration and spreading
scales with substrate stiffness [178, 161, 179], most indicators used for T cell activation are
later markers such as cytokine production and genetic changes. Here, results showed that
activating surfaces, such as used in this thesis, cause an increased cytokine production with
increasing substrate stiffness. In the results described here, early T cell responses, indicated
by internal calcium increase, were examined. While bridging experiments linking calcium
release with cytokine production are missing and will need to be performed in the future,
calcium readout is an early marker of T cell activation of special interest since it allows
almost immediate visualisation of TCR triggering. The underlying work therefore relied on
the affirmed stiffness dependent effect on T cell activation by multiple groups which was
assessed in similar stiffness regimes with similar activating conditions.
Calcium as a readout for early T cell triggering is widely used [193, 194] and is recognised as
early T cell activation indicator. After TCR phosphorylation downstream signalling through
ZAP-70 and the recruitment of PLCγ through the LAT driven signalosome, PLCγ hydrolyzes
the membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to generate diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate [195]. Inositol causes calcium release from internal
stores in the ER [196, 197].
Studying the calcium responses of T cells on substrates across various stiffnesses consistently
indicated that softer surfaces led to multiple events of calcium release, rather than one
calcium peak (see Fig. 6.5,6.9, 6.13). Interestingly, the percentage of cells that activated
overall remained unchanged. This suggests that the responsiveness of cells was not affected
by stiffness changes, but the calcium signalling dynamics were. Studies have identified
the occurrence of different patterns of calcium responses and tried to associate these with
different activating states in T cells studying calcium responses in vivo and in vitro [198].
Here, a common theme emerges where signal strength such as peptide affinity, correlates with
sustained calcium response, while weaker TCR interactions produce calcium oscillations
[199]. It was also shown that calcium oscillations are associated with a slow-down in T cell
mobility with sporadic calcium patterns leading to a temporary arrest but not necessarily
a full synapse [200]. Therefore one can extrapolate to propose that softer surfaces cause
weaker T cell signalling, with or without ligand. The question that consequently arises is
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what the underlying mechanism causing stiffness dependent calcium release might be. There
are multiple candidates available which will be discussed in the following.

TCR Neither CD45 exclusion, contact sizes or TCR diffusion changed on softer surfaces
in such a way that would lead to the assumption that the TCR would encounter phospho-
rylation events more often on soft surfaces. CD45 exclusion was unaffected by stiffness
(see Fig. 6.10) while TCR diffusion (see Fig. 6.12) seemed, if anything, slower on softer
PDMS. The slight reduction in contact sizes (see Fig. 6.10,6.9) could favor the occurrence of
multiple phosphorylation events, but here the number of small zones would infer multiple
calcium events on either surface with minimal differences. It appears that, while phosphatase
exclusion is clearly necessary to induce calcium signalling and the sizes of this induction
seem similar, a separate, force-dependent mechanism is in place regulating the calcium
response in a stiffness-dependent manner. As already discussed earlier, the TCR (and BCR
[201]) has been claimed to be mechano-responsive with evidence supporting that ligand-
discrimination occurs force-dependently [82, 202, 203]. Recent reports performing force
application on single TCRs via pMHC coated beads also highlight that calcium signalling
can be induced when force is applied in direction of the retrograde flow but to lesser extent
when applied in opposing direction [204, 205]. The relationship between actin and T cell
signalling is extensively studied [206] and it has been shown that 30% of TCRs are asso-
ciated with actin [207, 208]. A failure of this association was reported to lead to failure of
IS formation and induction of activation markers such as CD69 [209]. If one thinks of the
TCR as mechano-sensor, force exerted on the TCR, possibly also ligand-independently, by
pushing the TCR on SLB of different stiffnesses could be sufficient to cause T cell signalling
through conformational change [210–213]. Here, the intriguing mechanism of the release
of ITAM motifs from the membrane, presented by Xu et al [210] has been proven to be
incorrect [214]. Going downstream of the initial TCR phosphorylation, multiple studies
have shown that F-actin polymerisation and retrograde flow drive sustained calcium release
through PLCγ1 signalling during T cell activation. Disruption of the retrograde flow has
been reported to lead to disruption of calcium release through internal stores as well as PLCγ

activation [215, 199, 216]. Here, the group showed that perturbation of the retrograde flow,
while inhibiting PLCγ phosphorylation, did not interfere with Zap-70 activity. Therefore the
mechanism seems to be downstream of ZAP-70 and TCR phosphorylation. This is in good
agreement with the results presented here, since the amount of cells exhibiting a calcium
peak was not influenced by substrate stiffness.



114 Stiffness dependent T cell activation

Actin Network One mechanosensor which lies downstream of TCR phosphorylation is
actin itself. Forces and mechanical load have been shown to increase the density of the
actin network [217] and the retrograde flow [218]. It has also been shown that actin flow is
substrate stiffness dependent [219] and dependent on the activity of MyosinII, an actin motor
protein sensitive to the stretched conformation of actin filaments [220]. Interestingly, since a
certain percentage of TCR is bound to the actin network, this could explain the reduced TCR
diffusion observed on soft PDMS gels. Further studies with actin inhibitors are necessary to
further examine this phenomenon.
It is possible that after an initial calcium release through PLCγ , encountering stiffer substrates
lead to a more pronounced calcium signal due to an increased retrograde flow or a denser
actin network, which could lead to the observed sustained calcium release.

Actin binding proteins However, not only actin but also many actin-binding proteins such
as MyosinII, Arp2/3 and formins, have been reported to be sensitive to force (summarised in
[221, 222]). Most of them have been shown not to be involved in calcium release but instead
cytokine production [215, 223]. The influence of MyosinII is somewhat being debated
[223–225]. However, actin binding proteins WASP [226] and HS1 [227] have been shown to
be important for calcium release during T cell activation. These are important parts of the
signalosome recruiting PLCγ to the membrane and initiating calcium release. Here, HS1 is
also implicated in the force generation during cell migration [228].
It has also been shown that actin-binding proteins like MyosinII and α-actinin accumulate
force-dependently to different regions of force fields [222]. Here, one is left to speculate that
forces could lead to an increase in actin-protein density like HS1 and therefore explain the
differences in calcium release patterns observed on substrates of different stiffness.
There is also the possibility of a feedback loop with calcium influencing actin dynamics
through force-sensitive and -insensitive actin severing proteins such as cofilin [229] and
calcium-controlled gelsolin [230]. These proteins are also necessary to maintain retrograde
flow and here it has been shown that profilin and formin are force dependently activated and
increase actin polymerisation [231–233]. It is possible that the initial calcium release causes
increased actin disruption which will, if no force is strengthening the actin system, cause
a disruption of the retrograde flow which stops PLCγ and would inhibit calcium release.
Repeated phosphorylation events of the TCR would then lead to the observed calcium
oscillations instead of one sustained calcium response on harder substrates.

Calcium As discussed above, obvious mechanoresponsive proteins are the membrane
transporters and calcium channels. While Piezo1 is responsive to force and expressed in
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human T cells [234], these cannot account for the observed calcium response since the
imaging media was free from calcium and the substrates were repeatedly washed to remove
residual calcium in the bath.

Bilayers studied with AFM The work presented here showed the successful formation
of lipid bilayers on PDMS substrates via FRAP and SPT imaging experiments (see Fig.
6.7). The pretreatment of PDMS gels with CaCl2 solution allowed the formation of bilayers
without the commonly used treatment of PDMS via plasma or solvent. While these treatments
are known to influence the stiffness and can lead to swelling of PDMS gels [235, 236], the
CaCl2 treatment did not lead to a stiffness increase (see Fig. 6.8, Appendix A.15). Here,
calcium ions are known to interact with phospholipids [237] and are used to facilitate bilayer
formation [238]. The formation of a lipid bilayer was confirmed via imaging studies which
showed that diffusion of lipids was not altered between gels and glass. To further characterise
the mechanical properties, like stiffness and thickness, of the bilayers AFM force-curves
were acquired and the push-through events analysed (see Fig. 6.8). The force curve provided
a more detailed picture of the bilayer properties like push-through force, stiffness in relation
to the substrate as well as bilayer thickness. Comparing SLBs formed on PDMS with glass-
supported bilayers showed that the force at push-through was comparable for glass and 3kPa
gels, but significantly lower for 1 MPa gels. This could be related to the different gel mixes
used to form the gels and how calcium ions interact with the gels. Previous studies have
shown that push-through forces in SLBs are highly dependent on the ionic strength of the
solution [239]. Here, further experiments need to be conducted to evaluate the influence of
the calcium ions on the bilayer push-through force.
Examining the force curve further one can use the slope before and after the push-through
(slope ratio, see Fig. 6.8C) as indication if the bilayer (slope before) is stiffer or softer than
the underlying substrate (slope after). Here, one finds a similar trend. SLBs formed on
glass and 3kPa gels exhibit a similar slope ratio, showing that bilayers on the substrate are a
similar in stiffness or slightly softer than the underlying substrate. The 1MPa slope ratios
are far below the slope ratios found for the other two conditions. This is probably due to
the low push-through force which aggravates the exact determination of the slope before
push-through since there are only a few data points available before the push-through occurs.
Comparison of the z-jump (see Fig. 6.8C), which reflects the thickness of the bilayer, showed
that bilayer thicknesses are comparable between the conditions. However, thicknesses of
bilayers formed on PDMS gels seemed slightly larger than of bilayers formed on glass.
The bilayers were formed on glass and PDMS using lipid mixture of 99.9 %POPC and
0.1 % Oregon-green DHPE. X-ray-scattering studies reported a thickness of POPC bilayers
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of 3.9 nm at temperature ranges between 20°C and 30°C [192]. AFM studies on bilayer
thicknesses using push-through events yielded a distribution of values around 4-5 nm which
is in good agreement with the PDMS SLB data [240]. However, bilayer thicknesses on glass
showed lower values than the expected 4 nm. This could be an effect of the lipid mixture of
POPC and oregon green DHPE. DHPE has a two carbon groups shorter lipid tail than POPC
and no unsaturated double bonds, which could render a denser packing order which is known
to influence thickness [240]. Bilayer thicknesses on PDMS gels however, exhibited larger
variations. Here, packing order of lipids has been shown to be influenced by ions [240],
where Ca2+ is known to interact with POPC phospholipids and increase their packing order
[237]. This could possibly increase the bilayer thickness and explain the variation between
glass and PDMS supported bilayers through residual or PDMS bound calcium ions. Future
experiments are necessary to study this effect further.

Ligand-independent vs ligand-dependent triggering The use of bilayers on gels of vary-
ing stiffnesses could help to isolate ligand mobilisation and anchoring effects on the cy-
toskeleton from stiffness related effects. Here, previous studies propose that forces between
the Ab coated gel lead to different spreading of immune cells due to the load on the retrograde
flow [178]. Similar conclusions have been made in experiments where beads were used to
pull on single TCRs [204, 205]. The experiments on bilayer coated PDMS presented here
(see Fig. 6.9) showed a stiffness-dependent process in the absence of anchoring effects, either
due to pMHC anchoring on the other cells cytoskeleton or Ab coated gels. The observed
effects showed that ligand-dependently and -independently, the number of calcium peaks
increased with softer surfaces. The comparison of triggering cells on soft SLBs showed
that while both showed an increase in calcium, only the pMHC mediated contact led to cell
spreading and resembled a synapse. The opening of additional calcium channels through
mechanical stimuli or the strength of internal calcium release can be dismissed as a source
of the effects, since in both cases the bilayers were extensively washed to remove residual
calcium ions. The ligand-independent release of calcium has also been reported in cell-cell
conjugates [241], where CD4+ cells showed calcium release and synapse formation upon
contact with ligand-free DC. These conjugates were speculated to be the result of pMHC and
other adhesion protein interactions.
Interestingly, there were slight differences between IgG and rCD2 coated SLB on glass.
These could be an effect of charged interaction between the T cell and free nickelated lipids
in the SLB causing activation, similar to the charged interaction causing T cell activation
on PLL surfaces [193]. These weak binding events could also explain the slightly increased
amount of cells exhibiting blinking calcium responses on glass SLB.
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Summary and Outlook The experiments presented here begin to investigate how stiffness
influences T cell activation using supported-lipid bilayers on PDMS. Here, experiments
showed an increase in calcium peaks on softer surfaces which may be linked to a known
stiffness-dependent decrease in T cell activation. The data demonstrates that bilayer formation
on substrates of varying stiffness is possible and does not alter the stiffness of the substrate
or other important bilayer characteristics such as lipid diffusion. While future studies should
investigate calcium peak length on different substrate stiffnesses comparing pMHC, rCD2
with rCD2 SLBs, the most important experiment will be linking cytokine production with
calcium release to identify if the observed calcium pulses relate to further downstream
signalling and cytokine production.

Future work To further study the underlying mechanisms of stiffness-dependent T cell
activation, future studies will focus on measuring cytokine production and relating this
to the performed calcium release measurements. Here, the use of genetically encoded
fluorescent NFκB markers could enable the cell-wise correlation of calcium signalling with
downstream events by performing time-lapse imaging studies. After assessing the relation of
early and later activation markers, studies will focus on the distinction of ligand dependent
and independent signalling to assess the role of the TCR in the mechanism. The use of
cytoskeletal drugs like the actin depolymerising agent cytochalasin D or the stabilizing drug
phalloidin will be used to study the role of the cytoskeleton in the early and late stiffness-
dependent T cell activation. In parallel, further work will focus on AFM studies on bilayers
formed on PDMS gels. Here, the comparison of force curves acquired in solutions of various
ionic strengths will provide further insights into the physical properties of the bilayers. This
could possibly also further the understanding of the calcium induced bilayer formation
process.





Chapter 7

General Discussion & Conclusion

Superagonism The presented work on CD28 superagonism provides evidence supporting
the KS model as underlying mechanism for superagonistic stimulation, as summarised in
Figure 7.1. The experiments further highlighted the following necessities for superagonistic
signalling on glass. On glass, superagonistic signalling requires cross-linking and is gap-size
dependent, where regions of higher protein density were shown to enhance phosphatase
exclusion. The diffusion of un-immobilised proteins was affected by gap-size mostly through
exclusion while immobilising superagonistic antibody treatment impeded CD28 diffusion.
Superagonistic signalling on glass can therefore be seen as a combination of immobilisation
induced slow-down of CD28 and exclusion of phosphatases. On bilayers, the cross-linking
seemed not necessary to induce exclusion if expression levels were sufficiently high. The
antibody induced gap-size seemed the prominent regulating factor. Here, even antibodies
against monomeric proteins could be used to modulate the phosphatase exclusion through
gap-size changes. To summarise, antibody-induced T cell activation correlated with the KS
model proposed gap-size dependent exclusion of phosphatases.

Fig. 7.1 KS model for superagonistic vs conventional antibody stimulation?
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Fig. 7.2 KS model as triggering mechanism in B cells for membrane-bound monovalent
ligands?

Kinetic segregation and B cells Imaging and functional studies on B cells revealed, that
monomeric, surface-bound ligands were able to induce B cell signalling as well as CD45
exclusion which is in agreement with the KS model (see Fig. 7.2). Nevertheless, cross-linking
of the dimeric BCR in solution is also leading to B cell activation. While this could be seen
as two independent triggering mechanisms at work, it could also reflect the same principle.
Cross-linking of receptors could lead to higher presence of kinases, thereby possibly shifting
the phosphorylation balance similarly to the observed reduction of phosphatases through
size-dependent exclusion. To conclude, the experiments presented here showed that kinetic-
segregation could explain T cell and B cell triggering. This provides evidences, that the KS
model could work as a wider, more general mechanism explaining tyrosine phosphorylation
for a multitude of receptors.

Fig. 7.3 Substrate stiffness influences T cell signalling proteins?

Stiffness dependent T cell activation The experiments presented here tried to elucidate
the mechanisms behind the known stiffness-dependent T cell activation through protein
tracking, bulk exclusion measurements and the monitoring of early activation markers (see
Fig. 7.3). Findings comparing substrates of different stiffnesses showed that, while TCR
diffusion was unaffected, exclusion and area sizes of exclusion were similar, the early
response of T cells still varied with substrate stiffness. Experiments showed that substrate
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stiffness changed the dynamic response of cells but not the overall T cell responsiveness.
Here, stiffer surfaces corresponded to more sustained calcium response than softer surfaces.
However, since CD45 exclusion was similar under all the tested stiffness conditions, this
suggests, that while KS could explain TCR phosphorylation indicated by calcium spikes, it
might not be the only deciding factor in T cell activation. CD45 exclusion might be necessary
but not sufficient to induce later signalling events. Further experiments are required to link
early activation markers with cytokine production.

Concluding remarks

The work presented here provides new evidence on the underlying mechanism of immune cell
activation with focus on the influence of physical properties like cell to substrate distance and
substrate stiffness. Here, experiments relate key predictions of kinetic-segregation, the idea
that size-dependent exclusion of phosphatases leads to a shift in the phosphorylation balance
in favour of phosphorylation, to T and B cell signalling. Work performed on anti-CD28
superagonism could place this epi-phenomenon within the framework of the KS model and
thus provide the foundation of future antibody design to target other tyrosine receptors for
therapy. Here, experiments on extended superagonists suggest that the immune response
can be controlled by altering the size of the antibody. The antibody mediated gap size could
thus control the phosphorylation state of inhibitory or activatory proteins. Furthermore,
experiments on B cell activation could highlight that the KS model is not only relevant for
T cell activation and T cell receptors but its key predictions are also applicable to B cell
triggering. This work therefore widens our understanding of not only T cell related signalling
epi-phenomena but also of lymphocyte signalling in general. The work then builds up on
existing findings that T cell activation scales with substrate stiffness and goes on to investigate
KS in this context, developing a close to physiological imaging platform. Results reveal that
phosphatase exclusion was stiffness-independent and so was initial calcium response, while
a prolonged calcium response was stiffness dependent. Consequently, in more physiological
settings phosphatase exclusion might be necessary but not immediately sufficient to induce T
cell activation.





Chapter 8

Materials & Methods

8.1 Methods common to all Experiments

8.1.1 Cell culture

All cell lines were cultured in phenol-red-free RPMI media with 10% FBS, Glutamine, 10%
HEPES, Sodium Pyruvate and antibiotics (50 units penicillin, 50 µg streptomycin and 100 µg
neomycin per ml) at 37°C and at 5 % CO2.

8.1.2 Cell labelling

Halo/SNAP labelling

Cells were incubated with 1µl dye stock (5 mM) in 1 ml of media and left for 30 min to
incubate. After the incubation cells were repeatedly washed and incubated for 20 min to
remove all non-bound dye from the cell. Silicon-Rhodamine (SiR), Alexa505 and TMR were
used for HALO and SNAP labelling, Alexa488-Halo was found to label the intracellular
domains poorly.

Fab labelling

For all labeling of mCD45, Fabs instead of whole antibodies were chosen since full antibodies
due to their bivalent binding, could have produced cross-linking artefacts. Fabs bind as
specifically as whole antibodies but have an increased off-rate which limited Fab labelling
imaging to RT conditions and all experiments were conducted within 15 min.
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8.1.3 Glass slide preparation

Glass slides were plasma-cleaned in argon plasma for 30 min prior to imaging. Imaging was
performed in small PDMS wells which were attached to the glass slides after plasma-cleaning.

8.1.4 Bilayer preparation

Bilayers were prepared on overnight piranha-cleaned glass slides which were subsequently
plasma cleaned for 30 min. Small-unilamellar vesicle (SUV) solutions were prepared at
10 mg/ml via drying of lipids in glass vials under nitrogen and leaving them in a desiccator
for at least 1 h to allow for chloroform evaporation. Subsequently the lipids were allowed
to hydrate in PBS buffer for one hour after which they were briefly vortexed and then
sonicated until the lipid solution became clear. The SUV solution was diluted to 1 mg/ml
and then applied to the cleaned glass slides. After 30 min of incubation, the bilayers were
washed with PBS to remove excess SUVs. If the bilayers were coated with proteins, protein
solution was added to the bilayers and incubated for 1 h to allow binding. The protein
density was assessed using FCS. Lipid mixtures used for the experiments, were, if not
otherwise indicated: 95 % POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, Avanti
Polar Lipids, 850457C) and 5 %DGS-NTA(Ni) (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-
1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), 790404C, Avanti Polar Lipids).
Here, proteins were binding to the Ni+ chelating NTA lipid via 2xhexahistidine tags.

8.1.5 Imaging setup

All imaging was performed on a custom-built total-internal-reflection fluorescence (TIRF)
microscope as shown in Figure 8.1. A translational stage was used to move the beam between
Epi and TIRF illumination mode.
If not otherwise mentioned the fluorescence was collected with a 100x 1.49 NA Nikon TIRF
Objective. 2-color imaging was performed using a DualView (DualView2, Photometrics)
which splits the image into two channels. The two channels were aligned daily using
Tetraspec beads (ThermoFisher, T7279). Overlap of ∼120 nm was routinely achieved. 3-
color imaging was performed using two synchronised spinning filter wheels (OptoSpin,
CAIRN), one in the excitation and one in the emission path. All filters and dichroic were
acquired from Semrock and if not otherwise mentioned, the following filter sets were used in
combination with a flat, quadband dichroic (Di03-R405/488/561/635-t1-25x36):

• Alexa488: FF03-525/50-25

• TMR: FF01-587/35
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Fig. 8.1 Schematic representation of the custom-built microscope setup used for data acquisi-
tion. Laser boxes indicate wavelength in nm

• Alexa647: BLP01-635R-25

• mEos: BLP02-561R-25 + FF01-580/14-25

The emitted light was then focused onto an Evolve 512 Delta EmCCD camera from Pho-
tometrics (see Fig. 8.1). Laser powers were estimated in Epi illumination and were at
0.01-0.1 kW/cm2. Image acquisition was controlled via MicroManager [242]. The illumina-
tion of all used lasers was aligned and regions-of-interest (ROI) were selected so the laser
intensity did not vary more than 5% over the ROI.

8.1.6 Data Analysis

Exclusion analysis on bilayers

After acquisition, the frames were averaged and the dark count was subtracted. The aver-
aged raw image was then background subtracted using a rolling background subtraction
in-built function of FiJi (U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/) with a radius of 50 pixel. If not otherwise indicated, contact and cell
masks were generated using the Otsu image segmentation method. This algorithm groups
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pixel values in "background" and "signal" by minimising the variance in each group. The
contact masks were then compared to the cell mask, creating an "inside the contact" (in) vs.
"outside the contact" (out) and the average CD45 (or BCR,...) intensity in CD45in and out of
the contact CD45out were calculated. The exclusion was then set as:

1− CD45in

CD45out
.

Single-Particle Tracking Analysis

SPT data was analysed using custom-written Matlab code from Laura Weimann [27]. The
code was modified to perform cell-wise JD calculations. Subsequent localisations closer
than 300 nm were grouped in trajectories, using a nearest neighbour approach allowing no
gaps in the trajectory. For each trajectory counting more than five localisations, a mean
square displacement (MSD) analysis was performed with regression on the first five points.
Cell-wise Jump distance (JD) analysis was performed for all trajectories counting more than
five localisations. Two populations of diffusing membrane proteins were fitted.

8.1.7 Calcium signalling experiments

If not otherwise indicated, 106 cells were labeled in media supplied with 4 µM Fluo-4AM
(Invitrogen) and 2.5 mM Probenecid (Invitrogen) for 15 min at 37°C. The cells were then
washed and transferred to PBS containing 2.5 mM Probenecid before adding them to antibody-
coated slides or SLBs. Data was obtained at 30 ms exposure at 1 s interval using a 20x air
objective (Plan Fluor, NA 0.5, Nikon). The acquired stacks were subsequently flattened to
correct for the variation of illumination in the field of view by dividing the image stacks by
a background acquired by polynomial fitting to a blurred image using Fiji (U. S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/). The stacks were
then analysed with custom-written Matlab code by Dr. Aleks Ponjavic. The code detects
local peaks above a background threshold and divides the calcium traces into non triggering,
multi- and single peak.

8.1.8 Statistical Analysis

All statistical analysis was performed using Origin 8 (OriginLab, Northhampton, MA).If
QQ-plots of the data sets followed a normal distribution, a 2-sample Student t test was
performed to assess differences between data sets. If not otherwise indicated, Mann-Whitney
U-tests were performed which pose no assumption on the underlying distribution.
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8.2 Methods for Chapter 4

8.2.1 Bulk labelling

Cell lines

All cell lines were cloned by Dr. Meike Aßmann from the Simon Davis group in the
Weatherall Institute, University of Oxford. Mouse leukaemia T cell hybridomas BW5147
were cultured as described in Section 8.1.1. They were split every two to three days to
keep them at a density between 105 and 106 cells per ml. All imaging experiments were
performed on BW cells, which inherently do not express TCR, and a truncated form of
CD28 to avoid triggering on the glass/bilayer and observe only passive events, unrelated to
activation. All IL-2 assays were performed using BW TCR+ cells, expressing full-length
CD28 following a 24 h incubation. The expressed CD28 was a mouse rat chimera, with
extracellular rCD28 domain and intracellular mCD28 domains. The expression was induced
via lentiviral transfections.
Clustering experiments were performed using BW truncCD28 and truncPDCD28, a fusion
construct of the transmembrane proteins mCD28 and hPD1, whereas the extracellular domain
of mCD28 was replaced with hPD1 while preserving the transmembrane domain and in the
case of non-truncated, full-length PDCD28, the intracellular signalling domain of CD28.

Antibodies Fc receptor

Antibodies were fluorescently labelled via NHS-Ester using a labeling kit (Alexa 647, Alexa
488). Antibodies were characterised by Dr. Meike Aßmann. For clustering experiments Cl.2
and Cl.19 were chosen since their binding affinities are similar with Cl.2: KD = 0.037 ±
0.0036µM and Cl. 19: KD = 0.028 ± 0.0014 µM. (Cl. 10: KD = 1.041 ± 0.053 µM). For
Ab antigen, species, subclass, clone, catalogue number and supplier please see Table 8.1.
The mouse FcγRIIb receptor with a spacer and 2 hexahistidine tags was expressed, purified
and tested by Dr. Meike Aßmann.
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Sample preparation

Glass slides were plasma-cleaned for 30 min and subsequently coated with 500 µg/ml poly-
clonal donkey-anti-mouse (DAM) antibodies (Stratech Scientific) for 15min prior to imaging.
For bilayer experiments SLBs (5%DGS-NTA(Ni) (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), 790404C, Avanti Polar Lipds), 95%
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, 850457C))
was incubated with 30 µg/ml FcγRIIb Fc receptor with two hexahistidines separated by a
tag for 1 h. Here, the linker proteins were designed to obtain an "upright" positioning of the
Fc receptor in the SLB [90]. While cells were labelling for 15 min the SLB was washed to
remove excess Fc receptor and 30 µg/ml Ab was added and incubated for 15 min at RT. The
coated bilayers were washed 5 times prior to imaging. Ab concentration was assessed using
FCS and was found to be around 100-200 molecules/µm2. Due to the medium affinity of Ab
to Fc receptor of 0.70 µM for mIgG1 [105], data acquisition was performed within 15 min.
The off-rate of Fc receptors from the SLB was measured via FCS to be around 25% per hour
and after one hour 35% of Fc receptor bound antibody have fallen off.
The formation of contacts was thereby Ab and Fc receptor dependent. Cells interacting only
with Fc receptor coated bilayer did not form CD45 exclusion zones within 15 min (see Fig.
A.4). Incubation of antibodies with SLB alone did not lead to Ab accumulation, presentation
of the Ab on Fc receptors is required for Ab accumulation (see Appendix Figure A.3).

Labelling

All experiments, if not otherwise indicated, were performed with 250.000 cells in 50 µl
RPMI, stimulated with 50 µg/ml Ab (40 µg/ml fluorescently labelled, 10 µg/ml unlabelled)
with 20 µg/ml fluorescently labelled anti-mCD45 Fab for 15 min at 37°C. Cross-linking
experiments were performed at 50 µg/ml Cl.19 or 25 µg/ml Cl.19 and 25 µg/ml Cl.2. This
protocol was established to keep the imaging conditions as close as possible to the IL-2
stimulation assays. After the labelling and stimulation, the cells were washed 3 times in PBS
prior to imaging.

Imaging

Imaging was performed at the TIRF setup as previously described. To minimise artefacts due
to uneven illumination, the laser illumination was measured using CHROMA autofluorescent
plastic slides (CHROMA, 92001) and an area was chosen where the illumination intensity of
both lasers varied less than 5%. Image stacks of 100 frames were acquired at 50 ms exposure
time using a EMCCD camera (512 Delta Evolve, Photometrics). Laser intensities were set at
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levels to ensure no bleaching occurred during the imaging interval. All experiments were
conducted during 15 min at room temperature to minimise the effects of the high-off rates of
Fabs. The lasers used for dual-color imaging were Spectra-Physics CDHR 488 (488 nm) and
Melles-Griot NANO-HeNe (640 nm).

Data Analysis

Intensity Analysis on glass

Image stacks were averaged and the dark image subtracted. Otsu algorithm was used to
determine intensity threshold. Areas of high intensity were defined as pixels with intensity
values above 60 % the maximum intensity.

Bilayer After acquisition, the frames were averaged and the dark count was subtracted. To
mask contact and cell areas (if not otherwise indicated the CD45 channel), due to varying
intensity distributions when comparing different antibody contacts, an adaptive Otsu threshold
was used to generate antibody masks from averaged antibody stacks. This masking method
calculated the local background within a given area around a pixel similar to the rolling-
background function in FiJi. Here, the area was adjusted to the largest non-background area
(either 51 for medium expressing truncCD28 and 101 for high expressing truncCD28 or
truncPDCD28 cells). CD45 masks were generated using the Otsu algorithm on averaged
CD45 image stacks. The contact masks were then compared to the filled CD45 mask, creating
an "inside the contact" (in) vs. "outside the contact" (out) and the average CD45 Intensity in
and out of the contact were calculated. The exclusion was then calculated as:

Exclusion = 1− CD45in

CD45out
.

.

8.2.2 Single-Particle Tracking

Cell lines

BW mouse leukaemia cell lines were used as described above, expressing a truncated CD28
construct without intracellular domain, truncCD28−mEos3.2hi and a truncated human
mouse chimera protein with extracelluar human PD1 domain and transmembrane mouse
CD28 domain truncPDCD28hi. CD45 tracking was performed using BW mouse leukaemia
cell lines expressing truncCD28hi.
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Sample preparation

Prior to imaging, plasma-cleaned glass slides were coated with polyclonal goat-anti-human
(GAH) or donkey-anti-mouse (DAM) for 15 min at RT. Cells stimulated with unlabelled
antibodies as for bulk experiments at 50 µg/ml for 15 min at 37°C and were not washed prior
to imaging. For CD45 tracking experiments, cells were additionally labelled with 0.5 µg/ml
mCD45 Fab fluorescently labelled with Alexa488.

Imaging

mEos image stacks were acquired with 3000 frames per cell at exposure time of 50 ms with
pulsed 405 excitation to photoswitch mEos every 100 frames. For single-particle imaging of
CD45, stacks of 100 frames for each cell were collected at 50 ms exposure time. All SPT
if not otherwise mentioned was performed at 37°C. Single molecule data was analysed as
described as in Section 8.1.6.

8.3 Methods for Chapter 5

Cell lines

All cell lines were cloned by Dr. Martin Wilcock from the group of Simon Davis in the
Weatherall Institute, University of Oxford.
All experiments were performed on an A20 cell line. The B cell lymphoma line was
cultured in RPMI media supplemented as described above 8.1.1 with the addition of 50 µM
β−mercaptoethanol (Gibco). Cell densities were maintained between 2 105 and 1106 cells/ml
For all experiments described A20 (HyHEL10, Ig-alpha-Snap, CD45(RABC)-Halo) or A20
(HyHEL10, Ig-alpha-Snap, CD148-Halo) cells were used. CRISPR gene editing was used
to step-wise delete the expression of the endogenous BCR, while lentiviral transfection
was used to replace the endogenous BCR with the high affinity BCR HyHEL10 with an
intracellular SNAP tag on the Igα . HyHEL10 is binding its ligand, the Hen-Egg-Lysozyme
(HEL) with very high affinity of KD = 8.9 ±3.5 pM for the synthesised labelled HEL-SAP-
HALO construct [156]. The expression was found to be 25000 receptors/cell, a quarter of
endogenous BCR expression.
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8.3.1 Sample preparation

SLB (96% POPC 4% DGS-NTA(Ni)) were prepared as described above and subsequently
coated with fluorescently labelled Halo-SNAP-HEL with N-terminal His-tag, for 1h at 1mg/l,
resulting at ∼100 proteins/µm2 [156].

8.3.2 Imaging

All imaging was performed at 37 °C at a custom-built TIRF microscope, using a 100x 1.49NA
Nikon Objective and internal magnification of 1.5 equipped with a stepping filter wheel.
Image stacks of 5 frames at 50 ms exposure time were recorded consecutively in 3 channels.
All data was acquired within the first 90 s of landing of each cell to be in the same time range
as the occurring calcium triggering. For the subsequent analysis image stacks were averaged
in each channel.

8.3.3 Data Analysis

Exclusion analysis was performed as described in 8.1.6. The Pearson correlation coefficient
analysis was performed as illustrated in Figure 8.2.
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Pearson correlation coe f fx,y =
∑(xi − x)(yi − y)√
∑(xi − x)

√
(yi − y

Fig. 8.2 Pearson Analysis. A) 3-color TIRF images in gray scale showing HEL, BCR and
CD45 fluorescence intensities on a HEL coated bilayer. B) Cell masks were generated as
sum of CD45 and BCR masks (here generated by Otsu algorithm) and BCR, CD45 and HEL
intensities are shown within the cell mask. C) Pearson analysis: Intensities values of two
channels are plotted against each other (CD45 vs HEL, HEL vs BCR or CD45 vs BCR) and
their Pearson-correlation coefficient calculated. Positive Pearson coefficient values indicate
linear correlation of pixel-intensities with 1 being perfectly linear and increasing and -1
perfectly linearly decreasing.The coefficient is calculated following the formula with x,y
∈ {CD45, BCR , HEL}.
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8.4 Methods for Chapter 6

8.4.1 PDMS preparation

All used PDMS substrates were prepared and tested for their stiffness by Ivan Dimov with
AFM. For the fabrication of 3 kPa and 1 MPa gels two commercially available polymer
reagents were mixed as follows: Silgard184 (Sigma Aldrich) was mixed in a 1:10 curing
agent to monomer to prepare 1 MPa gels. NuSil Gel 8100 (NuSil) was prepared following
the manufacturers instruction. The gel mix was then supplemented with 1% of the prepared
Silgard184 mix. After gentle stirring, the gels were spread on glass slides using razor blades
and subsequently cured at 65°C over 13h after which they were ready for further experiments.

Antibody-coating Antibody coating of PDMS was done overnight at 4°C in a chamber to
avoid evaporation. Gels were washed 3 times with PBS before cells were dropped on the
sample. Antibody-coating on PDMS slides of different stiffnesses was tested via fluorescently
labelled antibodies using Epi-fluorescence.

Bilayer For bilayer preparation, PDMS samples were incubated overnight with 1 mM
CaCl2 at 4°C in a enclosed chamber to avoid evaporation. The slides were then washed with
PBS and 1 mg/ml SUV solution immediately added as well as additional calcium to a final
concentration of 25 µM. After 30 min of incubation at RT the bilayer was formed and excess
SUV were removed through repeated washing with PBS. Bilayers were either formed with:

• 95%POPC and 5%DGS-NTA to functionalise the SLB with His-tagged rCD2 proteins
(around 600 molec./µm2)

• 98%POPC and 2%DGS-NTA to functionalise the SLB with His-tagged pMHC (around
100-200 molec./µm2)

• 99.9%POPC and 0.1% Oregon-green DHPE for diffusion and AFM characterisation

8.4.2 AFM measurements

AFM measurement on bilayers were performed with the help of Alex Winkel, group of
Kristian Franze, Department of Development, Physiology and Neuroscience Cambridge.
Force curves were acquired in contact mode using a SHOCON-10 cantilever (AppNano,
USA), at 3 nN set point and a approaching speed of 1µm/s. PDMS slides were mounted in a
slide holder to avoid vibration artefacts.
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8.4.3 Imaging

TIRF imaging was performed on a custom-built TIRF setup equipped with two synchro-
nised spinning filter wheels (OptoSpin,CAIRN) to generate a large field of view and avoid
time-consuming calibration efforts, the TIRF angle had to be adjusted between PDMS
samples to ensure TIRF illumination.

FRAP imaging FRAP experiments were performed on the custom-built TIRF instrument
in epi illumination using 100x 1.49NA Oil Nikon Objective or 20x air objective (Plan Fluor,
NA 0.5, Nikon). 10 frames at 30 ms with 1 s interval were acquired prior to bleaching.
The beam expander was removed to create a small laser spot in the middle of the camera
used to bleach for 5 s. After bleaching the beam expander was flipped back into place and
post-bleach image stacks were recorded at 30 ms and 1 s interval until the recovery was
complete. To correct for the photobleaching during acquisition, control images were taken
for every experiment in which no bleaching step was performed.

8.4.4 Data Analysis

AFM Data

Push-through events were analysed by Dr. Alex Winkel using a custom-written Matlab code.
Events were detected via a gradient threshold and the slope before and after push-through
were measured by using the 5 points after and before the push-through event.

FRAP Analysis

FRAP data was analysed using custom-written code by Jane Humphrey. The program would
normalise and bleach-correct the data and fit the recovery curve to:

I(t) = A(1− e−
t

τD )+ y0

yielding a fit for the characteristic diffusion time τD and the curve offset y0.
Beam radius and Gaussian beam parameters were acquired by fitting the first frame after
bleaching with a Gaussian bleach profile:

I(x,y) = Ae−
(x−x0)

2+(y−y0)
2

2σ2
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The mobile fraction fmobile and diffusion coefficient D were then calculated with:

fmobile = A+ y0

and

D =
w2

4τD

, with beam radius w = 2σ .
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Supplementary Figures and Tables

Chapter 4: Molecular mechanism of Superagonism

Fig. A.1 CD45 exclusion not related to Ab intensity differences. Empirical cumulative distri-
bution of the pixel-wise antibody intensity after background subtraction of BW truncCD28hi

cells treated with JJ319 (CA) or JJ316 (SA) at 50 µg/ml. Ab areas were defined as areas with
intensity values over 1.5·background. Degree of labeling in dye/protein: JJ316:9.1, JJ319:
7.1.
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Fig. A.2 Time of contact formation is expression level dependent. BW truncCD28me (top)
and truncCD28hi cells were labelled with anti-mCD45 Fab (Alexa488) and dropped on
Ab-bound Fc-coated bilayers presenting either superagonistic (SA) or conventional (CA)
antibodies labelled with Alexa647. Images show a time-lapse series of the fluorescently
labelled Ab accumulating under the cell during an 80 s period. Fluorescence channels at the
start of the row show anti-mCD45 Fab (Alexa488) at the start and the end of the time-lapse.
Scale bar 5 µm.

Fig. A.3 Ab accumulation Fc receptor dependent. BW truncCD28hi cells were dropped
on antibody coated SLB without previous coating of Fc receptors. While antibodies were
present on the SLB after washing of the SLB, cells did not accumulate but excluded the Ab.
Scale bar 5 µm.
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Fig. A.4 CD45 exclusion is Ab dependent. BW truncCD28me cells were labelled with anti-
mCD45 Fab (Alexa488) and cell mask Deep Red (A) or dropped directly on Fc only (A) or
Ab bound Fc receptor coated bilayer (B-C). Left column shows schematic representations of
the experiments while the right column shows time-lapse series of cells settling on bilayers
during a 15 min period. Fluorescence channels either show anti-mCD45 Fab and cell mask
or anti-mCD45 Fab and Ab fluorescence. Scale bar 5 µm.
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Fig. A.5 Cross-linking induced LIT. IL-2 assay of BW TCRlow PDCD28hi (A),
truncPDCD28hi (B), PDCD28me (C) and truncPDCD28me (D) cells stimulated over 24 h
with anti-PD1 antibodies Cl.2, Cl.19 or a combination of both on DAM coated glass slides.
Data taken and analysed by Mai Vuong.

Fig. A.6 Antibody intensity distributions for Cl.19 and Cl.9+Cl.2 fluorescence images of
BW truncPDCD28hi cells settling on DAM coated glass. Empirical distribution function of
background subtracted pixel-wise antibody intensity. Ab areas were defined as areas with
intensity values over 1.5·background. Degree of labeling (dye/protein): Cl.19:3.4, Cl.2: 5.3.
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Fig. A.7 CD28 diffusion influenced by SA and CA stimulation. MSD ensemble analysis of un-
immobilised CD28 diffusion in different gap- and clustering-conditions. BW truncPDCD28hi

were dropped on GAH glass either untreated with anti-CD28 Abs (untr.) or treated with SA
or CA antibody. Gap-height and clustering were set by hCl.19, hCl.10 and hCl.19+mCl.2.
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Fig. A.8 CD45 Jump distance maps reveal that CD45 under SA conditions diffuses mostly
around the cell edge, CD45 inside these areas is slowed down.

Fig. A.9 CD45 exclusion in 2-color diffusion experiments. Maximum intensity projections
of anti-mCD45 Fab (Alexa488) (right) and JJ316/JJ319 (Alexa647) (left). Scale bar 10 µm.
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Fig. A.10 Superagonistic signalling not dependent on mobile CD28. IL-2 assay of BW TCR+

PDCD28hi cells stimulated over 24 h with anti-PD1 antibodies Cl.19, Cl.2 and SA (JJ316) or
a combination of both on DAM (violet) or GAH (green) coated glass slides. Data taken and
analysed by Dr. Meike Aßmann.
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Chapter 5: Molecular mechanism of B Lymphocyte Activa-
tion

Fig. A.11 CD45 exclusion is not a topological artefact. A) A20 B cell expressing CD45-Halo
and HyHEL10 BCR are labelled with the membrane dye DiO and dropped on a HEL coated
bilayer. B) Two color TIRF images of the membrane (DiO, red) and the CD45 (green). Scale
bar 5 µm.

Fig. A.12 Cells on LongHEl bilayers sometimes exhibit finger-like contacts. A) Example
images of an A20 B cell expressing CD45-Halo and HyHEL10 BCR-Snap forming contacts
on a 2xCD43HEL-Halo (LongHEL) coated bilayer.
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Fig. A.13 Comparison of mask methods (Otsu vs. Intensity threshold) and additional Pearson-
correlation based analysis. A: schematic representation of the experiment. A20 HyHEL10
B cells were dropped on HEL-505 or LongHEL (HEL-2xCD43) coated bilayers. Cells
were expressing either CD45-Halo, CD148-Halo, LAT-CD45-Halo or LAT-CD148-Halo
and (unless in A3) B cells also express Ig-α-Snap on the BCR. B) Exclusion values for
phosphatases (red) and BCR (green) (in B3: CD148: red, CD45:green) calculated from
intensity based threshold with th = 0.4 (0.4·max. intensity). Inset shows example HEL and
cell (CD45+BCR) masks (yellow) comparing Otsu and intensity based thresholding with
a table giving mean exclusion values ± SD. C) Pearson correlated analysis between the
fluorescence channels using all pixels within the cell mask. Each dot represents one cell,
vertical line represents mean and whiskers SD. Analysis described in the Data Analysis
section of 8.3.
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Fig. A.13 Comparison of mask methods (Otsu vs. Intensity threshold) and additional
Pearson correlation based analysis. A) schematic representation of the experiment. A20
HyHEL10 B cells were dropped on HEL-505 or LongHEL (HEL-2xCD43) coated bilayers.
Cells were expressing either CD45-Halo, CD148-Halo, LAT-CD45-Halo/Snap or LAT-
CD148-Halo/Snap and (unless in A3,A6,A7) B cells also express Ig-α-Snap on the BCR. B)
Exclusion values for phosphatases (red) and BCR (green) (in B3: red (CD148), green(CD45),
B6,B7: red (CD45/CD148), green (LAT-CD45/LAT-CD148) calculated from intensity based
threshold with th = 0.4 (0.4·max. intensity). Inset shows example HEL and cell (CD45+BCR)
masks (yellow) comparing Otsu and intensity based thresholding with a table giving mean
exclusion values ± SD. C) Pearson correlated analysis between the fluorescence channels
using all pixels within the cell mask. Each dot represents one cell, vertical line represents
mean and whiskers SD. Analysis described in the Data Analysis section of 8.3.
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Fig. A.14 Intensity based analysis results are insensitive for chosen threshold values (0.4). A)
Exclusion values for phosphatases (green) and BCR (red) for different increasing intensity
thresholds, for mask = Int > th. Error bars represent SD over all experimental data sets.
Example masks shown on top for th = 0.1, 0.5 and 0.9. Yellow areas represent the mask. B)
Determining when background values are influencing the masking result. Here, exclusion
values where calculated for background based mask, with mask = Int < th. Example masks
shown on top for th = 0.1, 0.5 and 0.9. Yellow areas represent the mask. C) Threshold of
0.3 shows the largest change, indicating that the mask now includes non-background values.
Rate of change for phosphatase exclusion (green), BCR (red) and all (black) for increasing
threshold (mask = Int > th). Errors bars represent S.D. over all experimental data sets. D)
Rate of change for phosphatase exclusion (green), BCR(red) and all (black) for increasing
background-based threshold (mask= Int < th).
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Chapter 6: Stiffness dependent T cell Activation

Fig. A.15 Calcium treatment did not affect PDMS stiffness. A) Schematic representation of
the experiment. B) Force curves were acquired for 3kPa (B) and 1MPa. C) PDMS gels which
were either pretreated with CaCl2 solution (Ca2+ treated, blue) or left untreated (black).

Fig. A.16 TCR diffusion unaffected by substrate stiffness. Mean SNR per track and mean
track length per cell for glass (grey) and 3 kPa (blue) gels (left). Right figure shows a boxplot
comparing the conditions.
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Supplementary Videos

Suppl. Video 1: Time-lapse of contact formation of BW truncCD28me cells on JJ316 or JJ319
coated FcR bilayers. Cells were labelled with anti-mCD45 Fab (Alexa488) and dropped on
Fc receptor coated bilayer loaded with either JJ316 or JJ319 (Alexa647). Data was acquired
at RT.
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Suppl. Video 2: Time-lapse of contact formation compared high and medium truncCD28
expression levels. BW truncCD28hi and truncCD28me cells were labelled with anti-mCD45
Fab (Alexa488) and dropped on Fc receptor coated bilayer loaded with either JJ316 or JJ319
(Alexa647). Data was acquired at RT.

Suppl. Video 3: Time-lapse of contact formation of BW truncCD28hi cell on JJ316 or JJ319
coated FcR bilayers. BW truncCD28hi cells were labelled with anti-mCD45 Fab (Alexa488)
and dropped on Fc receptor coated bilayer loaded with either JJ316 or JJ319 (Alexa647).
Data was acquired at RT.

Suppl. Video 4: Time-lapse of contact formation of a BW truncCD28me LAT-CD148-Halo
cell dropped on JJ316 coated FcR bilayer. BW truncCD28me LAT-CD148-Halo cells were
labelled with anti-mCD45 Fab (Alexa488) and Halo-TMR and dropped on JJ316 (Alexa647)
coated FcR bilayer. Data was acquired at RT.



171

Suppl. Video 5: Time-lapse of contact formation of a BW truncCD28me LAT-CD148-Halo
cell pretreated with JJ316 and dropped on DAM coated glass. BW truncCD28me LAT-
CD148-Halo cells were labelled with anti-mCD45 Fab (Alexa488), JJ316 (Alexa647) and
Halo-TMR and dropped on DAM coated glass. Data was acquired at RT.

Suppl. Video 6: Time-lapse of contact formation of a BW truncCD28me cell labelled with
anti-mCD45 Fab (Alexa488) and settling on a SA or SAext (Alexa647) coated Fc-receptor
bilayer. Data was acquired at RT.

Suppl. Video 7: Time-lapse of 2-color diffusion of anti-mCD45 Fab (Alexa488) in
JJ316 (Alexa647) treated cell. BW truncCD28hi cells were labelled with anti-mCD45 Fab
(Alexa488) and JJ316 (Alexa647) and dropped on DAM coated glass. Data was acquired at
37 °C.
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Suppl. Video 8: Time-lapse of contact formation of a BW truncPDCD28hi cell on Cl.2
or Cl.2ext coated FcR bilayer. BW truncPDCD28hi cells were labelled with anti-mCD45
Fab (Alexa488) and dropped on Cl.2 or Cl.2ext (Alexa647) coated FcR bilayer. Data was
acquired at RT.
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Suppl. Video 9: Time-lapse of contact formation of a BW truncPDCD28hi cell on Nivolumab
(Nivo) or Nivolumab extended (Nivoext) coated FcR bilayer. BW truncPDCD28hi cells were
labelled with anti-mCD45 Fab (Alexa488) dropped on Nivo or Nivoext (Alexa647) coated
FcR bilayer. Data was acquired at RT.

Suppl. Video 10: 3-color time-lapse of contact formation of a A20 BCR-Snap, CD45-Halo
cell on HEL-Snap-HALO coated bilayer. A20 BCR-Snap, CD45-Halo cells were labelled
with Halo-SiR and Snap-TMR dyes and dropped on HEL-Snap-HALO-505 coated bilayers.
Data was acquired at 37°C.

Suppl. Video 11: 2-color time-lapse of contact formation of a A20 BCR-Snap, CD148-Halo
cell on HEL-Snap-HALO coated bilayer. A20 BCR-Snap, CD148-Halo cells were labelled
with Halo-SiR and Snap-TMR dyes and dropped on HEL-Snap-HALO-505 coated bilayers.
Data was acquired at 37°C.



174 Supplementary Videos

Suppl. Video 12: 3-color time-lapse of contact formation of a A20 BCR-Snap, CD148-Halo
cell on HEL-Snap-HALO coated bilayer. A20 BCR-Snap, CD148-Halo cells were labelled
with Halo-SiR and Snap-TMR dyes and dropped on HEL-Snap-HALO-505 coated bilayers.
Data was acquired at 37°C.

Suppl. Video 13: 3-color time-lapse of contact formation of a A20 BCR-Snap, CD148-Halo
cell on LongHEL-Snap coated bilayer. A20 BCR-Snap, CD148-Halo cells were labelled
with Halo-SiR and Snap-TMR dyes and dropped on HEL-Snap 2xCD43-Snap-505 coated
bilayers. Data was acquired at 37°C.
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Suppl. Video 14: Time-lapse of calcium responses of cells interacting with OKT3 coated
3 kPa and 1 MPa PDMS. Jurkat cells were labelled with Fluo4-AM and dropped on OKT3
coated 1 MPa or 3 kPa PDMS. Video was taken at 37°C.

Suppl. Video 15: Time-lapse of contact formation of a Jurkat cells on OKT3 coated glass
and 3 kPa PDMS gel. Jurkat cells were labelled with anti-CD45 Fab (Gap8.3) and dropped
on OKT3 coated glass or 3 kPa PDMS. Video was taken at 37°C.

Suppl. Video 16: 2-color time-lapse of contact formation of a Jurkat cells on rCD2 coated
bilayers formed on 3 kPa PDMS gel. Jurkat cells expressing rCD48 were labelled with
anti-CD45 Fab (Gap8.3, Alexa488) and dropped on rCD2 (Alexa647) coated bilayers formed
on or 3 kPa PDMS. Video was taken at 37°C.
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