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Chapter 1

Introduction

High resolution imaging techniques have been essential for advances in cellu-
lar and molecular biology. In particular fluorescence microscopy, providing
(bio)chemical contrast in living cells, and scanning probe microscopy, provid-
ing structural information at the nanometer scale, are widely used. Near-field
scanning optical microscopy (NSOM) wunites the best of both techniques. The
high spatial resolution provided by NSOM bridges the gap between the diffrac-
tion limited resolution of far-field microscopy (~ 300nm) and the distance reso-
lution provided by fluorescence resonance energy transfer (FRET) (< 10nm). In
addition, NSOM allows single molecule detection even in densely packed areas.
The properties of this technique enable investigation of the spatial organization of
molecules at the cell membrane, i.e. the distribution, size and contents of molec-
ular domains, in a quantitative way. This chapter presents an overview of high
resolution microscopy techniques with a main focus on fluorescence microscopy
and optical single molecule detection in (cell) biology. A general description of
NSOM as well as a short description of the biological system under study is given,
concluding with an overview of the thesis.



Introduction

1.1 Microscopy and cell biology: histories in
parallel

Cells, the building blocks of living organisms were described for the first time in
1665 by Robert Hooke as small elements in a slice of cork [1]. His observation
was the result of the technological development of the optical microscope, which
started 60 years earlier. Due to major improvements in the art of lens making,
Zacharias Janssen developed one of the first compound microscopes that could
magnify up to 10 times in 1590 [2-4]. In the decades after Hooke’s observation,
Antoni van Leeuwenhoek made many biological discoveries, e.g. observation of
bacteria, living organisms in a drop of water, sperm and blood cells [4]. In the
following centuries the resolution of optical microscopes improved mainly due to
technological progress in glass and lens making. However, theoretical work by
Abbe (1875) and Rayleigh (1879) showed that the resolution in lens-based optical
microscopy is fundamentally limited by the wavelength of the light being used, i.e.
the diffraction limit. Aiming at a better resolution by decreasing wavelength, the
first UV microscope was developed at Zeiss by August Kohler in 1904. Soon, the
(auto)fluorescence emission of cells was visualized, the first steps of fluorescence
microscopy [5].

Fluorescence microscopy has become the most common imaging technique
in cell biology, due to the many advantages intrinsic to light. First, it enables
the study of living specimens in their native environment in a non-invasive and
non-destructive way [6]. Second, it enables (bio)chemical contrast. For example,
fluorescence intensity, fluorescence lifetime and polarization provide information
about the conformation and movement of fluorophores as well as about their
surroundings, i.e. other molecules, viscosity, oxygen concentration or pH. Third,
it is a fast technique that provides time resolution down to picoseconds allowing
the monitoring of phenomena such as conformational changes, binding reactions
and molecular interactions [7].

Nevertheless, the spatial resolution barrier inherent in light microscopy en-
couraged the development of other imaging techniques such as electron microscopy
(EM) [8] in 1930, and scanning probe microscopy (SPM) in the 1980s [9]. With
a sublime resolution of less than one nanometer and a magnification up to one
million times EM has brought an enormous amount of knowledge about cells
and intracellular structures, e.g. mitochondrion, endoplasmic reticulum and cell
membrane [10]. However, EM has major drawbacks as it requires dried, dead
specimens and visualizes static snapshots of the cell structure or cellular processes
in arrest. Moreover, the severe sample preparation, e.g. fixation and sample slic-
ing [10], can lead to structural artifacts [11]. Living biological specimens can
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1.1 Microscopy and cell biology: histories in parallel

be studied at high resolution (~10nm) with atomic force microscopy (AFM),
a member of the SPM family [12,13]. This technique, invented in 1986 [14],
has revealed many unique aspects of living cells, e.g. the surface structure of
living spores [15,16] and endothelial cells [17] as well as the dynamic behavior
of the cytoskeleton in living cells [18,19] and mechanical pulsing of cardiomy-
ocytes [20]. Because AFM imaging is based on force interactions between the
probe and specimen, the number of obtainable contrast mechanisms is limited.
A promising development to increase contrast is functionalization of the AFM tip
with adhesive [21,22] or fluorescent molecules [23]. In this way, AFM has been
used to image various biophysical cell surface properties such as hydrophobic-
ity [24], visco-elasticity [25,26] and adhesion [27,28], allowing local recognition
of specific molecules.

Properties of both SPM and fluorescence microscopy are united in near-field
scanning optical microscopy (NSOM or SNOM), developed in the 1980s [29].
This technique provides simultaneous structural information with nanometer op-
tical resolution, while preserving all optical contrast possibilities. The research
reported in this thesis concerns the aperture-type NSOM [30], in which a probe
with a subwavelength sized aperture (typically 70-120 nm) is scanned in the near-
field (< 10nm) of the sample [31,32]. The probe illuminates the sample with an
evanescent field which is strongly localized at the vicinity of the aperture and
decreases rapidly away from the probe’s end face [31,33]. Due to the exponen-
tially decaying character of the illumination field NSOM is a surface sensitive
technique, and is therefore ideal for studying the cell membrane [34-39].

In 1993, NSOM allowed for the first time detection of fluorescence from indi-
vidual molecules at room temperature [40]. Since then, single molecule NSOM has
provided information about the relative positions of fluorescent molecules with
respect to the overall structure on various biological specimens [34, 37,41, 42].
Optical single molecule detection has nowadays become a well established tech-
nique in both near- and far-field microscopy. However, only NSOM has the added
values of a high spatial resolution below the diffraction limit and a small pene-
tration depth of the illuminating light. In this thesis NSOM has been exploited
to study fluorescently labeled proteins with a high local density on the mem-
brane of intact cells. The small penetration depth enables detection of single
molecule fluorescence on a densely packed cell. Moreover, the high spatial reso-
lution of NSOM allows to distinguish individual entities, which would not have
been resolvable by diffraction-limited techniques.
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Introduction

1.2 Fluorescence microscopy, biology towards
the nanometer scale

Initially, in the first decades of the 20th century, UV microscopy was limited
to visualization of autofluorescent components within cells, e.g. vitamins like
ascorbic acid and riboflavin and organic compounds like chlorophyll [43]. The
number of specimens under study increased dramatically with the invention of
fluorescent labeling of tissue components and bacteria using fluorophores by Max
Haitinger (1933) [44] and later by antibody staining as introduced in 1941 by
Albert Coons [45]. An important and more recent development is the exploitation
of natural fluorescent proteins [46], e.g. green (GFP), blue (BFP), cyan (CFP),
yellow (YFP) and red (DsRed) fluorescent protein. The isolated gene for the
autofluorescent protein is fused to the DNA encoding for the target protein to
produce a chimeric DNA structure. As living cells can produce the chimeric
target protein, this is a powerful method which allows optical investigation of
expression and dynamics of proteins in living cells with minor perturbation of
the biological system [46-49].

Amongst all fluorescence microscopy techniques to investigate biological spec-
imens, epifluorescence and confocal microscopy are most common due to their
ease of use. In wide-field epifluorescence microscopy (Figure 1.1 a,) the sample is
illuminated over a large area, ~ 100 x 100 um?.

The spatial resolution in wide-field microscopy is given by Rayleigh’s criterium:

A
=0.61-— 1.1
d=061- (1.1)

where d is the distance between two point sources in the object plane, A is the
wavelength of the fluorescent light and NA is the numerical aperture of the lens
system. Optical slice thickness is not definable in epifluorescence microscopy as
object information from the focal plane is mixed with blurred information from
out-of-focus object regions.

The negative effect of out-of-focus light on the image is reduced using confocal
microscopy. The principle of confocal microscopy is shown in Figure 1.1 b, where
light is focused on the sample by a high NA objective, with confocal alignment
of the illumination spot and point detector. The spatial resolution in confocal
microscopy is higher than obtained in wide-field microscopy:

A
=044 . — 1.2
d=0 NA (1.2)
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Figure 1.1: Schematic of different fluorescence microscopes. (a) Epifluorescence mi-
croscopy. Light from a laser or arc lamp is reflected by a dichroic mirror and focused
onto the back-focal of an objective, acting as condenser. The objective collects the flu-
orescence, which is transmitted by the dichroic mirror, filtered and then detected by a
two-dimensional array detector, e.g. CCD. (b) Confocal microscopy. Excitation light is
collimated, reflected by a dichroic mirror and focused onto the sample (path not shown).
Fluorescence, from the focal plane (solid line) and from out-of-focus regions (e.g. dotted
line), is collected by the same objective, filtered and detected by a detector, e.g. an
Avalanche Photodiode (APD) or Photomultiplier Tube (PMT). (c) Near-field scanning
optical microscope. The probe illuminates the sample in the near-field, while the sample
is scanned underneath the probe. Fluorescence is collected in the far-field by a high NA
objective, filtered and detected on a detector, e.g. APD.

Along the optical axis the resolution criterium is given by:

0.88)\
Y7 v (1.3)

where n is the index of refraction of the medium. Because the sample is locally
illuminated, an image is created by scanning the laser beam over the sample.
A confocal microscope also makes use of a detection pinhole that rejects out-of-
focus light and enables imaging of thin sections from thick specimens and thus
3D visualization of the interior of cells [50-53].

Recently, a number of approaches have been developed with the aim to im-
prove the optical resolution by reducing the confocal illumination volume, such as
multi-photon microscopy (MPM) [54, 55], 4Pi confocal [56] and stimulated emis-
sion depletion (STED) microscopy [57,58]. All of them have specific advantages
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Introduction

and disadvantages. For example, the improved axial resolution of MPM is par-
ticularly suitable for thick specimens [52,55]. However, MPM can be harmful
for living cells because the illumination intensities used are much higher than in
single photon microscopy [58]. 4Pi confocal microscopy has an improved axial
resolution below 100 nm, which is a significant improvement with respect to reg-
ular confocal microscopy, providing high resolution 3D images of fixed [59] and
living cells [60,61] as well as complete tissues [62,63]. However, its versatility
is limited as it is technically complicated. This is also the major drawback for
STED, where the effective confocal illumination spot is decreased six-fold in axial
and two-fold in lateral direction, resulting in a nearly spherical spot of 100 nm
diameter [64].

A successful method to gain contrast at an even smaller (nanometer) scale
than the above described far-field fluorescence techniques is Foérster or fluores-
cence resonance energy transfer (FRET) [65,66]. FRET is the electromagnetic
dipole-dipole interaction between nearby fluorophores in which the optically ex-
cited donor transfers its energy non-radiatively to a nearby acceptor, which then
fluoresces. The efficiency of the energy transfer is strongly dependent on the
donor-acceptor separation (~1r~%). This distance dependent process occurs in
the range of 1-10nm and can be visualized with any fluorescence microscopy
method. FRET is an excellent contrast method to study biological processes
in the nanometer regime and used widely in biology for measuring proximity
of molecules, protein conformational changes, structural changes and binding

events [67-69].
Many cellular processes occur at the scale from a few to several hundreds of

nanometers [37]. Unfortunately, there is a gap in resolvable distances between
FRET (< 10nm) and regular confocal microscopy (~300nm). NSOM provides
visibility in this otherwise ”blind” region, bridging the gap with a resolution
of typically 100 nm. Figure 1.1c shows the principle of NSOM. The heart of the
near-field optical microscope is the near-field probe that interacts with the sample
at nanometer distance and determines contrast, resolution and sensitivity. Al-
though there are various operation modes possible [31, 70], this thesis focuses on
NSOM operation in illumination mode, where the sample is illuminated through
a subwavelength aperture at the end of the probe. The most widely used probe
type is the adiabatically tapered, aluminum coated optical fiber [71,72]. The
distance regulation, to keep the probe in the near-field of the sample (~10nm),
is provided by a feedback mechanism based on shear force between probe and
sample [33,73]. A near-field image is created by scanning the sample underneath
the probe. During scanning, the feedback signal, related to the surface topogra-
phy, and the optical (fluorescence) signal are recorded simultaneously. The high
resolution of NSOM is specifically interesting for cell biology as is demonstrated
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1.3 Single molecule detection

by localization studies of different types of proteins on fixed cells at a spatial res-
olution of ~100nm [37,39, 74-78]. In particular, the combination of FRET and
NSOM is powerful to investigate close molecular proximity, e.g. resolving dis-
tances within molecular domains, in combination with a high spatial resolution,
e.g. resolving domain dimensions beyond the diffraction limit [79].

1.3 Single molecule detection

While cells are building blocks of life, molecules are the building blocks of cells.
Therefore, in addition to a high spatial resolution, the ideal microscopy technique
for cell biology should be able to resolve individual molecules. In the last years,
several techniques to identify single biomolecules have been developed, such as
optical tweezers [80-82] and AFM to measure forces [83—-87], optical microscopy to
measure fluorescence emission [88-95] and EM and patch-clamp-like techniques to
measure electronic properties [96,97]. This thesis focuses on the optical detection
of single molecules on the cell membrane.

The power of single molecule detection lies in the capability to investigate
molecular properties that are normally averaged out, and therefore hidden, in
bulk experiments. Single molecule studies reveal information about the interac-
tion of the molecule with its (nano)surroundings and the local heterogeneity of
the sample. In particular, molecular reactions that are usually not synchronized
can be uncovered with this technique [88-90, 93, 94, 98].

The most difficult aspect of single molecule detection is to ascertain the weak
single molecule signal from the surrounding background. This is particularly crit-
ical for single molecule detection on cells, where cellular autofluorescence orig-
inating from natural fluorophores [43,93,99] interferes strongly with the single
molecule signal. In this research, proteins on human cells were examined by single
molecule detection, setting specific experimental requirements. First, the specific
fluorescence signal had to be distinguished from light coming from the molecule’s
environment, e.g. scattered light and fluorescence. This demanded the use of
dyes with suitable photo-physical properties, i.e. large absorption cross section,
high quantum yield and a large Stokes shift between absorption and emission
spectra. As most autofluorescent compounds in mammalian cells can be excited
in the near UV and blue region of the spectrum (< 500nm), it is preferable for
single molecule detection to use fluorescent labels that can be excited at longer
wavelengths, i.e. >550nm. Second, to detect the weak signal from a single
molecule, sensitive detectors such as avalanche photodiodes (APDs) and intensi-
fied CCDs are commonly used [93,94]. Third, the molecular density should be
such that only one molecule is contained within the excitation volume. Because
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cells are densely packed molecular systems, the illumination volume has to be
minimized in order to excite one molecule at the time. An alternative, though
less desirable way to achieve excitation of one molecule in the illumination spot
is by labeling only a low concentration of molecules or by bleaching the majority
of the high concentration fluorescent molecules, leaving a low concentration for
single molecule detection.

1.3.1 Optical single molecule studies on cells

Wide-field epifluorescence microscopy is being increasingly applied for single
molecule detection in living cells. The main advantage of the technique resides
in the time resolution (in the order of 5ms) which allows the monitoring of dy-
namic processes in real time. Therefore, epifluorescence has been used to observe
protein diffusion [100] and mobility of ion channels [101] and phospholipids [102]
in free-standing lipid membranes, thus avoiding background from intracellular
autofluorescence. Unfortunately, epifluorescence microscopy can only be used
to study biological systems where the concentration of molecules under study is
sufficiently low (< 2.7 molecules/um?). For example, a labeling ratio of 1:10% la-
beled : unlabeled proteins was used to monitor the translational motion of proteins
in the plasma membrane of a living cell, resulting in a maximum of 0.3 labeled
molecules/pum? [103]. Trajectories of a low concentration of single proteins could
be visualized inside a living cell [104, 105] as well as entry of virus particles into a
cell [106]. By bleaching the sample prior to measurement, in vivo experiments of
oligomerization and diffusion of single YFP-tagged Calcium channels on HEK293
cells could be performed [107]. Thus, although dynamic processes in living cells
can be monitored, the application of epifluorescence microscopy on cells is limited
and requires special treatment of the specimen to decrease the concentration of
fluorescent molecules.

Due to the small illumination volume of confocal microscopy (~ 108 nm3) it
has become an important tool in single molecule biophysics. In particular, con-
focal microscopy combined with single pair FRET is being widely used for in
vitro studies of molecules under physiological conditions. [66,98,108-115]. Be-
cause scanning over a cell is too slow to study single molecular dynamics and
diffusion [116], often the detection volume is not scanned, but kept fixed at a
particular location of the sample. Diffusion, mobility, as well as association rates
of intramolecular reactions of molecules can be detected in this way, as every
fluorescent molecule that passes the volume emits a burst of photons during its
transit [117-121].
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Figure 1.2: (a) Principle of total internal reflection microscopy (TIRFM). Light, trav-
eling through an optical dense medium is incident at the interface between two media of
different refractive indices (Lyqrer = 1.33 and ngqss = 1.52) at an angle («) that is larger
than the critical angle of refraction (a.). At this angle, the light is totally reflected by the
interface. The evanescent field, generated at the interface, penetrates into the medium of
lower refractive index and decreases exponentially with the distance from the interface.
Two ways to achieve an angle larger than the critical angle are by using a prism (b) or
an objective (c).

As the penetration depth of confocal microscopy is still on the order of the
wavelength used, background from cellular autofluorescent components is a prob-
lem in single molecule confocal microscopy. A successful technique to reduce the
intracellular background and a common method to image single molecules on
living cells is total internal reflection fluorescence microscopy (TIRFM). This
near-field technique employs an induced evanescent field to selectively illuminate
and excite fluorophores in a sample region immediately adjacent to a glass-water
interface as is shown in Figure 1.2(a).

The evanescent wave can be created either by using a prism or an objective
as shown in Figure 1.2 [122-124]. In both cases the fluorescence is collected
by an objective, filtered and focused onto a CCD camera. Wide-field TIRFM
is less prone to the effects of cellular autofluorescence compared to wide-field
epifluorescence due to the shallow (< 100 nm) penetration depth [95]. This is also
the reason why the first observations of single biomolecules in aqueous solution,
showing a single kinesin motor walking along a microtubule, were performed
with TIRFM [125]. The technique is being used in many single molecule studies,
e.g. studying fusion of vesicles in the membrane [124], diffusion of membrane
bound molecules [126], dynamics of phosphorylation, protein oligomerization in
the plasma membrane of living cells [91, 127-129], and 'real time’ visualization of
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single protein dynamics on the cell membrane using organic fluorophores [130] and
autofluorescent proteins [129,131]. As TIRFM is a diffraction limited technique,
low concentration samples must be used in order to distinguish single molecules.
Moreover, TIRFM imaging is restricted to the interface between a high and a
lower refractive index. In fact, the evanescent field is created at the side where
the cell is fixed to the glass substrate, which might hinder dynamical processes
and introduce artifacts in the functioning of the cell (membrane) under study. An
additional disadvantage of TIRFM is the fact that the local excitation intensity
per molecule may vary as the membrane/substrate contact distance can vary tens
of nanometers, making it hard to perform quantitative analysis [132].

1.3.2 Near-field Scanning Optical Microscopy on cells

NSOM preserves the advantages of the near-field excitation, without having the
restrictions of TIRFM. Because of the high spatial resolution and small pen-
etration depth, the excitation volume provided by NSOM is the smallest com-
pared to other optical techniques, e.g. ~ 10° nm?® NSOM excitation volume versus
~10% nm? obtained with confocal microscopy. This is particularly useful in re-
ducing intracellular autofluorescence background and in observing closely packed
molecules (at best 100 molecules/um?). Yet, single molecule studies on com-
plete cells using NSOM have not been reported so far, mainly due to: 1) the
complexity of the technique, which requires reliable and reproducible probe fab-
rication and accurate control of sample-probe distance. 2) the slow frame rate,
which is inherent to scanning probe techniques. 3) the fact that NSOM does
not work reliably under liquid conditions. The most relevant results of NSOM
studies on cells include fluorescence imaging of cytoskeletal actin on fixed mouse
fibroblast cells [78], (co-)localization of host and malarial proteins on malaria-
infected cells [76], imaging of membrane lipids and proteins on fibroblasts, both
dried and in saline [75,133] and visualization of lectins binding to cell surface
proteins [74]. Two of the few NSOM studies under liquid conditions have been
performed on antibody-labeled nuclear pore complexes visualized on an isolated
nucleus membrane [134] and on fluorescently labeled human leukocyte antigens
present on fibroblast cells [135].

18



1.4 Immunology in a nutshell

1.4 Immunology in a nutshell

The objective of the work described in this thesis has been to exploit NSOM for
the study of two different protein systems at the single molecular level on the cell
membrane. The examined proteins are related to the immune system. Therefore,
an introduction to the human immune response is given to familiarize the reader
with applicable terminology.

The first line of defense in the human body

The human immune system is a sophisticated mechanism to protect the human
body against pathogens like bacteria, viruses and fungi that can cause diseases.
All humans are born with a fast first line barrier and defense mechanism that
acts non-specifically against foreign, sometimes harmful, materials and micro-
organisms: the innate immune system. To prevent entry of pathogens there are
physical barriers like the skin, antibacterial substances in secretions like stomach
acid and reflexes for mechanical removal of microbes from the body like coughing
and sneezing. Micro-organisms that have overcome these barriers (Figure 1.3 a)
are likely to be ingested by specialized cells called phagocytes (Figure 1.3b), such
as macrophages, neutrophils and dendritic cells (DCs). These cells recognize
pathogens using cell-surface receptors and then ingest and degrade the pathogen.
Fever and inflammation, i.e. accumulation of body fluids to drive immune cells
to the site of infection, are other protective mechanisms of the innate immune
response (Figure 1.3¢).

The adaptive immune system

DCs are particularly important immune cells since they are most efficient in
activation of the adaptive immune system [136]. In contrast to the innate mech-
anism, adaptive immune processes are pathogen-specific and therefore efficient
in pathogen elimination. A DC can bind to pathogens or their products us-
ing receptors present on the DC membrane. After binding, the DC internalizes
the pathogen (phagocytosis) or the pathogenic material (pinocytosis), as shown
in Figure 1.3d. The internalized material is degraded into peptide fragments.
These fragments bind to major histocompatibility complex (MHC) proteins that
carry them to the cell surface (see Figure 1.3¢), the process to which the DC
owes its designation of antigen presenting cell (APC).

Adaptive immune responses for elimination of intruders are carried out by B
and T lymphocytes, also named B and T cells. Both B and T cells have receptors
for specific antigens and exhibit unique ways of fighting pathogens. The adaptive
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Figure 1.3: Immune response. a) Pathogens enter the body through a wound in the skin.
b) Macrophages ingest and kill pathogens, and release cytokines to induce inflammation.
¢) Immune cells are driven to site of infection. d) Dendritic cells (DC) ingest pathogens
e) and display pathogenic material together with MHC molecules on surface. f) A naive
helper T cell recognizes antigens presented by a DC and is activated to become an effector
helper T cell. g) Upon activation, the helper T cell produces cytokine (IL-2) causing itself
and other T cells to proliferate. h) A cytotoxic T cell, stimulated by helper T cells, travels
to site of infection and targets a viral infected cell, presenting the same antigen in an
MHC molecule on its surface. The infected cell is directly killed.

immune responses are initiated by activation of so called naive B and T cells, i.e.
cells that have never encountered their specific antigen. We will focus here on T
cells. DCs can activate two types of naive T cells, i.e. helper and cytotoxic T
cells!, which then become effector cells or memory cells. For example, Figure 1.3
shows the activation of a naive helper T cell by a DC, i.e. the T cell recognizes
the pathogenic peptides presented on the DC membrane. Then the T cell stops
migrating and releases cytokines that are bound by specific cytokine receptors
at the T cell membrane, followed by proliferation of activated helper T cells as
shown in Figure 1.3g. These cells help cytotoxic and other cells to fight the
infection, as shown in Figure 1.3h. Upon proliferation, also memory helper T
cells are formed, which can easily and quickly be triggered to become effector

! Helper T cells stimulate other cells for pathogen elimination, while cytotoxic T cells
directly eliminate pathogens. Helper and cytotoxic T cells are distinguished by surface
proteins CD4 and CD8, respectively. Therefore, the distinct forms of naive, memory or
effector cells are often denoted as CD4 naive T cel, CD8 naive T cell, etcetera.
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1.4 Immunology in a nutshell

cells in a later encounter with the same antigen. Memory cells can live for a
human lifetime and give rise to either effector cells or more memory cells after
activation. This ensures that when a specific infection occurs for the second time,
the immune system is faster and more efficient in the elimination of the pathogen.

Cell binding plays an important role during both innate and adaptive im-
mune processes, e.g. in the uptake of pathogens by DCs and the activation of
naive T cells by antigen presenting cells. There are many different membrane
receptor molecules that mediate cell binding. Both the expression level of spe-
cific receptors at the cell membrane and their spatial organization are important
parameters that determine the binding properties of a cell. The high molecular
packing of the cell membrane requires a high resolution technique to visualize and
investigate the nanoscale distribution of membrane molecules. In this thesis, the
spatial organization of two types of immune receptors have been investigated with
NSOM on intact cell membranes at the single molecular level, i.e. 1) DC-SIGN;, a
transmembrane protein on the membrane of immature DCs. DC-SIGN binds to
surface proteins of several viruses and microbacteria, enabling pathogen uptake
by DCs, as schematically shown in Figure 1.3d. 2) Cytokine specific Interleukin
receptors IL-2R and IL-15R on the membrane of activated T cells. IL-2R and
IL-15R bind to Interleukins IL-2 and IL-15, respectively. Upon binding, the T
cell is signaled to perform a specific cell function such as differentiation, prolifer-
ation or to induce activated cell death. Therefore, these cytokine receptors play
an active role in the T cell development after activation, i.e. step g in Figure 1.3.
More extensive introductions to DC-SIGN and Interleukin receptors IL-2R and
IL-15R are given in Chapter 3 and Chapter 6, respectively.
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Introduction

1.5 Thesis overview

Recently, biological interest has grown as to the heterogeneity and structure of
the cell membrane in relation to cell functioning [137]. The existence of functional
domains is an issue under extensive discussion, partly because of contradictory
observations [138] and the differences in measured domain sizes, which have been
reported to vary from < 10nm to the micrometer scale [36, 139].

In this thesis, single molecule studies on the membrane of intact, dried and
fixed cells are presented. The high spatial resolution of NSOM enables distinc-
tion of molecular domains as well as single molecules on the membrane. Single
molecule analysis has been used to elucidate domain properties of two different
protein systems. Recently, our NSOM has proven to be successful for cell imaging
under liquid conditions [140], which in combination with autofluorescent proteins
will enable future optical high resolution studies on living cells.

In Chapter 2, the technical details of the combined near-field/confocal scan-
ning optical microscope, developed during the course of this work, are discussed.
An overview of the microscope is given, as well as a short description of the indi-
vidual components. Then, the general performance of the microscope in terms of
sensitivity, spatial resolution and localization accuracy is discussed, using optical
measurements on fluorescently labeled cells as examples.

Chapter 3 is dedicated to the near-field study of the spatial organization of
pathogen recognition receptor DC-SIGN on the membrane of intact immature
dendritic cells. Using single molecule sensitivity, the local molecular density of
DC-SIGN on the cell membrane is examined in a quantitative manner.

In Chapter 4, the specific spatial DC-SIGN organization, which is discovered
in Chapter 3, is brought in connection to the adhesion function of immature
dendritic cells. Using Monte Carlo simulations, the influence of the spatial orga-
nization on the cell’s adhesive properties is investigated.

In Chapter 5, more quantitative aspects of single molecule detection are
shown. Irreversible photobleaching is exploited to accurately count the number of
closely packed molecules. This method is used to determine the dye-to-antibody
ratio of Cyb-labeled antibodies. In a second study, a densely packed area on a
cell surface is sequentially imaged while photobleaching, which allows to pin-point
the remaining fluorescent molecules within the fluorescence depleted area.

In Chapter 6, the spatial organization of a second molecular system is inves-
tigated, i.e. Interleukin receptor subunits IL-2Ra and IL-15Ra on activated T
cells. Using similar methods as in Chapter 3, the local molecular density of these
molecules is revealed, showing domain formation for both types of protein. More-
over, the relative organization and correlation of the two molecules is investigated
using dual color excitation and detection NSOM.
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Chapter 2

Instrumentation

A combined near-field and confocal scanning optical microscope has been devel-
oped for the optical investigation of biological specimens at high resolution and
with single molecule sensitivity. The combination of bright wide-field, confocal
(fluorescence) and near-field scanning optical microscopy permits zooming in step
by step on a sample going from hundreds of micrometers to the nanometer scale.

Some practical examples are discussed, giving insight into the performance of the
MICTOSCOPE.
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Instrumentation

2.1 Confocal & near-field optical microscope

2.1.1 Microscope properties

Near-field scanning optical microscopy (NSOM) is a valuable technique for biolog-
ical studies requiring high optical resolution, surface sensitivity and/or correlated
topographic information at the nanometer scale [34,35,37,133]. Here we focus
on the development and utilization of an optical microscope for the study of
biological specimens at the single molecular scale with a high spatial resolution.

Several properties have been taken into account in the design of the micro-
scope: 1. step by step zoom in on a specific location of the sample, using bright
field, confocal and NSOM imaging modes. 2. easy and reversible interchange be-
tween the various modes of operation. 3. full compatibility with other commonly
used microscopy techniques in biology, e.g. fluorescence correlation spectroscopy
and fluorescence resonance energy transfer. 4. possibility to integrate a liquid cell
and temperature controller for investigation of the specimen under native condi-
tions. Figure 2.1 shows an overview of the actual set-up with its most important
parts highlighted.

Excitation
E. Near-field head
F. x,y,z scanner

Overview

A. Sample
B. Lasers
C. Excitation paths
D. Detection path

Detection path
G. Light shielded box
H. Detectors

Figure 2.1: Overview of the complete near-field & confocal scanning optical microscope.
The white/black dashed lines illustrate the optical excitation/detection paths.
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2.1 Confocal & near-field optical microscope

2.1.2 Description of the microscope

The experimental set-up is integrated into an inverted optical microscope (Zeiss
Axiovert 135 TV). Instead of the commercial microscope sample stage, a solid Al
plate equipped with an x,y,z scan stage with a range of 40x40x26 pym

(NanoCube™™ | Physik Instrumente (PI), Germany) has been installed. The
scanner is linearized and stabilized (drift ~ 1nm/min) using a lateral position
feedback system. The set-up allows two modes of operation for fluorescence mi-
croscopy, i.e. far-field excitation (confocal mode) and near-field excitation, using
one or two excitation wavelengths simultaneously and two detection channels.

The scheme of the microscope is shown in Figure 2.2. The microscope has ac-
cess to two Ar™ /Kr™ ion lasers, providing a wide wavelength range (457 - 647 nm).
Laser light enters the set-up via two independent optical paths (a and b). Broad-
band polarizing components (P) in both paths allow independent control of the
polarization for each beam. The beams are combined by the beam splitter. Flip-
pable mirror My allows easy and reversible switching between confocal and near-
field illumination. For far-field excitation the light is guided through a short piece
of single mode fiber (~5cm) (F) that acts as a spatial filter and guarantees full
overlay of two wavelengths. The fiber core (~ 3.4 um) can be considered as a
point source for the confocal microscope. Objective L3 couples the light out of
the fiber and expands it to a diameter of ~5mm to fill the back of the main
objective (O). The near-field excitation path is discussed in more detail below.

Fluorescence is collected with a high NA objective (O), filtered from the ex-
citation wavelength using long-pass filters (Fo-F4), and separated in two chan-
nels, either orthogonally polarized or spectrally separated. The detection path
is shielded by flexible light-tight bellows and a light-tight box that holds filters
and beam splitter components. The universal mount in the box allows easy in-
terchange between polarization cube and dichroic mirror. Two photon-counting
avalanche photodiodes (APDs) are confocally aligned with either the confocal
illumination focus or the near-field probe aperture.

2.1.3 Near-field microscopy

This thesis focuses on an aperture-type near-field scanning optical microscope
working in illumination mode, i.e. the near-field aperture probe acts as a sub-
wavelength light source [31,141]. The probes, based on single mode optical fibers
(single mode at A =633 nm, Cunz GmbH & Co., Frankfurt, Germany), were fab-
ricated using the "heating-and pulling” method [31, 72,142, 143]. Tapered probes
were then coated with a thin (~1nm) chromium adhesion layer, followed by an
aluminum layer (~100nm) in order to confine the light within the probe. Fiber
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Figure 2.2: Scheme of the near-field /confocal scanning optical microscope. Single mode
fibers are used to transport the light from two Ar* /Kr™ ion lasers (CW, Spectra-Physics)
to the set-up. Objectives Ly, Lip (4 X 0.12NA, Melles Griot (MG)) couple the light
out of the transport fiber. The spectral- and intensity properties of both beams are
controlled independently by laser line filters (F1,, F1;) and neutral density filters (ND1,,
ND;;) in light paths a and b. Py, and Py, are broadband polarizing components to
manipulate the polarization in both paths independently, i.e. precision linear polarizer
(430-670nm, Newport Corp., CA USA), 1/2X and 1/4X\ achromatic zero-order wave
plates (460- 655 nm, Newport). The two beams are overlaid by the combination of mirror
M; and the broadband non-polarizing beam splitter cube S; (400-700nm, Newport).
Mirror My is mounted on a flipper™ mount (New Focus Corp., CA, USA) allowing
fast and easy switching between confocal and near-field operation. In confocal mode,
fiber F acts as spatial filter combining two wavelengths. Objective Ly (4x 0.12NA)
collimates the (dual colored) beam. Via a dichroic mirror and the main high NA oil
immersion objective O (100x 1.3 NA, Zeiss or 64x 1.4 NA Olympus), the light is focused
on the sample. The sample (cover glass ~0.17mm thick) is glued to a stainless steel
holder, which is kept by small magnets and supported by a plate that fills most of the
free volume between sample and objective. In NSOM mode, the light is directed via
M, and M3 and coupled with Ly (16 X 0.32NA, MQG) into the near-field probe. On the
detection side, filters (Fo-F4) are placed in a light tight box, also holding a dichroic
mirror or a broadband polarization beam splitter cube (400 - 700 nm, Newport). Lens Lg
(f=80cm) focuses the fluorescence with a magnification of five times up to 150 um (for
100x objective), similar to the active area of the APD detectors (SPCM-100, EG&G
Electro Optics, now PerkinElmer Inc.).
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2.1 Confocal & near-field optical microscope

probes fabricated in our lab have a throughput efficiency of 1076-10% [72]. A
typical aperture probe is shown in Figure 2.3(a). While the size of the aperture
determines the optical resolution, the small aluminum grains (10-50nm) pro-
truding from the end face of the tip act as sharp little probes and provide high
lateral topographical resolution. The definition of the probe end face structure,
i.e. end face roughness and aperture size, can be improved by slicing the end face
with focused-ion-beam (FIB) milling as shown in Figure 2.3(b) [72].

Figure 2.3: The tapered aluminum-coated aperture probe in (a) is modified with side-
on FIB milling, as shown in (b). The grains of the aluminum coating are clearly visible
on both probes. The circular aperture in (a) has a diameter of ~80nm, while the cut
end face aperture in (b) has a diameter of ~ 100 nm.

Although the polarization characteristics are better defined with FIB-treated
probes, in this thesis mainly regular (non-FIB treated) probes have been used in
order to exploit the enhanced topographical resolution. The fabricated probes for
the research presented here had end face apertures of 70-100 nm, throughput of
~107° and extinction ratios in the two orthogonal polarization directions usually
better than 1:15, as measured in the far-field.

To excite the sample in the near-field and obtain subdiffraction resolution,
the probe-sample distance should be kept at < 10nm. This requires a highly sen-
sitive distance control, which in our NSOM is provided by a feedback mechanism
based on shear-forces using a quartz piezo-electric tuning fork (100 kHz resonance
frequency) as force sensing element [73,144]. The scheme of shear-force distance
control of the probe is depicted in Figure 2.4. The fiber is attached to one of
the prongs of the tuning fork. The fiber end protrudes ~ 300 ym from the tuning
fork. The resonance frequency of the tuning fork - probe system is typically 97 -
102 kHz with a quality factor of 100-500. The tuning fork is mechanically excited
by an external dither piezo having a piezo-electric constant of 0.3nm/V. During
measurement, the dither piezo is driven at a frequency slightly below resonance
with a driving amplitude in the order of 5 pm peak-to- peak, corresponding to
about one nanometer lateral displacement of the tip as a result of the system
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resonance amplification. Upon approach of the probe to the sample surface, a
phase shift of the tuning fork oscillation is observed [73]. The phase difference
between the excitation signal from the function generator and the signal induced
by the oscillation of the tuning fork is detected and used as a feedback signal for
the tip-sample distance regulation. The bandwidth of the feedback electronics
is ~100Hz. Electronic noise and mechanical vibrations of the sample limit the
vertical noise in the topography images. For cell studies, the full vertical range
(26 um) of the scanner is exploited. The read-out accuracy with these settings
is ~6.4nm, limited by the least-significant bit of the 12 bit digital to analog
converter in the electronics. By reducing the driving voltage for the scanner the
vertical noise in our set-up can become lower than 2nm [145].

functiton phase detector
generator

module

objective | ZP'€Z0

Figure 2.4: Diagram of shear-force distance control using a tuning fork. The function
generator drives the dither piezo and provides the reference signal for the phase detector.
A transimpedance amplifier amplifies the piezoelectric signal from the tuning fork. The
feedback signal regulates the probe-sample distance via the movement of the scanner in
the z-direction, generating at the same time a topographic image.

The probe and tuning fork are mounted in a tripod system that allows manual
approach and x,y - alignment with respect to the objective. The total length of the
fiber probe is kept short (~ 10 cm) in order to minimize background luminescence
from the fiber itself. The excitation power and polarization characteristics are
measured in the far-field using an analyzer and photodiode at a separate exit
port of the microscope.

Custom made electronic hardware and software control the feedback loop
and raster scanning of the sample and record the photon counts of both APDs.
During near-field measurements the z-piezo signal, the residual phase error on the
feedback loop as well as the fluorescence signals from both APDs are recorded
simultaneously.
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2.2 General performance of the microscope

2.2 General performance of the microscope

2.2.1 Detection efficiency

The detection efficiency of the microscope is given by the collection efficiency of
the objective, transmittance of fluorescence filters and lenses, the reflectance of
mirrors and the sensitivity of the APDs, as given by:

Ndet = A * Nobj * NAPD (2.1)

where A includes all filter, lens and mirror transmission and reflectance contribu-
tions, 70p; is the angular collection efficiency of the main objective and napp is
the detection efficiency for the APDs. An important part of the losses is caused
by 7op;, which is 0.42 for a 1.4 NA oil objective and 0.29 for a 1.3 NA oil objec-
tive, and the limited detection efficiency of the APDs, being 0.30 at ~ 500nm

and ~0.72 at ~650nm. In this thesis, mainly Alexa488 ()\Z})‘;ﬁrption:él% nm,
Aemission = 519nm) and Cyb (AJeo. yion =649 nm, ATIE o =670 nm) have been

used as fluorescent labels. Emission of Alexad88 is selected using a long pass
filter (ALP510, Omega Optical Inc.). An additional band pass filter (BP510-560,
Omega Optical Inc.) is used in case of dual color experiments. The detection
efficiency for Alexad88 is calculated to be ~3% and ~2% for 1.4 and 1.3NA
objectives, respectively with A =0.22. Cy5 emission is selected by an ALP665
long pass filter (Omega Optical Inc.), resulting in detection efficiencies of 13%
and 9% for the 1.4 NA and 1.3NA objective, respectively with A =0.43.

The expected photon flux S (photon counts/s) emitted by a single molecule
is given by:

0' .
S = Tldet h]/so * Nabs * Texe (22)

where o is the absorption cross section at the peak of the absorption spectrum
of the fluorophore (cm~2), ¢ is the fluorescence quantum yield, hv is the pho-
ton energy (J), mups is the absorption efficiency at the excitation wavelength
and I, is the excitation intensity (W/cm?). For Alexad88 excited at an in-
tensity of 1000 W/cm? at 488nm, the expected fluorescence detection count
rate is ~ 5kents/s (with 74¢; = 0.3, 0 =3.0-10716 cm™2, 0 =0.48, hv =4.1-10719 ]
and 745 =0.75). For Cy5 excited at an intensity of 1000 W/cm? at 647 nm,
the expected fluorescence detection count rate is ~ 75kents/s (with 1ge =0.3,
0=9.6-10"1 cm=2, »=0.27, hy =3.1-107* J and 14s = 1.00).

29



Instrumentation

2.2.2 Imaging with single molecule sensitivity

Figure 2.5(a) shows a confocal image of a dendritic cell (DC), containing Cy5-
labeled membrane proteins. The image is built up in time by scanning the sample
bottom left to top right corner, therefore containing both time and spatial infor-
mation. The cell appears to be completely covered by proteins. Figure 2.5(b)
shows two zoomed-in images, where the upper figure is made in NSOM mode
and the lower one in confocal mode. In both images single molecule spots, ex-
hibiting a discrete time dependent fluorescence behavior, have been identified.
The confocal image is brighter in the region of the cell due to higher excitation
intensity than used for NSOM as well as a larger contribution of intracellular
autofluorescence.
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Figure 2.5: Confocal and near-field single molecule imaging of Cy5 labeled DC-SIGN
proteins on a dendritic cell. (a) Confocal image of dendritic cell (20 x 20um? at 256 x 256
pixels). (b) Near-field (top) and confocal (bottom) zoom in of 3 x 3 um? at 256 x 256
pixels and 100 x 100 pixels, respectively. Circularly polarized light (A =647 nm) has been
used at 500 W /cm? in confocal and 100 W /cm? in near-field excitation. Fluorescence has
been detected using a 1.4 NA objective. In both images a single molecule is indicated by
a white circle. (c) Cross sections through the marked single molecule fluorescence spots
in (b).
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2.2.3 Optical resolution and localization accuracy

The intensity profile of a single molecule maps the lateral dimensions of the illu-
mination spot. For example, Figure 2.5(c) shows two cross sections of the single
molecule spots from the NSOM and confocal images in Figure 2.5(b). The in-
tensity profile of a single molecule imaged with confocal microscopy or a single
molecule with an in-plane emission dipole moment imaged with NSOM can be
determined using a Gaussian response function [100, 146-153]. Although a Gaus-
sion function is an approximation for the response of an NSOM probe, it is a
practical function to use [154-156]. A one dimensional Gauss profile is given by:

(z — x.)?
Sexp{ — T} (2.3)
where x. is the center coordinate of the Gaussian, S is the signal level above
background and I' is the variance of the Gaussian. The size (full width at half
maximum) of the near-field intensity profile of Figure 2.5(c) as determined by a
Gaussian fit is 80 + 8 nm, resembling the probe aperture. The confocal spot size
is 350 + 15nm, which is diffraction limited (~0.5 X). The error in the position
of the central peak is calculated by a y?-minimization procedure, in which the
expression for x? is minimum for x = x,, [157]. The root squared error of the
Gaussian response function is:

T — 2 A 1
= - (2.4)
T\ NS (e — B)du

where A is a constant related to the number of free fit parameters, i.e. A=1,
2.3 and 3.5 for 1, 2 and 3 fit parameters, respectively; Nr is the number of
data points within I'; ¢ = % with N the total number of data points; B is
the background level, which is assumed to be constant and u is the integration
parameter. If the signal to background ratio is large, the first term in the integral
of equation 2.4 becomes /27 and the second term reduces to %%t?’. Equation 2.4

is then approximated by:

T — 1, A 1
~ 2.5
r \/ NrS Var — 254 25

It is clear from equation 2.4 that the localization accuracy increases with the
number of data points Nr and that the localization accuracy is depending on the
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shot noise v/S. Using equation 2.5 the localization accuracy of the confocal spot
in Figure 2.5(c) is calculated to be 27 nm, (with parameters: I' =170 nm, Ny =5,
A=35, 8=14.1 B=2.1 and t=1.8). For the near-field spot the localization
accuracy is 14 nm, (with parameters: I' =45nm, Np =4, A=2.3, §=3.4, B=0.7
and ¢ =1.82). Thus, even at five times lower excitation intensity used for NSOM,
the localization accuracy is twice better than obtained confocally. The accuracy
for NSOM can be improved if a zoom in is made, increasing Np. For a larger
signal to noise ratio and a larger number of data points, NSOM gives a localization
accuracy < 1nm [145].

2.2.4 Background reduction and surface specificity

As already mentioned in Chapter 1, one of the major difficulties when discrim-
inating single molecules on the cell membrane is the large fluorescence back-
ground generated by intracellular components. This is particularly relevant for
dendritic cells, investigated in this thesis, which are known for their high auto-
fluorescence [158,159]. The shallow penetration depth of the evanescent field
emanating from the NSOM probe (< 100nm) is an important advantage, min-
imizing the generation of autofluorescence from the cell. Figure 2.6 shows as
example a cell imaged both in confocal (left) and NSOM (right) mode. The
transmembrane protein of interest is labeled with Cyb. In the upper figures,
the sample was excited at a wavelength of 647 nm, matching the peak in the
Cyb absorption spectrum. The advantage of NSOM as a high resolution imaging
technique is clearly visible when comparing both images. Even more striking is
the large fluorescence background suppression obtained by NSOM. In the lower
figures, an excitation wavelength of 514.5 nm, outside the absorption spectrum of
Cyb has been used. While the confocal image exhibits a large background con-
tribution from the cell, the NSOM image of the same region is virtually devoid
of background, showing no contrast between glass and cell.

2.2.5 High resolution imaging

Finally, the advantage of a small excitation volume for fluorescence imaging of
cells or other closely packed systems is demonstrated in Figure 2.7. This fig-
ure shows a typical experiment in which the sample is quickly examined with
bright wide-field illumination using a CCD camera (a) and a confocal fluores-
cence scan (b), followed by a high resolution zoom in on an interesting area using
NSOM (c,d). In both confocal and near-field mode the collected fluorescence was
separated into two perpendicular polarization components, each with its own
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Confocal

Aere = 647 NM

Aewe = 514 Nnm

Figure 2.6: Fluorescence and autofluorescence from a Cyb-labeled cell, excited with
647nm (upper images) and 514nm (lower images), respectively. The confocal im-
age (bottom left) shows a factor of ten more fluorescence on the cell (40kents/s,
Ieze =2.7kW/cm? at A =514 nm) than coming from the glass (4.5 kents/s). In the NSOM
image (bottom right) fluorescence intensity from cell and glass are similar (3.6 kents/s,
Tepe =2.TkW/cm?).

detection channel. The pseudo-colors in the images reflect the relative contri-
bution of each in-plane component and therefore the in-plane projection of the
emission dipole moment of the excited fluorophore. The scale ranges from green
(dipoles oriented along the vertical image direction) through yellow (dipoles ori-
ented at 45° or averaged value over a number of different dipole orientations) to
red (dipoles oriented in the horizontal image direction).

The confocal image exhibits a large fluorescence intensity spread over the
cell. The smallest spot size observed is diffraction limited. This, in combination
with close packing of fluorescent molecules results in the large fluorescent patches
shown in the confocal image. The optical near-field image in Figure 2.7(c) reveals
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details within the fluorescent patches and clearly distinguishes spots of different
sizes. The smallest spot size is tip-convoluted, i.e. ~100nm in diameter. The
larger fluorescent spots consist of a number of closely packed dyes in a region
larger than the aperture of the probe. The intensity of a spot is related to the
number of dyes. Therefore, bright spots consist of closely packed dyes, indicating
the existence of protein domains. A detailed description of this particular protein-
cell system is given in Chapter 3. Figure 2.7(d) shows the topography image,
which is simultaneously obtained with the near-field fluorescence image. The
combination of topography and fluorescence intensity allows the determination
of the absolute position of the fluorescence spots on the membrane. In particular,
the topography image reveals that the apparent non-specific fluorescent spot in
the fluorescence image (encircled) is actually localized on one of the cell dendrites.
Therefore, topography is essential to find the origin of the fluorescence and can be
used to check the sample for artifacts, such as non-specific binding of fluorophores
and membrane folding. Fine dendrites on the topography image have a height of
less than 50 nm, while the cell body has a height of 250 nm, indicating that the
cell is well stretched on the substrate.

(a) Bright field (b) Confocal (d) Topography

Figure 2.7: Imaging membrane proteins externally labeled with Cy5 on a dendritic cell.
(a) Bright field image of a DC stretched on glass. The box shows the scan area used for
confocal imaging. (b) Confocal image, showing an area of 20 x 20um?, 256 x 256 pixels.
Fluorescence was collected using a 1.4 NA objective. (¢) Near-field fluorescence image of
the white frame in (b), i.e. an area of 7 x 7um? (256 x 256 pixels) is scanned. Circularly
polarized light (A =647nm) has been used for both confocal and near-field excitation.
(d) Shear-force topographic image, simultaneously recorded with (c).
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2.3 Conclusion

A versatile fluorescence microscope combining both near-field and confocal scan-
ning optical microscopy with single molecule sensitivity has been described in
this chapter. The microscope allows fast and easy switching between near-field
and confocal microscopy, with no additional adjustment on the detection side.
NSOM provides topography correlated with fluorescence images. A tuning fork
(resonance at 100kHz) is used as a shear-force sensing element to regulate the
probe-sample distance. The vertical resolution is limited by electronic noise and
mechanical vibrations, resulting in a vertical noise of several nanometers. The
detection efficiency of the microscope is mainly determined by the collection effi-
ciency of the objective and the detection efficiency of the avalanche photodiodes
and is ~ 9% for Cyb detection (Agetection ~670nm) and ~ 2% for Alexad88 using
a 1.3NA objective (Agetection ~520nm). The microscope has single molecule sen-
sitivity in near-field as well as confocal mode. Single molecules in fluorescence
images map the lateral size of the illumination spot, which is diffraction limited in
case of confocal illumination and limited by the aperture size in case of near-field
microscopy. The center of a Gauss fit, applied on a confocal or near-field fluores-
cence spot, has a localization accuracy of 27nm for confocal, and 14 nm for the
single molecule near-field spot in Figure 2.5(c), in which the near-field excitation
intensity used was five times lower than the confocal excitation. The small ex-
citation volume provided by NSOM is essential when measuring densely packed
molecules. This is illustrated in figure 2.6, where confocal excitation gives rise
to more autofluorescence than near-field excitation. In addition, NSOM provides
topography information, which is important when imaging cells as it provides
information about the exact location of the fluorescence.

35



Instrumentation

36



Chapter 3

Nano-scale organization of DC-SIGN
on the membrane of dendritic cells

The nano-scale organization of DC-SIGN, a transmembrane protein expressed on
the membrane of immature dendritic cells (imDCs) has been investigated using
the confocal/near-field scanning optical microscope (NSOM) developed. Nano-
scale domains, typically 185 nm in diameter, have been directly observed. A wide
spread in molecular packing density, i.e. number of molecules per area, has been
found, ranging from a few molecules to tens of DC-SIGN molecules per domain.
These domains appear randomly distributed on the membrane. By correlating
the number of DC-SIGN molecules in each domain to the size of the domain,
we have calculated intra-domain distances in the order of tens of nanometers.
The hierarchical organization found, in which DC-SIGN molecules are assembled
i randomly spread domains, might bare direct relation to the pathogen-binding

function of immature DCs.
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3.1 Introduction

Fluorescence microscopy remains the preferred experimental approach for inves-
tigating the spatial organization of receptor molecules on the surface of cells [160,
161], and is enhanced by the possibility of exploiting autofluorescent proteins in
(dynamic) studies on living cells. To date, standard fluorescence measurements
performed on isolated cells have shown first indications for a well defined spa-
tial organization of membrane specific receptor proteins but without any details
(see for example [161,162]). This is mainly due to the lack of single molecule
detection sensitivity and poor spatial resolution, making discrimination of indi-
vidual entities within densely packed complexes impossible. Our set-up however
brings these capabilities. This chapter describes the first study performed with
the developed near-field & confocal microscope on a biological sample of intact
immature dendritic cells (imDCs). The nano-scale organization of a transmem-
brane adhesion protein (DC-SIGN) present on the imDC membrane has been
visualized and quantified.

3.2 Dendritic cells and the role of DC-SIGN

Dendritic cells (DCs) are the sentinels of our health, playing a crucial role in both
innate immunity and the initiation of adaptive immunity, as described briefly in
Chapter 1. The lifetime of a DC comprises different stages, each characterized
by a different cell function, as schematically shown in Figure 3.1. DC - precursors
develop into immature dendritic cells (imDCs), which then patrol the body for
intruders and efficiently bind to pathogens. After pathogen binding, the imDCs
migrate to the draining lymph nodes. During transit, they rearrange their surface
profile, i.e. type and number of surface molecules and lose their ability to take up
antigens. They also increase the number of antigenic peptides and other molecules
in order to bind to T cells. This process is called maturation. In the lymph nodes
the fully matured DCs activate T cells to eliminate the infection [10, 136,163—
165]. A crucial aspect during the whole process is cell adhesion, necessary for
the DC to migrate, capture pathogens, and to signal T cells. In this research we
have focused on the molecular surface profile of imDCs which plays a key role in
pathogen binding.

The recently identified surface receptor DC-SIGN (DC-Specific ICAM (inter
cellular adhesion molecule) Grabbing Nonintegrin), also referred to as CD209,
is exclusively expressed by DCs and takes part in several types of DC inter-
actions [136,166]. DC-SIGN is a type II transmembrane protein, containing
a mannose-binding C-type lectin domain that forms the ligand-binding site !
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Figure 3.1: Various DC functions during the immune response. (1) DC- precurors
(monocytes), present in the blood stream. (2) DC-precursors are attracted to infected
tissue by inflammation, as described in section 1.4. During migration from the blood
stream into peripheral tissue, the DC-precursors develop to immature DCs (imDCs). (3)
ImDCs binding to antigens. (4) ImDCs transform into mature DCs during their travel
to the lymph system. (5) In the lymph node, mature DCs present pathogenic material
to naive T cells and activate them. (6) Activated T cells migrate to the infection site.
(7) Activated T cells eliminate the infection.

[161,162]. DC-SIGN can bind to different ligands and performs a dual role for
the DC: it can act as an adhesion receptor as well as a pathogen recognition
receptor [166]. As a cell adhesion receptor, DC-SIGN mediates the interaction
between DCs and endothelial cells, the building blocks of our blood vessel walls,
via the ligand ICAM-2 [167]. This interaction stops the DC from free floating
in the blood and allows a directed migration movement into the peripheral tis-
sue. DC-SIGN also binds to ICAM-3, a molecule present on T cells, ensuring
adhesion between mature DCs and T cells which is necessary for T cell activa-
tion [162]. In the last three years, extensive research has been performed on
the pathogen recognition capabilities of DC-SIGN. DC-SIGN contains a carbo-
hydrate recognition domain (CRD) that has a high affinity for high-mannose
N-linked oligosaccharides such as those present on the envelope proteins gp120,
E, E2, E and GP of the human immunodeficiency virus (HIV-1) [162], Dengue

L A ligand is any molecule that binds to a specific site on a molecule.
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virus [168], cytomegalo virus (CMV) [169], Ebola virus [170] and Hepatitis C
virus (HCV) [171,172], respectively. DC-SIGN has also shown to bind micro-
organisms such as Leishmania [173], Candida albicans [174], Mycobacterium [175—
177] and Schistosoma [178]. It is clear that unraveling the role of DC-SIGN in the
immune response is important to understand the early stage of human infections.

Although the expression level of DC-SIGN influences the functionality of the
DC, it is not clear how the cell spatially arranges DC-SIGN to perform its specific
function. For instance, recent investigations have shown that some pathogens,
including HIV-1, exploit cholesterol rich domains to enter host cells [179]. This
finding in combination with the high affinity of imDCs for the HIV-1 virus may
point to a role for the spatial organization of DC-SIGN to regulate the binding
capability of the imDC for pathogens. We have used NSOM to reveal the spatial
organization of DC-SIGN on the membrane of imDCs.

3.3 Materials and Methods

Cell preparation and labeling

Immature DCs were cultured from healthy human blood monocytes in presence
of IL-4 and GM-CSF, 500 and 800 units/ml, respectively (Schering-Plough, Brus-
sels, Belgium). After 6 days of culture, flow cytometry analysis showed low levels
of CD14 and CD83, moderate levels of CD86, and high levels of MHC class I
and II, consistent with the phenotype of imDCs [162]. The DCs obtained were
stretched on a fibronectin-coated glass coverslip for 1 hour at 37°C and fixed with
1% paraformaldehyde in PBS for 20 minutes. The specimens were rinsed in two
washing steps with PBS and PBA (PBS containing 0.5 % BSA and 0.01 % sodium
azide), respectively. The cells were then incubated with primary monoclonal an-
tibodies (mAb) AZN-D1 in PBA (10 ug/ml, 25min). The AZN-D1 antibodies
are home-made, as described by Geijtenbeek et al. [162]. After two washing steps
with PBA, a second incubation was performed with goat anti- mouse Cy5 (Fab
fragment) (Immunotech - Beckman Coulter, Marseille, France), 1:125 in PBA
for 25 min, allowing fluorescent detection of the anti-DC-SIGN antibody. The
labeling efficiency as given by the manufacturer was 2-4 Cy5 molecules per anti-
body. Samples were subsequently post-fixed in 2% paraformaldehyde, dehydrated
by subsequent incubations in 30%, 50%, 70% and 100% pure ethanol and finally
critical-point dried.
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Single molecule measurements on DCs

Cyb-labeled DC-SIGN molecules were excited at a wavelength of 647 nm either
confocally or in near-field mode. In confocal mode, incoming circularly polar-
ized light was reflected by a dichroic mirror (650 DRLP, Omega Optical Inc.,
Brattleboro, VT, USA) and focused onto the sample with a 1.4NA objective.
In NSOM mode, the Al-coated near-field probe was kept at ~10nm distance
from the cell surface by a feedback mechanism using tuning fork shear-force sens-
ing, as described in Chapter 2. On the detection side, the emitted fluorescence
(A > 665nm) was selected using a long-pass filter (665 AELP), separated into two
orthogonal polarization components using a polarizing beam splitter, and then
detected by two avalanche photodiodes (APDs).

Cells were selected using wide bright-field illumination and then imaged in
confocal mode (typical scan size ~ 30 x 30 um?, 256 x 256 pixels). A region con-
taining cell dendrites and showing fluorescence contrast was then selected for
further near-field investigation. The size of a near-field scan area was typically
7 x T um? (256 x 256 pixels). The scanning speed used was 3-6 um/s, depending
on the surface roughness. The cell height in the dendrite region varied from tens
of nanometers to a few micrometers. All data shown in this chapter have been
acquired using the same near-field probe. Images were obtained at a typical exci-
tation intensity of 150 W/cm?. The topographic images, simultaneously obtained
with the fluorescence data, were used to determine the exact position of each flu-
orescent spot on the cell membrane and to exclude artifacts due to the structure
of the membrane, such as steep cell edges and membrane folding or ruffling.

Image analysis

A total of 1251 fluorescent spots in 20 images from 7 different cells were charac-
terized in terms of their size, intensity, position on the cell membrane and relative
position with respect to each other. The size of every individual spot was de-
termined by fitting the measured intensity profile with a 2D Gaussian profile.
The spot size was defined as the full-width at half-maximum (FWHM) of the fit.
The intensity of each spot was determined by adding all photon counts within a
contour of ~ 15 % of the peak intensity level and subtracting the cell background
in the immediate vicinity of the spot. The spot intensities were related to the
intensities detected from single Cy5 molecules. The positions of all spots on the
cell membrane were determined by combining the near-field optical and topogra-
phy images. Mutual spot distances were examined by means of nearest neighbor
distance analysis [180]. For this purpose the position of each spot was determined
from the peak position of a Gauss fit to the intensity profile.
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3.4 Results
3.4.1 High resolution imaging of DC-SIGN

Typical fluorescence measurements of an imDC expressing DC-SIGN at the cell
surface are shown in Figure 3.2. The typical structure of an imDC with fine
dendrites is clearly observed in the confocal image of Figure 3.2(a). The high
fluorescence intensity is caused by the high expression level of DC-SIGN on
the membrane. The smallest visible features have a diffraction-limited size of
~350nm. From the image, it is hard to distinguish isolated entities on the cell
surface. In contrast, the high resolution near-field image in Figure 3.2(b) of the
selected area in Figure 3.2(a) shows the distribution of DC-SIGN in more detail.
Figure 3.2(b) is composed of three independent near-field measurements in which
the fluorescence spots overlay the topography. The smallest measured size of
the near-field fluorescent spots is ~100nm, comparable to the probe aperture
size. Areas of closely packed molecules are resolved spatially with a localization
accuracy better than 10 nm.

(a)

Figure 3.2: Imaging Cy5 labeled DC-SIGN molecules on the membrane of an imDC.
(a) Confocal image (20 x 20 um?, 50um/s) of an imDC stretched on glass. Large and
intense fluorescent patches cover the entire cell surface. (b) Combined topography and
near-field fluorescence image of the area in the white frame in (a), composed of three
partially overlapping near-field images (area: 7 x 7 um?, scan speed: 3um/s). In both
(a) and (b) the fluorescence signal is color-coded according to the detected polarization,
red=0°, green =90°. The height of the dendritic regions varies from 10 nm to 3 pum.
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In addition, the shallow penetration depth of the evanescent field guarantees
exclusive excitation of the cell surface, thereby suppressing the autofluorescence
of the cell as discussed in Chapter 2. The fluorescent spots in the near-field images
differ in brightness, size and emission polarization, already suggesting that DC-
SIGN is not randomly distributed as individual molecules but rather clustered in
domains, assuming a uniform labeling of all DC-SIGN on the cell membrane.

3.4.2 DC-SIGN clusters in domains

Intensity analysis

Figure 3.3 shows a typical near-field fluorescence image in 3D, indicating the most
important characteristics of the fluorescent spots, i.e., intensity, size and relative
position with respect to each other. The total number of detected photon counts
from a spot is related to the number of Cy5 dyes and thus to the number of
DC-SIGN molecules.

N

Intensity

Figure 3.3: Information extracted from a typical near-field fluorescence image
(3 x 3 um?, 256 x 256 pixels). The fluorescence in the upper image is plotted in three
dimensions with x and y as spatial axes and a vertical intensity axis. The fluorescent
spots differ in intensity (I) and size (FWHM). The arrows point to single molecule spots.
The spatial position of the spot is given by the center coordinates of the intensity profile
after fitting with a Gaussian function. The total number of detected photon counts of
each spot, is related to the number of Cy5 dyes present. The nearest neighbor distance
between two spots ¢ and j is indicated by d;;.
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All spot intensities were collected in a histogram as shown in Figure 3.4(a). The
spot intensities range from 1kents/s to more than 1Ments/s, with an average
value of 200 kents/s, which is a range of about three orders of magnitude. The
inset of Figure 3.4(a) shows a zoom in on the low intensity part of the total his-
togram. The distribution peaks at ~ 25kents/s. In order to relate these intensity
values to the number of Cyb molecules, the intensity histogram has been nor-
malized to the typical intensity obtained from an individual Cy5 molecule. From
each measurement, spots exhibiting single molecule signatures such as bleaching,
blinking and a unique emission dipole were selected. In Figure 3.4(b) four sin-
gle molecule spots are marked. The distribution of single molecule intensities is
superimposed on the histogram in the inset of Figure 3.4(a).
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Figure 3.4: (a) Intensity distribution of all measured spots at an excitation intensity
of ~150 W/cm?. The inset shows a zoom in on the lowest intensity values (< 40kent/s),
including the intensity of single molecule spots which are contained in the red shaded
histogram. The peak of the single molecule histogram is used to convert the intensity
count rate to the number of Cy5 molecules, as shown in the lower axes of (a). (b)
Near-field image of imDC membrane, measured with polarization contrast. The arrows
point to fluorescence spots on the cell membrane, exhibiting single molecular fluorescence
behavior.
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The average count rate of the single molecule distribution is ~ 7kents/s. This
value is used to assign the number of Cyb molecules to the intensity of a spot.
The overall intensity distribution peaks at ~ 3.5 Cy5 molecules with an average
value corresponding to ~ 30 Cyb molecules. The range of spot intensities exceeds
a value of 200 Cy5 molecules in one single spot. Considering that the antibody
labeling efficiency is 2-4 Cy5 molecules per secondary antibody, our results in-
dicate that the peak of the intensity distribution corresponds to approximately
one DC-SIGN protein. However, the majority of DC-SIGN molecules (~80%)
are clustered on the membrane, with each cluster hosting from a few to tens of
DC-SIGN molecules.

Domain size analysis

Further evidence for DC-SIGN clustering was obtained from the sizes of the
fluorescent spots. A histogram of all spot sizes, i.e. FWHM values, is shown in
Figure 3.5(a). The spot sizes vary from 70nm to 650 nm with a peak at 200 nm
and a mean value of 210nm, respectively. The inset of Figure 3.5(a) shows a
distribution which contains the sizes of single molecule spots. All measurements
have been performed using the same probe. At the start of the measurement
series, the single molecule response of the probe was ~70nm in size. During
20 near-field scans on 8 different cells, the single molecule response gradually
increased to ~ 120 nm, which is probably due to probe wear and opening up of
the probe aperture.

The peak of the single molecule size distribution is ~100nm and is clearly
separated from the peak of the main size distribution. The measured sizes of the
fluorescent spots result from a convolution between the probe aperture and the
sample, as described in Chapter 2. The real size of a domain can be deduced
by correcting the measured spot profile for the size of the probe aperture. Fig-
ure 3.5(b) shows the measured size of an object as a function of its real size, where
for simplicity a Gaussian probe response centered at 100 nm has been considered.
Correction of the measured sizes, using the relation in Figure 3.5(b), results in
spot sizes up to 500 nm with a mean value of ~ 185 nm. The size correction pulls
the small measured object sizes (< 200nm) to lower values, while large sizes re-
main approximately the same. The deviation in estimated size, i.e. the difference
between the solid and dashed line in Figure 3.5(b), decreases with increasing fea-
ture size. Both intensity and size analysis indicate that Cy5 molecules, and thus
DC-SIGN, are confined into small domains. To our knowledge, this is the first
time that such small domain sizes have been directly observed by optical means.
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Figure 3.5: (a) Size distribution of all measured spots. The inset shows sizes of 19
single molecules. (b) Predicted size as a function of the real size of a feature. Because
the near-field fluorescence spots result from a convolution of the size of the probe aper-
ture (diameter of 100nm) and the sample, the smallest fluorescence features appear in
an image as 100nm spots (solid line). The dashed line indicates the case of the ideal
resolution, in which the measured and real size are identical.

Molecular density in DC-SIGN domains

Information about the molecular density within a domain is obtained by corre-
lating the intensity and size of each fluorescent spot. Such a correlation plot
is shown in Figure 3.6. The plot demonstrates a large variety in packing den-
sity of the observed domains. The average intensity of ~200kent/s (=30 Cy5b
molecules) together with the average corrected spot size of ~ 185 nm correspond
to a Cy5 density of p~ 1000 Cy5 molecules/um?, which is indicated by the gray
line in Figure 3.6.

We make an estimation of the number of DC-SIGN molecules per spot,
by taking into account the Cy5 labeling efficiency of ~3.5. Assuming 100%
protein-antibody labeling efficiency and a random ordering of DC-SIGN molecules
within a domain, the average nearest neighbor distance (nnd) between DC-SIGN
molecules is related to the molecular density by nnd = 2—\1/5, where p is the

molecular density [180]. With this relation, the average nnd in each domain is
calculated and plotted in a nnd histogram, as shown in Figure 3.7. The nnd
distribution peaks at ~21nm and has a mean value of ~ 39 nm.
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Figure 3.6: Correlation between the corrected size of a spot and its Cy5 content.
Every point in the graph corresponds to one measured spot. The gray line shows the
average occurring molecular packing density, i.e. p=1000Cy5/um? as calculated by
S(p) = \/4Ncys/(mp), where S(p) is the spot size and N¢ys5 the number of Cy5 molecules.
The cartoon in the inset illustrates four types of domain packing: top left is a large domain
containing only few Cyb molecules, i.e., low molecular density; bottom right is a small
domain containing a large number of Cy5 molecules, i.e., high molecular density. The
remaining two domains have similar packing density but are different in size.
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Figure 3.7: Distribution of DC-SIGN nearest neighbor distances within each domain,
assuming a random DC-SIGN packing.
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3.4.3 Spatial distribution of DC-SIGN domains.

We have also used nnd analysis to investigate the distribution pattern of the
domains on the membrane. The area covered by domains represents 8% of the
total cell area, with an average density of 2.53 domains/ym?. The mutual dis-
tances between all detected spots are included in a distance distribution shown in
Figure 3.8(a). This figure provides information both on inter-domain distances
as well as the type of domain distribution. The mean value of the distribution
is ~450 nm. The measurements were compared to a calculated nnd distribution
of randomly distributed spots (Poisson distribution), using the measured average
domain density of 2.53 domains/um?. The Poisson distribution has a mean value
of 344 nm. The overall shapes of both measured and calculated distributions re-
semble each other, especially on the right side of both plots. The difference in
shape for small nnd values is caused by the finite size of the domains. Because the
majority of the domains have a size of ~200nm (see Figure 3.5), the majority of
the nnd values will be larger than this value. From the shape similarity between
both distributions it appears that the domains are randomly distributed on the
membrane.

300+
60 B -
2504 L 09&
50
. 200 5 &
n [o]
£ 40 3 “ B % = simulation
§ et 150 5 o measurement
° 30 4 O
[$]
1] 20 100
10 50

04L& T a
0 200 400 600 800 1000 1200 1400 1600 1800 2000 500 1000 1500 2000

Nearest neighbor distance (nm) Nearest neighbor distance (nm)

(a) (b)

Figure 3.8: (a) Inter-domain distance histogram obtained by nnd analysis of all mea-
sured fluorescence spots. A Poisson (random) distribution for the domain density of
2.53 domains/pum? is indicated by the black solid line in (a). (b) Correlation between
domain intensity and inter-domain separation of both measured- and simulated data. In
the simulation, the intensities of all domains are distributed randomly on the surface.
Because only intensity and not the size of the domains is included in the simulation,
the simulated inter-domain distances can take much lower values than experimentally
observed (left side of the plot).
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Although this first analysis indicates that the domains are organized on the
membrane in a random fashion, we investigated the possibility of a non-random
spatial distribution of the domains by correlating the number of Cy5 molecules
within a domain with the mutual domain separation, shown in Figure 3.8(b). An
apparent correlation emerges from the shape of the correlation plot, i.e., large
intensity values correlate with shorter inter-domain distances, and vice versa.
However, the large wings both in intensity and inter-domain distance are the re-
sult of the large number of occurrences at a distance of ~ 350 nm and an intensity
of 3.5 Cy5 molecules, respectively. This was confirmed by the outcome of simula-
tions in which each NSOM measurement was mimicked in terms of cell contours,
total number of present domains and domain intensities. In each simulation,
random (x,y) coordinates have been assigned to the domains within the defined
cell contour. The distances between the randomly positioned domains have been
analyzed and calculated in a similar fashion as described for the measurements.
The correlation plot of domain intensity versus the inter-domain distances from
the simulations is included in Figure 3.8(b). The overall shape of the correla-
tion is similar for both measurement and simulation, confirming that DC-SIGN
domains are randomly distributed on the membrane.

3.5 Discussion

In this chapter we have focussed on the nano-scale organization of DC-SIGN
on the membrane of immature DCs. Recent in wvitro studies have suggested
that oligomerization of DC-SIGN enhances its ability to bind to multivalent lig-
ands, such as those present on the viral envelope of HIV-1 and HCV, while
performing its pathogen-recognition role [171,181]. It has also been shown that
pathogens and toxins make use of cholesterol rich domains as cell entry and exit
sites [36, 137,179,182, 183]. Moreover, some first biochemical experiments indi-
cated a moderate association of DC-SIGN with lipid raft components ! [184] .
The accurate localization and detailed structural and spatial organization of DC-
SIGN appear therefore essential to elucidate the structure-function relationship
between DC-SIGN and imDC.

The measurements and analysis presented, show the advantage of NSOM as
a high resolution optical technique relative to confocal microscopy when applied
to densely packed systems. The small illumination spot of NSOM allowed dis-
crimination of isolated fluorescent spots of Cy5-labeled DC-SIGN on the surface
of an imDC. Analysis of the fluorescence intensity of each spot (Figure 3.4(a))

! Lipid rafts are specialized membrane domains composed mainly of cholesterol and
sphingolipids.
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confirmed clustering of DC-SIGN. These observations are fully consistent with
the findings of Cambi et al. [184], in which DC-SIGN was labeled with gold
beads and imaged using transmission electron microscopy. In general, clustering
of proteins can have different functions for the cell such as local enhancement
of molecular binding properties or signaling ability [185,186] and/or increase of
local concentration of proteins to localize a specific protein function. A simi-
lar type of organization is found in epithelial cells exhibiting an asymmetrical
(polarized) functionality due to formation of molecular domains [36, 137] or the
immunological synapse, where molecular complexes facilitate binding and sig-
naling between T cells and antigen presenting cells [160, 187-190]. Since it has
been shown that DC-SIGN on imDCs binds with high affinity to a wide range of
pathogens ( [184] and references therein) and pathogens use lipid rafts as entry
and exit portals for host cells [179, 191, 192], it seems reasonable to associate the
existence of DC-SIGN clustering with the presence of lipid rafts. On-going ex-
periments, e.g. NSOM under liquid conditions, should shed light on the validity
of this hypothesis.

As already mentioned, in wvitro biochemical studies have shown that DC-
SIGN forms multimers, e.g. dimers and tetramers [171,181]. These oligomers
contain fewer molecules than the average number of DC-SIGN molecules per
spot we have observed, i.e. ~10 molecules. Although oligomerization of DC-
SIGN might occur, it seems improbable that the clusters we have observed are
exclusively due to oligomerization. In fact, the physical size of the clusters of
about 185 nm as shown in Figure 3.5(a) together with the wide spread of intensity
in Figure 3.4(a) are more consistent with a recruitment of proteins to increase
the local concentration of DC-SIGN. Of course, subsequent oligomerization as a
result of the increase in the local concentration of DC-SIGN bring about that
clusters cannot be excluded at this stage.

An increase in the local concentration of DC-SIGN might facilitate cell-
pathogen binding. In fact, experiments by Cambi et al. have shown that imDCs
are able to bind virus-like particles of 40 nm in diameter, while intermediate DCs
with a random distribution of DC-SIGN on their surface do not bind these par-
ticles [184]. It is probable that the cell combines the enhanced adhesion ability
of DC-SIGN domains with the pathogen’s preference for cholesterol rich regions.
In order to understand the possible reasons for DC-SIGN clustering we have
modeled and simulated the capacity of targets of different sizes to establish inter-
actions with either individual or clustered DC-SIGN molecules. Our simulations
address the following questions: Is there a difference in binding capacity upon
clustering as compared to individuals?; Is there an effect of the target size?; and,
provided that clustering is beneficial, what are the optimum clustering condi-
tions, i.e. molecular density and size; and how does it depend on the target size?
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Details of this simulation model are described in Chapter 4.
Correlating the intensity and the size of each detected fluorescent spot, en-

abled determination of the molecular packing density of the domains. We have
observed a large variation in the molecular packing density of each domain (see
Figure 3.6). While the size distribution of the domains was centered around
185 nm with a width of 50nm, the number of molecules within each domain
varied significantly from cluster to cluster. It is remarkable that the DC-SIGN
domains found in our experiments have a size similar to most viruses (30- 500 nm
diameter). This correspondence is consistent with the hypothesis that the imDC
arranges DC-SIGN molecules in a way that optimizes virus-cell binding. Using
a similar line of reasoning, one could argue that the large spread in molecular
density, primarily due to the number of molecules involved in each cluster, might
serve to maximize the chances of the imDC to bind a large variety of viruses,
having similar physical sizes but different binding affinities. Of course our ex-
periments are static, while it is reasonable to think that the formation and the
existence of clusters is a rather dynamic process, i.e., clusters might change size
and density. Nevertheless our images are snapshots that map at a given moment
the entire process of formation, existence and degradation of domains, rendering
information on all possible situations.

In addition to the molecular density in each cluster, we have estimated the
distance between DC-SIGN molecules in each cluster, typically 21 nm. The dis-
tance distribution in Figure 3.7 is based on three main assumptions. First, for
simplicity it is assumed that DC-SIGN is randomly distributed within a domain.
Second, the antibody to Cyb ratio is 1:3.5. This labeling efficiency has a small
effect on the estimated distances, as labeling ratios of 1:2 and 1 :4 shift the peak
of the histogram from 17nm to 23 nm respectively. Third, the Cy5*antibody to
DC-SIGN ratio is one-to- one. In reality the antibodies will spatially hinder each
other if the proteins are too densely packed, causing the antibody to protein ratio
to be less than one and resulting in a underestimation of the number of proteins
in this study. Recent NSOM experiments on the same cell system have shown
that the fluorescence emission of Cy5 labeled imDCs is more intense when the
cells reside in liquid compared to measurements under dried conditions. This in-
dicates that the cell drying procedure quenches or damages the Cyb fluorophores.
Of course it is preferable to fuse DC-SIGN with an autofluorescent protein to vi-
sualize DC-SIGN in the natural environment, ideally within the living cell. This
has several advantages: a one-to-one fluorophore to protein ratio and a less se-
vere treatment of the cells as no drying procedure is required. However, attempts
to let DCs express autofluorescent DC-SIGN proteins have not been successful
so far.
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Finally, we have observed a random distribution of the protein domains with
a mean inter-domain distance of ~450nm, as shown in Figure 3.8(a). The rea-
son for a random domain distribution is probably to maximize the chances that a
pathogen will meet a domain in a random encounter with the cell. Furthermore,
we investigated the possibility of a dynamic domain organization by means of a
correlation plot showing the domain intensity as function of the nearest (domain)
neighbor distance Figure 3.8(b). If the formation of domains is a diffusion as-
sisted process, similar to what is observed in thin film nucleation, we should have
observed in our static images some evidence for DC-SIGN nucleation and coales-
cence, i.e., presence of 'small’; low intensity domains being closer to ’large’, high
intensity domains. We were however not able to find a clear correlation between
inter-domain distance and intensity. As the ordering of DC-SIGN domains seems
random, with no clear evidence for DC-SIGN diffusion, our data suggest that the
domains emerge to the cell membrane in a rather pre-assembled way. Dynamic
experiments should reveal whether pre-assembly or diffusion of DC-SIGN takes
place on imDCs.

3.6 Conclusions

Near-field illumination has proven to be valuable for discriminating individual
entities in densely packed systems, in particular single molecule detection on
the cell membrane. We have observed a two-layer hierarchical organization of
DC-SIGN. In the first layer, DC-SIGN resides on the membrane of an imDC in
domains with a typical size of 185nm and a wide spread of molecular content.
In the second layer, the domains are spread in a random fashion at a typical
density of 2.53 domains/um?, thereby covering about 8 % of the total membrane
area. The domain properties, i.e. size and content, seem to facilitate virus
binding, whereas the random domain distribution is likely to maximize chances
of a domain - pathogen encounter. Questions remain as to how DC-SIGN gathers
into these regions and how the cell regulates the organization of DC-SIGN. Near-
field scanning optical microscopy in combination with autofluorescent protein
labeling of DC-SIGN allowing dynamic studies on living cells might provide the
answers.
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Chapter 4

Modeling the functional cell surface
profile

Interactions between a cell and its surroundings are mediated by membrane pro-
teins. Both expression level and spatial organization of these receptor proteins
are important for their specific type of interaction. In this chapter, a model is
presented that describes the probability of a cell to have a certain number of re-
ceptors joining the contact site in the initial encounter with an external object,
e.g. another cell, virus or bacterium. The model considers the molecular density
of the receptors on the cell and their spatial organization, i.e. clustered in do-
mains or randomly spread as individuals. Monte Carlo simulations, based on the
model, have been performed to investigate which parameters are determinant in
the object-cell encounter. In addition to fized simulation parameters, simulations
were performed using distributions of domain size and content as measured for
DC-SIGN. The simulations show that receptor clustering in domains is favorable
to enhance the number of receptors hit by the object if the domain size becomes
comparable to the size of the object. Moreover, an optimum exists for a specific
object size and receptor density within the domains. In addition, the simulations
indicate that the specific spatial organization of DC-SIGN on the membrane of
1mDCs optimizes the binding properties of imDCs.
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Modeling the functional cell surface profile

4.1 Introduction

The plasma membrane forms the physical boundary between the cytosol of the
cell and the extracellular environment. Membrane proteins mediate interactions
between the cell and its surroundings, i.e. other cells or the extracellular matrix
(ECM) [10]. The specific nature of the interaction is determined by the type,
expression level and spatial distribution of proteins. In particular, the formation
of molecular domains on the cell surface plays an important role in the functioning
of the cell [193]. The concentration of specific molecules on the cell membrane
can have direct consequences for cell function: 1) enhance or amplify molecular
interactive properties; 2) induce conformational, and thus, functional changes;
3) include/exclude molecules from a specific region in order to enhance/prevent
their cooperativity. In the last ten years extensive work has been devoted to the
understanding of functional lipid microdomains or lipid rafts, defined by detergent
solubility and sensitivity to cholesterol deprivation, which have been suggested
to play a role in many cell functions [36, 185,193-195].

The importance of membrane heterogeneity for proper cell functioning is ob-
served in (directed) migration of cells, where cell adhesion receptors mediate
binding to the molecules of the ECM or to counter-receptors on other cells [196].
For example, migrating leukocytes exhibit a polarized surface distribution while
moving under the influence of a chemoattractant gradient. In this situation, the
chemoattractant receptors and other receptor molecules accumulate at the lead-
ing edge of the cell, acting as the sensing side of the cell that guides the migration.
At the trailing edge of the cell, adhesion molecules are concentrated in focal ad-
hesions to bind other cells, e.g. endothelial cells [182,197,198]. This functional
asymmetry of the cell membrane in combination with the dynamic actin network
enables the cell to move forward.

Molecular domains have also been shown to facilitate entry of some pathogens,
including viruses, parasites, bacteria and toxins into host cells [179,191,192]. In
fact, Cambi et al. [184] have shown a direct correlation between the clustering
distribution of the pathogen-recognition receptor DC-SIGN on the cell membrane
and its capacity to bind and internalize virus-sized ligand-coated particles. Imma-
ture dendritic cells, exhibiting domains of DC-SIGN, were able to bind virus-like
particles of 40 nm in diameter, while intermediate dendritic cells, having a random
distribution of DC-SIGN on their surface, did not bind these particles.

Damjanovich and coworkers (see also Chapter 6) have observed nano-scale
domains of signaling receptors (IL-2R and IL-15R) on the membrane of activated
T lymphoma cells [199, 200]. Receptor clustering appeared to be associated with
lipid rafts, suggesting that rafts might facilitate the formation of efficient signaling
platforms on the cell membrane [193,201].
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4.2 Monte Carlo simulation of object - cell encounter

These examples illustrate the wide variety of processes in which protein do-
mains play a key role. Moreover, as each type of domain has its own specific
properties and distribution on the membrane, as demonstrated in Chapters 3
and 6, it seems that Nature has optimized these parameters. We have developed
a simple and general model that explains in physical terms the advantages of
clustering and is able to relate domain size and molecular packing to its possible
biophysical role. Specifically, the model describes the binding probability for a
random encounter of a cell and an external object (another cell or a pathogen).
By means of Monte Carlo simulations, we have addressed the following questions:
1) what is the most beneficial spatial organization for binding a particular object,
randomly spread individual receptor molecules or clustered receptor domains?
2) does this organization depend on the size of the object? 3) what is the opti-
mum molecular density and size of the domains? The results of the simulation
are compared to the experimentally found DC-SIGN receptor organization on
dendritic cells, as described in Chapter 3. In particular, we investigated realistic
situations including distributions of domain sizes and the number of receptors
within a domain.

4.2 Monte Carlo simulation of object - cell
encounter

4.2.1 Model description

The model describes the encounter of an object and a cell surface in terms of
the object size and the receptor distribution on the surface. Based on the model
we describe the probability that an object interacts with a certain number of
receptor molecules on a cell surface in case of a random object - cell encounter, as
depicted in Figure 4.1. Although the membrane is a dynamic surface, we consider
cells with a random, static distribution of either receptor domains or individual
receptors covering the whole cell surface. This is valid as the model is focused
on the initial moment of a object- cell encounter, not including any signaling or
redistribution events of the cell membrane components that may occur directly
after the engagement. In the model, the spatial distribution of the receptors on
the object is considered fully covered and, an engagement of the object with a
receptor on the cell surface always leads to a positive interaction, i.e. object - cell
bond.
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Modeling the functional cell surface profile

Figure 4.1: Top view of a random object - cell encounter. The cell surface is covered
by individual, randomly distributed membrane receptor molecules (light gray dots). The
finite sized circular object (dark gray) hits a number of receptors at the cell surface. For
simplicity, the encounter is considered in two dimensions.

4.2.2 Analytical description

We first describe the model for a surface containing receptor domains, using
an analytical expression. Consider a cell surface of area A;pq covered with U
randomly distributed receptor domains. The domain and the object have radius
Tdom and ryp;, respectively. The probability that the object hits the domain is:
P = (Un(raom + Tobj)z)/Atotal

Figure 4.2 depicts the situation in which the object partly overlaps the domain.
The center to center distance between object and domain is dpy, with

Tdom — Tobj < dN < Tobj + Tdom for Tobj <Tdom-

The probability that the center of the object falls within distance dy from the
center of the domain is:

P = (Ur-d%)/Aotal (4.1)

More specifically, we are interested in the probability for an object to hit a certain
minimum number of receptors within the domain. For any situation in which the
object hits a domain with a certain overlap, the probability is given by equa-
tion 4.1. The domain contains a number of N, evenly distributed receptors.
Thus, the number of molecules within the overlap area is: N = Agyeriap(dn) - p,
where p is the molecular density of each domain and Agyeriap(dn) is given by
equation 4.2, based on geometric calculations.

2 .2 .2
(AN +7005 " Tdom)
27”obj dn

2 2 | 2
(AN =750 " dom)
2T‘dom,dN

0'5\/(_dN +7dom+Tobj ) (dN +Tdom —Tobj ) (dN —Tdom +Tobj ) (dN +Tdom +Tobj) (42)

_ .2 2
Aovertap(dN) = 73,,, arccos + 1, arccos
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4.2 Monte Carlo simulation of object - cell encounter

Figure 4.2: Domain with radius 74om is hit by an object of radius 7445, With 764 < Tdom.-
The object starts overlapping the domain if dy = 74om + ropj. The object partly overlaps
the domain if: 74om — Top; < dn < Tgom + Tobj. The object starts fully overlapping
domain if: dy = Tgom — Tob;

The probability to find N or more receptors in the overlap area is therefore the
same as the probability to find the minimum overlap area (Aoyeriap(dn)), being:
P = (Un(dn)?)/Atotar- This analytical model describes the hit probability for
fixed domain sizes and content. To take into account a realistic situation with
distributions of domain sizes and the number of receptors within a domain, we
extended the analytical calculation with a Monte Carlo simulation.

4.2.3 Simulation

We have implemented the model in a Monte Carlo simulation. In each simulation
step, a circular object encounters the cell surface at a random position. The
surface contains randomly positioned receptors or receptor domains. If a receptor
molecule is located within the area occupied by the object, we count one ’positive
binding event’, or one ’positive hit’. The number of positive hits (N) in each
simulation step is then counted and added to build up an occurrence histogram
as the simulation proceeds. This distribution shows occurrences up to N = Nyaz
binding events. The distribution is then successively integrated from a lower
integration boundary N,,;, to infinity. The outcome for each value of N,,;, from
zero to Nyq, yields a new distribution, containing the number of positive binding
events that occur above a minimum (NV,,;,). This type of distribution is also
denoted ’cumulative relative frequency distribution’ and shows the probability of
a certain minimum number of positive hits to occur.
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Modeling the functional cell surface profile

Figure 4.3 shows the geometric parameters of the simulation. The calcula-
tion area is surrounded by a buffer area, ensuring that all receptors or receptor
domains fall randomly within the total area Ay, while avoiding edge effects in
the calculation. Per calculation, the size of a receptor together with the surface
fraction covered by receptors defines the total number of N, receptors on the
surface. These values are kept constant throughout all simulations, while Ny,
Tobj and 7 gy, are variables. A simulation step starts with randomly positioning of
Npae individual or clustered receptors in area Agoiq;. Then, the overlap areas be-
tween domains and the object are calculated. Multiplication of each overlap area
and the molecular density of a domain gives the number of receptor molecules in-
volved in each overlap, i.e. the number of positive hits or binding events. In case
a receptor molecule is positioned exactly at the edge of the object, the overlap is
set at 50% (occurrence of 0.5). Finally all positive hits are summed.

T
|

calculation area

Figure 4.3: Two dimensional top view of an encounter between an object (circle with
dash-dotted outline of radius r.;) and a cell surface, containing a number of domains
(solid outlines with radius 74om). The square simulation surface has an area of Apar.
The surface consists of a lattice with a unit cell of size d,,,;. The overlap area between
object and domain after the encounter is filled as dark gray. Each domain contains a
number of N;uq; receptors (gray and black dots). Receptors located within an overlap
area are 'positive binding events’ or ’'positive hits’, indicated as black dots. To simulate
a situation in which the cell surface consists of randomly spread individual molecules,
Niotar 18 set to one and 2rgomain = Amol-
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4.3 Results

Therefore, one simulation step consists of filling the area with receptors and cal-
culating the number of positive binding events. During a simulation, individual
simulation steps are repeated, building up an occurrence histogram and a cumu-
lative relative frequency plot.

The added strength of Monte Carlo simulations is the possibility to randomly
choose simulation parameters from a predefined data set, containing distributions
of, for instance, domain sizes and/or content. In this case, for each simulation
step the area is filled with randomly selected domains of certain size and density
from the data set obtained in Chapter 3, until the maximum number of receptor
molecules Ny, is reached or exceeded.

4.3 Results

4.3.1 Individual receptors versus receptor domains

The simplest and most efficient way for a cell to distribute adhesion or other
interactive receptor proteins on the cell membrane is likely to be a random distri-
bution of individual molecules. Clearly, a random spread of molecules maximizes
the chance for a receptor to participate in an accidental object-cell encounter.
We have first performed a series of simulations to verify the effects of random
and non-random spread of receptor molecules. Accidental encounters of an object
and a cell were simulated, in which objects of different sizes encountered a surface
containing either randomly distributed receptor molecules or molecules clustered
in domains.

The first simulation encompassed an encounter of an object with r,,; =50 nm
and a surface containing randomly distributed receptor molecules. A receptor
density of 30 molecules/um? was chosen, resembling the density experimentally
found for the pathogen recognition receptor DC-SIGN, expressed on immature
dendritic cells (imDCs) as discussed in Chapter 3. The object size is similar to
the typical size of a virus, e.g. the human immunodeficiency virus (HIV) has
a diameter of 80-110nm [202]. The probability to have a minimum number of
positive binding events in this object - cell encounter is shown by the dark gray
solid line in Figure 4.4. The probability for the object to hit at least zero receptors
is one and drops quickly to a low probability (1-1073) for hitting two or more
receptors. The number of positive binding events can become smaller than one in
the simulation if the object hits the molecule only partially, explaining the non-
integer values of the minimum number of positive binding events. The discrete
character of the simulation results in a stepwise behavior of the probability, e.g.
the probability changes dramatically going from a situation of an object hitting
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Figure 4.4: Cumulative relative frequency distribution of the hit probability as function
of the type of receptor distribution (individual or domains) for three different object sizes:
radii of 50nm (solid lines), 250 nm (dashed lines) and 1pum (dotted lines). The dark
gray lines, denoted as ’individual’ show the results for randomly distributed individual
receptors. The black solid line, marked as ’domains’, shows the the calculated probability
for a fixed domain size and density. The lines denoted with ’domain distr.” correspond
to Monte Carlo simulations using distributed domain parameters, i.e. size and content.
The upper cartoon on the right schematically shows an object (gray circle) hitting a
membrane, which contains randomly positioned molecules (gray dots). Molecules that
are hit by the object are colored black. The lower cartoon shows the same object hitting
a membrane with clustered molecules, where the overlap area is colored dark gray.

at least 1 receptor to a situation in which the object hits at least 1.1 receptors
as in the latter case the object hits in fact two receptors simultaneously.

To compare the simulation of a random distribution of individual molecules
with a domain type of distribution, we first have used the analytical description
of the probability. The probability for an object of ry,; =50 nm to hit more than
a particular number of receptors on the cell membrane is calculated using equa-
tion 4.1. In the calculation we assume domains of 4., = 90 nm in size, containing
Niota = 12 molecules per domain and a domain density of U = 2.53 domains/um?.
The resulting probability curve is shown in Figure 4.4. Comparison of the simu-
lation with randomly spread receptors and the calculation for a domain type of
distribution shows that a membrane with randomly spread individual molecules
has the highest hit probability. This is consistent with our general hypothesis,
i.e., a random distribution maximizes the chance for the object to hit anything.
Interestingly, the two curves cross each other. This crossing point indicates a
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4.3 Results

binding threshold, i.e. if the binding strength required to sustain a stable ob-
ject - cell bond is larger than the threshold, then clustering results in a higher hit
probability and will be beneficial with respect to randomly distributed individual
molecules.

We then performed Monte Carlo simulations for the same object radius and
surface receptor density (30molecules/um?), using distributed domain parame-
ters, i.e. distributions of domain size and molecular density within a domain,
from the experimental data set as obtained from NSOM experiments of DC-
SIGN on the imDC membrane (Chapter 3). The average values for the dis-
tribution parameters were ryy, =90nm, Nyye = 12 molecules per domain and
U = 2.53 domains/pum?. The probability plots for three different object sizes are
shown in Figure 4.4. The result for r,,; =50 nm is similar to the calculated prob-
ability up to a minimum number of three positive binding events. Above this
value, the simulation crosses the calculated line and shows a higher probability,
reaching even more (up to ten) binding events per encounter. This is explained by
the fact that the calculation was done for fixed domain characteristics, whereas
in reality the cell has a whole distribution of domain sizes and content including
larger an denser packed domains, which enables more hits.

The results for object sizes of ry; =250 nm and 7,; = 1000 nm show that the
hit probability increases and shifts to higher values with increasing object sizes.
In addition, the relative difference between random and clustered organization
becomes less pronounced with increasing object size. Thus, clustering seems to
be of particular importance for binding objects of sizes comparable to the domain
size.

4.3.2 Domain size and packing density

Having established the advantage of domains over randomly distributed individ-
ual receptors for comparable object and domain sizes, we next studied the effect
of domain properties, such as size and molecular packing density, on the hit prob-
ability for an object size of ro,; =50 nm. In the first set of simulations, the domain
size was kept constant (4o, =901nm) while the number of receptor molecules per
domain (Niee;) was varied by about two orders of magnitude, i.e. from 3 to 100
receptors. Accordingly, the mutual distances between receptors changed from
Tintra = 48 01M t0 Tt =8 nm. As the total number of receptors available was
kept constant, the number of domains on the surface decreased with increasing
molecular density. The results of the four simulations are shown in Figure 4.5(a)
and indicate that for low receptor densities the hit probability is high and decays
fast, whereas high densities have a lower probability to hit something but ensure
larger and higher hit ranges.
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Figure 4.5: The influence of the domain properties on the hit probability. Cumulative
relative frequency distributions with a fixed object size of 74,; =50nm. (a) Hit prob-
ability for simulations with a fixed domain size (7gom =90nm) and varying number of
receptors per domain (3 to 100 receptors/domain). The dashed gray line, denoted as ’to-
tal weighted’, shows the plot of four simulations which are weighted according to the
density occurrences measured for the DC-SIGN domain distribution (shown in Chapter
3). (b) Hit probability for simulations with varying domain sizes and a fixed number of
receptors per domain (Nyptq: =12). In (a) and (b) the gray solid lines ("observed distri-
bution’) show the probability distribution for distributions of domains size and packing

density.
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4.3 Results

In fact, Figure 4.5(a) illustrates the transition from an individual type of
distribution, resembled by 3receptors/domain, to a domain type of distribution.

In the second set of simulations, the receptor density was changed by changing
the domain size. The object size was fixed at rq; =50nm. To fix the number
of domains per area, the number of receptors per domain was kept constant at
12 receptors and the total receptor coverage at 0.048 %. The domain radius
was varied from 74y, =185nm to 74y, =32nm, which corresponds to similar
intermolecular distances (7intrq) as in the previous simulations. For 7op; < 7dom,
ie. Tgom =185 and 101 nm, the trends are similar as observed in Figure 4.5(a).
Thus, domains with low receptor densities achieve a high hit probability but reach
only a low number of hits, whereas high receptor densities ensure a larger and
higher hit range at lower probability values. In case 7o > Tdom, i.€. Tdom =45
and 32 nm, the minimum number of hits that can be reached is limited. This can
be seen for instance by comparing the graphs of 7,1, =8 nm in Figure 4.5(a) and
Figure 4.5(b): the number of positive binding events in (a) can become thirty,
while in (b) the number of positive binding events is limited to about ten. Thus,
if the object is larger than the domains, the only way for the cell to achieve a
larger number of positive binding events would be by packing the receptors more
densely. Naturally, there is a physical limit for the packing of the receptors,
ultimately given by the size of the receptors. Therefore, if the domain becomes
slightly smaller than the object, the domain properties restrict the number of
possible binding events. If the domain becomes slightly larger than the object,
the domain packing capacity as well as the object size restrict the number of
possible binding events. To maximize its binding capacity it is more favorable
for the cell to keep the domain size larger than the smallest object size it needs
to bind. In this case, it makes no difference in probability how a certain domain
density is obtained, either by changing domain size or by content.

For comparison, the probability distribution for an accidental encounter of
a cell surface containing domains with distributed size and packing density as
measured for DC-SIGN and an object (705; =501nm) is shown in Figure 4.5(a). It
is notable that this graph equals to a certain extent the results of the simulation in
which an object encounters a surface containing domains with a fixed molecular
density of 10 receptors per domain also shown Figure 4.5(a). This is due to the
fact that the fixed molecular density used is similar to the mean value of the
measured distribution. Like the calculated graph in Figure 4.4, higher hit values
are lacking in case of fixed domain properties. The distribution of DC-SIGN
domains contained a high percentage (48% and 42%) of low density domains (3
and 10 receptors per domain respectively) and a low percentage (5%) of higher
densities (50 and 100 receptors per domain). By applying the corresponding
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Modeling the functional cell surface profile

weight factor to the probability plots of fixed domain properties (3, 10, 50 and 100
receptors per domain) and adding all plots, a total weighted graph was created in
Figure 4.5(a). As expected, the weighted graph resembles the probability curve
with the measured DC-SIGN domain distributions, demonstrating that the cell
makes use of a variety of molecular densities to achieve a high hit probability as
well as a large range in the number of positive hits.

4.3.3 Optimization of the domain distribution

So far, it has been shown that the cell can optimize its domain properties for
an object - cell encounter with a small object to assure a certain minimum num-
ber of positive hits, i.e. possible binding sites. Next, we searched for the opti-
mum domain density and spatial domain distribution to bind a small object with
Tob; =50nm at a given receptor density on the surface (30receptors/ umz). By
varying the domain content by two orders of magnitude, i.e. from 3 to 270 recep-
tors/domain, the domain density on the surface changed from ~ 10 domains/ym?
to ~0.11domains/ pum?. The inter-domain distances (7jnzer), measured from
center to center, are obviously dependent on the domain density, thus the mean
inter-domain distances varied from 7jpte, ~ 150 to 1500 nm, by varying the do-
main content. We performed binding simulations for 19 different receptor densi-
ties within the specified range of inter-domain distances and a constant domain
size of rgom =90 nm. Making use of the fact that the hit probability is a function
of the minimum number of binding events and the domain properties, we plotted
the probability as a function of the domain density for different values of the min-
imum number of binding events (Ny,;,) as shown in Figure 4.6(a). To hit at least
10 receptors, a molecular density of ~ 90 receptors/domain is needed. Therefore,
the graph of N,,;, =10hits starts at rjuser ~850nm. In all four graphs, the hit
probability decreases for increasing inter-domain distances, i.e. increasing molec-
ular packing density. This is true for all N,,;, values because the high packing
density of the domains leaves behind large uncovered areas, reducing the hit prob-
ability. In case less than four positive hits are necessary for stable object - cell
binding, the hit probability exhibits a peak, indicating that the specific combi-
nation of inter-domain distribution and molecular content is optimal to bind an
object of 50 nm with at least 2,3 or 4 hits. At smaller inter-domain distances,
the molecular density per domain is too low to establish enough positive hits and
thus achieve a sufficient binding strength (larger than N, =2).

We performed a second set of similar simulations in which the object size
was increased to 7op; =250 nm, shown in Figure 4.6(b). An optimum is observed
for Npin =10hits, corresponding to an inter-domain distance of ~425nm and
20 receptors/domain. The graph with threshold N, =3 hits, shows that if only
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Figure 4.6: Optimum domain distribution for object - cell binding. Probability to hit
more than Ny, =2,3,4,10 and 30 receptors as a function of the inter-domain distance.
The plots are derived from encounter simulations of domains with fixed object and do-
main sizes with varying domain densities. (a) Probability plot with 740, =90nm and
Topj =950nm. For convenience, the equivalent values for the domain density and the
number of receptors per domain are given in the lower axes. (b) Probability plot with
Tdom =901m and 7,; =250nm. (c) Probability plot with rgom = 70p; = 250 nm.

few molecules are sufficient to establish a successful object - cell bond, many do-
mains with a low receptor density at small inter-domain distances are preferen-
tial. As an extreme case, randomly distributed molecules are preferential in case
of a small N, (about one). Figure 4.6(c) shows the probability as function
of the inter-domain distance in case both the object and domain are large, i.e.
Tobj = Tdom = 250 nm. The trends are similar to Figure 4.6(b), although the opti-
mum for Ny, = 10 hits is shifted to ripter~ 600 nm, i.e. higher receptor density.
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4.4 Discussion

The simulations of a random object - cell encounter with different types of molec-
ular surface distributions indicate that the basic binding properties of a cell are
dependent on the combination of the object size and the spatial organization of
receptor molecules on the cell membrane. More specifically, molecular receptor
domains are beneficial in order to increase the number of possible bonds if their
size becomes comparable to the size of the object, as demonstrated in Figure 4.4.
In all simulations, receptors or receptor domains were considered randomly dis-
tributed on the cell surface. The same figure showed that for large object sizes,
the spatial distribution of receptors on the cells becomes less critical, due to a
larger contact area between object and cell which ensures good overlap with a
large number of receptor molecules. The cartoon in Figure 4.7 illustrates the
effects of a random and a clustered type of organization of receptor molecules on
the cells capability to bind small and large objects.

small object

smaE;Ir:GI?)ject (bound)

t large ob l large ob
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Figure 4.7: (a) A large contact area ensures multiple interactions with randomly spread
individual receptor molecules. As a small object can not bind many receptors simulta-
neously, it is not capable to obtain stable object-cell binding. (b) A clustered type of
receptor distribution ensures multiple bonds for both large and small objects, enabling
binding of both types of objects.

Recently, the relation between the spatial distribution of surface receptors
and the binding capacity of cells was experimentally demonstrated for dendritic
cells [184]. In the experiment, 40 nm polystyrene beads, mimicking the size of
a virus, were coated with the human immunodeficiency virus (HIV) envelope
protein gpl120. Whereas imDCs, having the pathogen recognition receptor DC-
SIGN organized in a clustered way (see also Chapter 3) were able to bind the
beads, intermediate developed DCs, having randomly distributed individual DC-
SIGN on their surface, did not bind the beads. Interestingly, both cell types did
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bind gp120- coated particles of 1 um in diameter as a result of the large contact
area of the 1 pum particle which always accounts for multiple DC-SIGN - gp120
interaction sites, regardless of the spatial organization.

From both our simulations and the binding experiments it follows that do-
mains appear necessary to bind small objects, suggesting that imDCs solve the
problem of the small contact area of most viruses by locally increasing the DC-
SIGN density. Our simulations show that the combination of a large range in
packing density plus a specific domain size, as seen for DC-SIGN, is ideal to opti-
mize the pathogen binding capability of imDCs. First, the cell exploits the large
range in receptor densities to profit both the high hit probability and a large hit
range. Second, the observed DC-SIGN domain size (rgomain ~901nm) is slightly
larger than the smallest virus particles (ropject ~20nm) that bind to DC. This is
favorable for the number of positive hits in an encounter as this number is lim-
ited by the virus size. Because the domain sizes influence the binding probability
for small objects, we hypothesize that the domain size is specific for these small

objects.
Using Figure 4.5 it was shown that for ro; <rgom, the origin of packing

density, i.e. a change of the number of receptors or the domain size, did not
significantly influence the hit probability. However, if rop; > Trgom, the domain
packing density and the domain size restrict the maximum number of hits. In-
terestingly, DC-SIGN domains on imDCs showed a large spread in molecular
packing density, mainly caused by a high variety in number of DC-SIGN recep-
tors. Apparently, it is favorable for the cell to vary the domain contents rather
than the size. This hints to an external mechanism driving domain formation
instead of the molecules themselves. Since the simulations show that there is no
apparent difference in how to change density (for rop; >rgom), it appears that
the domain formation is related to the size of the object.

Figure 4.6 shows an interesting aspect on the threshold values. To achieve at
least 2,3 or 4 simultaneous hits, there is an optimum for an inter-domain distance
of Tinter ~ 425 nm. This value corresponds to a molecular density of ~ 20 receptors
per domain with r;,,4-q ~ 18 nm. These numbers are in very good agreement with
measurement data of DC-SIGN domains from chapter 3, i.e. riyter ~450nm and
a mean value of ~ 10 molecules per domain. Apparently the imDC has also
optimized the spatial distribution of DC-SIGN to obtain the highest probability
of binding. Because the optimum vanishes for higher threshold values, we propose
that there is a preferred threshold value for the number of possible binding events.
This value is larger than one because the cell forms domains, and smaller than
four, according to Figure 4.6.
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Our results explain some aspects of the good binding capability of immature
dendritic cells (imDCs) to various types of objects using DC-SIGN. This molecule
contains a carbohydrate recognition domain (CRD) [166] that has a high affinity
for various envelope proteins of pathogens, e.g. gpl120, E2, E and GP proteins
on the human immunodeficiency virus (HIV-1) [162], Dengue virus [168], Cy-
tomegalo virus (CMV) [169], Ebola virus [170] and Hepatitis C virus [171,172],
respectively. In addition, imDCs are also able to bind microbacteria, such as
Leishmania [173], Candida Albicans [174] and mycobacterium [175-177]. As the
simulations showed a dependence between the size of the object and the cells
binding capability, an overview of sizes and morphology of pathogens that can
bind to imDCs is given in Table 4.1. Note that the average diameter of a DC-
SIGN domain is ~ 185 nm, similar to the typical size of a virus.

pathogen diameter shape
HIV-1 70-110nm icosahedral
Dengue 40- 60 nm spherical
Cytomegalovirus 130-200 nm icosahedral
Ebola 0.7-1.4 ym x 10 nm rod
Hepatitis C 40-50nm spherical
leishmania 2.5-5pum spherical
candida 2-Tx 3-8 pm oval
mycobacterium TBC ~ 0.3 x 3um rod

Table 4.1: Sizes and shapes of viruses [203] and bacteria [204,205] that can bind to
imDCs.

Although the affinities of DC-SIGN to a glycoprotein as gp120 and E2 are
high, i.e. 1.3 nM [206] and 3 nM [171] respectively, on-off rates of individual
bonds may require more than one binding event to maintain a stable virus-cell
bond. From Figure 4.4 a threshold value was found for the minimum number of
positive events, which indicated that if more positive binding events are needed
for a stable cell-object bond, the receptors have to be clustered in domains. Thus
indirectly, the threshold value provides information about the object to be bound
in terms of size and affinity. The threshold values that we have estimated in our
simulations may deviate from the real number of possible binding events that are
needed for successful binding for several reasons. First, in the simulations the
envelope of the pathogen, i.e. the object, is considered fully covered with enve-
lope proteins. Regarding the pathogen sizes in table 4.1, the protein coverage of
the pathogen’s envelope is likely to be more critical for viruses than for bacteria.
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Therefore, we will focuss on the viruses in table 4.1, which have a well defined
structure, containing evenly dispersed surface projections of envelope proteins.
For example, the HIV-1 envelope contains 72 glycoprotein trimers (with gp120)
on its surface and the Dengue surface contains 90 glycoprotein dimers [207].
DC-SIGN binds to both type of protein ’spikes’. Considering the size of these
virions, the protein spikes are distributed at a mutual distance of typically 5-
10nm. Also the morphology of Ebola is known to contain glycoprotein spikes
at a typical distance of 10nm [203]. In contrast, the average nearest neighbor
distance of individual DC-SIGN receptors is about 40 nm, as estimated in Chap-
ter 3, Figure 3.7. Therefore, in this case, the DC-SIGN density seems to form
the bottleneck rather than the density of the envelope proteins. Second, on-off
rates of individual protein bonds are not considered. On-off rates are particularly
important for binding small objects, because their small contact area can lead
to only a few bonds. This may cause an overestimation of the number of bonds.
Third, cooperative effects, such as multiple binding sites, oligomerization or steric
hindrance effects are not considered in this simple model. It is known that co-
operativity plays a role in the functioning of DC-SIGN, as recent in vitro studies
have shown that the extracellular domain of DC-SIGN enables the formation of
tetramers, enhancing the affinity to certain viruses [171,181]. In addition, steric
hindrance effects occurring after tetramer formation, ensure selectivity [171, 208]
and may lead to a deviation of the found threshold values.
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4.5 Conclusion

We have developed a simple model that describes the probability of a cell to have
a certain number of molecules joining the contact site in the initial encounter with
an external object. Simulations of our model have shown that receptor clustering
is particularly favorable to enhance the hit probability in a random object - cell
encounter if the domain size becomes comparable to the size of the object. To
bind objects with a large contact area, the precise receptor distribution on the
cell surface has only minor influence. The simulations have shown that there is an
optimum receptor distribution for the very first stage of cell - pathogen binding,
considering the number of domains, the number receptors per domain and the
minimum number of required receptors. The simulations support the hypothesis
that the specific spatial organization of DC-SIGN on the membrane of imDCs,
as measured in Chapter 3, is optimized for the pathogen - binding properties of
imDCs. In particular, as a single receptor can not establish a stable binding due
to the on-off rate of the bond, the cell can ensure stable binding by domains.
Therefore, Nature seems to optimize the spatial organization of receptors on the
membrane, while minimizing their production. After the first contact, many
other processes may take over to enhance, stabilize, or utilize the binding, like
cooperativity [209] and protein recruitment [187]. Nevertheless, success of the
initial binding is highly dependent on the geometric organization of the receptors
on the cell membrane.
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Chapter 5

Counting and localizing single
molecules by photobleaching

Discrete photobleaching, leading to the sudden termination of fluorescence is rec-
ognized as one of the clear signatures of an individual fluorescent molecule. This
chapter demonstrates how photobleaching can be used to determine the molec-
ular stoichiometry of densely packed areas, i.e. counting the number of single
molecules. Furthermore, successive bleaching of a sequence of NSOM images has
been used to resolve densely packed areas, allowing localization and reconstruction

of the position of individual molecules on the membrane of dendritic cells with
nanometer accuracy.
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5.1 Introduction

The spatial resolution of any optical microscopy method sets an upper limit to
the molecular density that allows identification of single molecules. To enable
single molecule detection with NSOM, for instance, the molecular density should
be typically less than about 100molecules/um?. In Chapter 3, the spatial or-
ganization of receptor domains on the membrane of immature dendritic cells
(imDCs) was investigated using NSOM. Because of the high packing density, no
individual molecules could be resolved within the domains. As a consequence,
the fluorophore density of each domain was estimated using both the integrated
intensity of the domain and the typical single molecule intensity as determined
from a single molecule intensity distribution. Furthermore, assuming that the
labeled proteins were randomly distributed within the domain, the average intra-
domain distance was estimated. Obviously, a more direct method to gain insight
into the real spatial construction of these domains is desirable. Identification of
individual fluorescent molecules within densely packed areas is only possible if
the molecules under study exhibit unique optical characteristics, such as distinct
spectral properties or different fluorescent lifetimes, which can be used for imag-
ing [148,150,210,211]. Here we demonstrate how photobleaching, as a unique
time dependent single molecule property, can be used to resolve molecules, allow-
ing direct measurement of the molecular stoichiometry of a packed system. Thus,
without assumptions or intensity averaging, molecules are isolated and counted
within densely packed regions. Moreover, in this chapter we will make use of
successive photobleaching to accurately determine the position of molecules in
densely packed areas, using the fact that the molecules also exhibit a unique
spatial position.

Photobleaching is the irreversible change in molecular structure due to a
photochemical reaction, causing the molecule to stop emitting and/or absorbing
photons [89,98]. In practice, for molecules in aqueous solution at room temper-
ature photobleaching occurs after emission of roughly 10° photons, limiting the
observation time to a few seconds [94]. Figure 5.1 shows a typical time trajec-
tory of the fluorescence emitted by a single molecule, exhibiting one irreversible
photobleaching step at time ¢ = 17s, after emission of ~ 1.5-10% photons. Despite
its obvious disadvantage, one can exploit photobleaching to count the number of
fluorophores within the illumination spot, e.g. to determine the number of in-
dividual chromophores in multichromophoric systems [212-214] or to determine
the number of closely packed autofluorescent molecules in a living cell [107].
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Figure 5.1: Fluorescence time trajectory of a single molecule (Cy5) measured on two
perpendicular polarization channels at an excitation intensity of 600 W/cm?. The total
emitted fluorescence count rate (black line) is obtained by adding the signals of the two
channels.

5.2 Stoichiometry: counting single molecules

A typical system where one gets confronted with closely packed fluorophores is
a fluorescently labeled antibody, which usually contains 1-5 fluorophores. Ob-
viously, both the average labeling efficiency, i.e. fluorophore to antibody ratio,
and its distribution are important to quantify the number of antibodies and thus
the number of proteins in a fluorescence image. To address this issue we have
estimated the labeling efficiency by imaging isolated Cyb-labeled antibodies and
recording their fluorescence emission in time.

Figure 5.2(a) shows a near-field image of Cy5-labeled antibodies (goat anti-

mouse, (Immunotech - Beckman Coulter, Marseille, France) on a glass substrate
at a concentration of ~ 4 antibodies/um?. The antibodies were attached to the
glass substrate using Poly-L-Lysine and then critical point dried, following a sim-
ilar sample preparation as described in Chapter 3. The image in Figure 5.2(a)
exhibits single molecule fluorescence spots, as evidenced by discrete photobleach-
ing and fluorescence blinking. The average count rate detected from a single Cy5
molecule was 8kents/s at 600 W/cm? excitation intensity.
Figure 5.2(b) shows the time dependent fluorescence signal of the spot encircled
in Figure 5.2(a). The two successive photobleaching steps, with a step size of
8kents/s, indicate the presence of two Cyb molecules within the illumination
spot.
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Figure 5.2: (a) Near-field image of Cy5-labeled antibodies with a scan size of 3 x 3 ym?
(256 x 256 pixels) and excitation intensity of ~600 W/cm?. (b) Time trajectory of the
bright encircled fluorescent spot in (a) at 2ms acquisition time (binning 100 ms) with
polarization contrast.
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Figure 5.3: (a) Average intensity of fluorescent spots (individual antibodies on glass) as
function of the number of photobleaching steps, i.e. the number of Cy5 molecules. Every
black dot corresponds to a fluorescent spot. (b) Intensity distribution of 552 fluorescent
spots from seven different confocal images.
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5.2 Stoichiometry: counting single molecules

Similar samples containing Cy5-labeled antibodies on a glass substrate at a
concentration of ~ 2 antibodies/um? were also imaged with confocal microscopy.
Fluorescence time trajectories of about 20 spots were recorded with 0.5 ms ac-
quisition time. For each time trajectory, the number of photobleaching steps was
counted and related to the integrated intensity of the spot after background sub-
traction. The correlation between spot intensity and number of photobleaching
steps is shown in Figure 5.3(a). The slope of the linear fit in Figure 5.3(a) indi-
cates an average single molecule count rate of 7.5 kents/s at 600 W /cm? excitation
intensity.

The average intensity of 552 diffraction limited fluorescent spots was mea-
sured and included in the intensity distribution of Figure 5.3(b). As the number
of fluorophores per area in the images matches the concentration of the antibody
solution, each fluorescent spot is attributed to one antibody. Therefore, the inten-
sity distribution gives insight into the labeling efficiency of the antibodies. Using
the average single molecule intensity, the intensity count rates in Figure 5.3(b)
are converted to the number of Cyb molecules. The distribution has a width of
18.4kents/s and a mean value of 25.6 kents/s, corresponding to a width of 2.3 Cyb
molecules and an average of 3.2 Cy5 molecules per antibody.

Quantitative analysis by photobleaching on cells

In contrast to the relatively low number of fluorophores attached to an antibody
as discussed in the previous section, Figure 5.4(a) shows the fluorescence image
of a T cell, containing domains of densely packed labeled membrane proteins.
Figure 5.4(b) shows a time trajectory of one of these domains.

During the first 20 seconds, the high fluorescence intensity decays exponentially,
similar to the photobleaching of a bulk sample. With the decrease in intensity,
the photon shot noise also decreases as it is proportional to the square root of
the number of photons counted. After 21seconds, the shot noise has become
low enough to distinguish discrete steps in the time trace. Each step, with a
mean step size of ~ 2kents/s is caused by photobleaching of one Cy5 molecule, at
200 W/cm? excitation intensity. Note that the excitation intensity used is lower
than in the previous experiments (see Figure 5.1- 5.3), causing a lower single
molecule count rate. Eight single molecule steps are distinguished.

A similar stoichiometry analysis was performed on time trajectories of fluorescent
spots imaged on dendritic cells. In each time trace the number of discrete steps
was counted. Obviously, in case of high intensity spots, the number of steps could
only be counted below a certain intensity, which in most cases corresponded to
seven or eight remaining fluorescent molecules. Then, the intensity difference
between the top level of the first step and the background signal was plotted
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Figure 5.4: (a) Near-field image of a T cell containing Cy5-labeled IL15R« membrane
proteins (see also Chapter 6). The image was acquired at an excitation intensity of
~200 W/cm? with a scan size of 5 x 5um? (256 x 256 pixels). (b) Fluorescence time
trajectory of the spot marked with the white circle in (a). The black graph shows the
total signal of the two orthogonal polarization channels (red and green graphs). Discrete
photobleaching steps are indicated by the red line in the zoom in of the time trace between
t =20 and 120s.
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Figure 5.5: Intensity difference between the first step in the time trace of a fluorescent
spot and the background signal as a function of the number of discrete steps. The
spots were measured with NSOM on the cell membrane of four different dendritic cells
containing Cyb5-labeled DC-SIGN. Each cell is coded by a different symbol in the graph.
The dashed line indicates the average linear fit of all four measurements, with a slope of
4.0+ 1.6 kents/s at an excitation intensity of 500 W /cm?.
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5.2 Stoichiometry: counting single molecules

as a function of the total number of counted photobleaching steps, as shown
in Figure 5.5. From Figure 5.5 it follows that the average intensity of a single
Cyb molecule, labeled to DC-SIGN via antbodies, is ~ 4 kents/s at an excitation
intensity of 500 W/cm?.

Reconstruction of molecular domains

We have extended the stoichiometry analysis to densely packed areas, larger
than the illumination spot. Figure 5.6 shows one confocal and two near-field
zoomed in images of Cyb-labeled DC-SIGN proteins, clustered in domains on the
membrane of a dendritic cell. Although NSOM reveals more details than confocal
microscopy, still the fluorophores within the domains are too densely packed to
be distinguished individually. Therefore, we have successively imaged the area
shown in Figure 5.6(c) in order to resolve the individual fluorophores within the
crowded areas A and B after successive photobleaching. The sequence of NSOM
images is shown in Figure 5.7.

(a)

Figure 5.6: (a) Confocal image of Cy5-labeled DC-SIGN on the membrane of a dendritic
cell. Scan size is 17x 17 um? (256 x 256 pixels). The fluorescence signal is color-coded
according to the detected polarization, red=0°, green =90°. (b) Near-field zoom in of
the white boxed area in (a) of 6x 6 yum? (256 x 256 pixels). (c) Near-field zoom in of the
white boxed area in (b) of 2x 2 um? (256 x 256 pixels).

As the intensity decreases, individual fluorescent entities become visible (e.g.
see frame 16 of Figure 5.7, domain A) and finally discrete photobleaching of indi-
vidual molecules is observed. Thus, the fact that the molecules bleach at different
locations and different moments in time enables unraveling of the molecular con-
tent of the domain. For each frame, the integrated intensities of domains A and
B are plotted in Figure 5.8 as black symbols. The resulting graphs resemble reg-
ular time trajectories, though measured over a large area with a long integration
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Figure 5.7: Sequential imaging (24 frames in total) of the same area of 2x 2 ym?
(256 x 256 pixels) on a dendritic cell, containing DC-SIGN proteins attached to Cy5-
labeled antibodies. The integration time per pixel was bms. Excitation intensity was
500 W/cm?. To guide the eye, the contours of two molecular domains (A and B) are
drawn. For optimal visualization, the intensity is scaled per image, enabling to discrim-
inate single molecules in the final images.
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Figure 5.8: Domains A and B described in terms of intensity (left vertical axis) and
number of Cy5 molecules (right vertical axis) as function of the frame number. The black
data points (see left y-axis) are measured by integrating the intensity of the domain in
each image (domain A:circles; B:triangles). The black line shows a mono-exponentially
decaying fit for the intensity decrease in the first 15 frames. The red and green data
points show the number of Cy5 molecules (see right vertical axis). The red data points
are measured by counting the number of bleached molecules from the intensity images.
The green data points are measured by counting the number of bleached molecules from
the difference between successive images. Using the total integrated intensity of a single
molecule of ~ 35000, the left and right axis show the same intensity range. Frames 1, 7,
13 and 23 of domain A are shown in the insets.
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Figure 5.9: Image subtraction method. The total signal of the first and last six images
of the sequence are shown in gray. The difference between two successive images are
shown as the rainbow colored images (red is a large difference in signal and black is a
small difference).
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Figure 5.10: (a) Spatial reconstruction of domain A, taking into account images 16 to
24. The black dots, indicating the position of individual molecules, are super-imposed
on image image 15. (b) Nearest neighbor distance distribution of the Cy5 molecules in
domain A (a).
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time. Going backwards in time from frame 24 towards frame 1, we can localize
and count the number of individual fluorophores in each frame, making use of
typical single molecule signatures. The number of fluorophores obtained in this
way is plotted as function of the frame number in Figure 5.8 as red symbols.
Unfortunately, this method is not applicable if the intensity becomes too high
and molecules are too closely packed. Therefore, the domains can only partially
be reconstructed within a limited number of frames, i.e. from frame 24 up to to
frame 16 for domain A and from frame 11 to frame 7 for domain B. To overcome
this limitation, the total intensities of successive images are subtracted. The re-
sulting difference images clearly exhibit bleached molecules, located at different
positions, as shown in Figure 5.9. Using the difference images, single molecules
could be identified in domain A from frame 16 down to 11 and in domain B
from frame 6 to 3 (green symbols in figure 5.8). However, this method also can
not be extended to frame 1, because if the shot noise in an area becomes larger
than the single molecule intensity, difference images of that area can not reveal a
single bleached molecule. This is apparent from the first five difference images in
Figure 5.9, where the shot noise in domain A results in a homogeneous intensity
difference.

Simultaneously with the identification of a single molecule, its position can
be determined by fitting the intensity profile to a 2D Gaussian. In this way,
the stoichiometry as well as the spatial organization of a molecular domain can
be determined. The signal to background ratio of a single Cy5 molecule is only
2.4 in these images. Therefore, the localization accuracy of single molecules in
Figure 5.7 is ~6nm, using a similar procedure as in Chapter 2. The positions
of molecules, identified from frame 24 down to frame 16 are plotted on top of
image 15 in Figure 5.10(a). Having pinpointed the positions of the Cy5 molecules
within a domain, we are now able to reconstruct a nearest neighbor distance (nnd)
distribution of fluorophores based on real positions. The nnd distribution of all
molecules within domain A in frame 16 is shown in Figure 5.10(b), showing a
typical nnd of 45 nm.
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5.3 Discussion

In this chapter, photobleaching has been used to unravel molecular systems of dif-
ferent densities. Cyb-labeled antibodies can be regarded as low density systems.
The labeling efficiency of individual antibodies has been directly determined by
counting the number of discrete photobleaching steps from a fluorescence time
trajectory, as shown in Figure 5.2(b). Relating the number of bleaching steps to
the intensity count rate of a fluorescent spot, the average single molecule inten-
sity has been determined, as shown in Figure 5.3(a). Using the average single
molecule intensity, the intensity count rate from isolated antibodies was converted
to the number of attached Cy5-molecules, being 3.2 Cy5 molecules per antibody.
The measured labeling efficiency corresponds well to the specifications provided
by the manufacturer, i.e. 2-4 Cyb dyes per antibody. In Chapter 3, the same
type of antibodies have been used to fluorescently label DC-SIGN proteins. The
intensity distribution of all fluorescence spots, as shown in Figure 3.4(a), has a
peak value of 3.5 Cyb molecules, which corresponds to the labeling efficiency of
the antibodies as measured here. Therefore, the main peak in the intensity dis-
tribution of Figure 3.4(a) can be attributed to the labeling efficiency and thus to
individual DC-SIGN proteins, assuming one labeled antibody per protein.

In contrast to the labeled antibodies, fluorescence time traces of densely
packed systems, such as the molecular domains shown in Figure 5.4(a), merely re-
semble the bleaching curves of a bulk sample. This is evident from the time trace
in Figure 5.4(b), where in the first 20 seconds the intensity decays exponentially
without showing discrete steps, due to a large contribution of shot noise. The
characteristic bleach time of the time trace is 16.5s, as determined by fitting the
time trace to an exponential decaying function. After ¢t =21s the shot noise has
become low enough to distinguish discrete steps in the time trace. Schmidt et al.
defined this limit for counting the number of colocalized fluorescent molecules as
’stoichiometric resolution’ [100, 215]. Each step in Figure 5.4(b) bridges an inten-
sity difference of ~2kents/s. After background subtraction, the last remaining
fluorescent molecule has an intensity of i; = 2.1 kents/s with a standard deviation
o1 =0.7kents/s. For n fluorescent molecules in close proximity, the measured in-
tensity becomes n-i; ++/n-o1. Obviously, the bleaching step of a single molecule
can be counted as long as the error is smaller than the single molecule signal.
Therefore, the maximum number of molecules that can be counted (nm4z), i-€.
stoichiometric resolution, is given by \/Mmaez - 01 < i1, i.e. Nypae <9 in Fig-
ure 5.4(b). Indeed, eight discrete photobleaching steps are clearly observed from
t=21s to t=120s, bridging a total difference signal of i,, = 16.7kents/s. The
large step of ~5kents/s at t =19s is likely to be due to simultaneous bleaching
of 2 or 3 fluorophores. Taking into account the single molecule count rate of
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2.1kents/s, the intensity at ¢ =0s corresponds to ~ 40 Cy5 molecules.

Both the stoichiometry and the spatial organization within densely packed
molecular domains have been measured by sequential imaging of the same area,
as shown in Figure 5.7. Starting with the final image in the sequence, working
backwards in time towards the first image, individual molecules could be counted
as well as localized in the intensity images. This method is much more accurate in
order to determine the stoichiometry of a sample than using intensity integration,
because all fluorescent molecules are individually counted, without using average
intensity values. However, this type of analysis can be performed as long as
the single molecule character dominates over the bulk behavior, i.e., when the
number of molecules present in the illumination spot is such that their unique
properties such as orientation, discrete emission and spatial distribution can be
distinguished individually. Therefore, the stoichiometry could not be determined
in the first few frames of Figure 5.7. To extend the analysis to a larger number of
frames, difference images of successive frames have been used. The applicability
of the difference images for stoichiometry is limited by shot noise within the
illumination spot, i.e. the stoichiometric resolution. In total, about 35 molecules
could be counted individually within both domain A and B, i.e. the total number
of non-bleached molecules in frame 11 and frame 3, respectively. As domain
A has an area of 0.67 yum? and domain B an area of 0.46 um?, the molecular
densities of the domains in frame 11 and frame 3 are 52 and 76 molecules,/ym?,
respectively. By taking advantage of the integrated intensity analysis shown in
Figure 5.8, one can derive an intensity ratio between frame 1 and frame 11 of
3.6 for domain A. Assuming that the spatial organization of frame 11 is similar
to the organization in frame 1, the number of fluorophores in frame one is about
3.6 x 16 =112 molecules. Accordingly, the intensity ratio between frame 1 and
frame 3 for domain B is 2.2, giving the number of fluorophores in frame one
to be 2.2 x 34 ="75molecules. Because of blinking and bleaching of molecules,
the intensity integration of domain A and B, as depicted in Figure 5.8 by black
symbols, results generally in lower molecular densities than in case molecules are
counted one by one. Figure 5.8 shows the validity of the intensity integration
method (black symbols) in comparison to the sequential imaging method (red
and green symbols). For these samples, i.e. labeled DC-SIGN on imDCs, the
deviation of the intensity integration method and pure stoichiometry can become
more than 20% for domains containing more than 40 fluorescent molecules as
is the case for about 20% of all investigated fluorescent spots in Chapter 3, see
Figure 3.4(a).

A unique advantage of sequential imaging is the possibility to directly mea-
sure the positions of individual fluorophores while counting them. In this way,
direct information on the intra-domain positions of fluorophores is obtained, al-
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lowing spatial reconstruction of a densely packed domain. Figure 5.10 shows the
positions of 15 fluorophores within domain A for frame 16, with a localization
accuracy of 6nm. We can now directly measure the nearest neighbor distances
(nnd) between fluorophores and build up a nnd distribution without making any
assumptions on the distribution pattern. The nnd distribution of the molecules
in domain A of Figure 5.10 is shown in Figure 5.10(b). The distribution peaks at
nnd~ 45 nm, which is less than expected for a random distribution at this fluo-
rophore density, i.e. ~105nm. Thus, the distribution pattern of the fluorophores
is not random, which is probably related to the fact that the fluorophores are
attached to antibodies and therefore distributed as small bunches. Still, the real
positions of the proteins are unknown, i.e. their distribution might be random.
Therefore, full exploitation of this method can only be achieved using autofluo-
rescent proteins.

5.4 Conclusions

Photobleaching is a useful phenomenon to be exploited for stoichiometric analy-
sis of fluorescence images. By counting the number of photobleaching steps in a
fluorescence time trajectory the number of fluorophores within the illumination
spot can be determined. In this work, fluorescence time trajectories of individ-
ual Cyb-labeled antibodies have been used to determine the labeling efficiency
distribution with on average 3.2 Cyb per antibody. The emitted count rate of
a single fluorophore can also be measured on fluorescence time trajectories of
densely packed areas. Quantification of the single molecule intensity allows nor-
malization of the overall image intensity and estimate the number of fluorophores
per area. If the fluorophores are used as protein labels, the image intensity in
combination with the labeling efficiency allows to estimate the number of pro-
teins. A particularly useful way to reveal the spatial organization of fluorophores
using photobleaching is by sequential imaging of the same sample area. By sub-
tracting successive images, the number and location of bleached molecules can
be measured. In this way, the high localization accuracy (~6nm in Figure 5.7)
obtained by NSOM can reveal the spatial organization of the fluorophores within
a domain and allow molecular reconstruction of domains. Although this method
provides more knowledge on the accurate positions of closely packed molecules,
it is still limited by shot noise and therefore it can not be extended to highly
packed systems.
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Chapter 6

Organization of Interleukin receptors
on T cells

This chapter focuses on the mano-scale organization of two types of Interleukin
receptor proteins (IL-2Ra and IL-15Ra) expressed on the membrane of T cells.
These proteins are essential for cell signaling, playing both similar and contrasting
roles in cell functioning. Combined confocal/NSOM imaging on T cells has shown
the existence of nano-domains of IL-2Ra and IL-15Ra ~ 400nm in size. The
single molecule sensitivity of our microscope allows quantitative investigation of
the molecular packing density of the domains, giving direct insight into inter-
molecular distances in the nanometer range. The relative spatial distribution of
the two different domains has been investigated by dual color near-field excitation
and detection experiments, revealing co-localization of both IL-2Ra and IL-15Ro
domains. Furthermore, our experiments provide direct information about the
fractions of both IL-2Ra and IL-15R« residing outside the domain regions.
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6.1 Introduction

This chapter takes us to a later stage in the immune response, i.e. the initiation
of the adaptive immune system in which T cells are activated by antigen pre-
senting cells, as briefly described in Chapter 1. The growth, differentiation and
proliferation of activated T cells is regulated by cytokines. These small proteins
bind with high affinity to certain cell surface receptors. Upon binding, cytokines
induce a series of intracellular signals that lead to specific cell responses, e.g.
proliferation [10,216]. Amongst the various cytokine receptors in our body, re-
ceptors I1.-2R and IL-15R are closely related in structure and function and found
on activated T cells [216-218]. Remarkably, cytokine binding to these receptors
sometimes induces opposite cell behavior, an issue that is not well understood at
present [216-219]. The reasons for this dissimilar behavior might be related to the
expression [218] and/or expression pattern of these molecules on the membrane.
Therefore, in this research we have studied the absolute and relative spatial or-
ganization of IL-2R and IL-15R, using near-field optical microscopy with single
molecule sensitivity.

6.2 Interleukin receptors IL-2R and IL-15R

6.2.1 T cell activation

As explained in Chapter 1, after the DC has taken up antigens at the site of
infection, the cell develops into a mature DC. The matured DC expresses the
ingested foreign protein fragments or antigens at its surface by a protein com-
plex structure, i.e. the major histocompatibility complex (MHC). When the DC
encounters a naive cytotoxic or helper T cell that recognizes the foreign protein
fragments, it can activate the T cell to differentiate and proliferate into effector
cells. These effector cells are capable of fighting the infection either by killing
infected cells (cytotoxic T cell) or stimulating other immune cells (helper T cell).
Activation is achieved if a mature DC delivers two independent signals to the
naive T cell, as shown in Figure 6.1 [10].

6.2.2 The role of IL-2R after the activation of T cells

After activation, the T cell starts to produce and secrete a cytokine, interleukin
2 (IL-2), also referred to in the literature as CD25 or Tac [10]. In the early stage
of activation, IL-2 controls the multiplication of the T cells by stimulating cell
growth [220]. This ensures continuation of the immune response. The receptor for
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mature DC
MHC complex—» co-stimulatory molecule
antigen —»
MHC receptor — receptor

naive T cell

Figure 6.1: Dendritic cell activates T cell. The activation requires two independent
signals delivered from one mature DC. These signals are generated upon binding. Signal
1 is delivered when the MHC-complex, that carries the antigens, binds to the MHC-
counter receptor. Signal 2 is a co-stimulatory signal, provided by specific co-stimulatory
proteins, that is only effective if it is delivered by the same cell [10].

IL-2 (IL-2R) exists in three forms that differ in binding affinity to IL-2 [216, 218,
219]. The low affinity form (K4 =10"%M) is a monomer of the a subunit IL-2Ra
not involved in signal transduction. The intermediate affinity (K4 =10"M) form
consists of a -7, subunit heterodimer, while the high affinity (Kq=10"1M)
form is a heterotrimer, consisting of all three «, 3 and v subunits. While IL-2RS
and IL-2R~, are produced by both resting and activated T cells, only activated
T cells synthesize a large amount of IL-2Ra [136].

Both the intermediate and high affinity forms of the receptor are involved
in cell signaling, as depicted in Figure 6.2. When IL-2 binds to its receptor, a
whole cascade of secondary binding and signaling events is induced, leading to
an up and down regulation of genes which are related to T cell proliferation and
survival [219]. Because of the autocrine nature of this mechanism, a T cell can
continue to proliferate after it has detached from the antigen presenting cell and
also stimulate other nearby activated T cells.
FRET measurements on the different subunits of the IL-2R trimer have been
performed on T cells, revealing that the three subunits are in close proximity [199].
Pre-assembly of a, 3 and 7. in clusters has been observed even in absence of
IL-2. However, the presence of IL-2 modulates the relative distances between
the subunits, resulting in a compact form of the high affinity form of IL-2R.
Oligomerization of the 4 and ~,. subunits increases cell signaling ability and was
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Figure 6.2: From naive to activated T cell. (a) The naive T cell expresses an inter-
mediate affinity form receptor for I1-2, a heterodimer consisting mainly of IL-2R3 and
IL-2R7y.. The intracellular part of these molecules are linked to signaling molecules within
the cell. (b) The activated T cell expresses the high affinity receptor for IL-2, consisting
of IL-2Rq, B and ~,.. Simultaneously, the cell produces and secretes cytokine IL-2. (c)
The secreted I1-2 molecules bind to the high affinity IL-2R complex. Upon binding a
signaling cascade is triggered, which results in the differentiation and proliferation of T
cells.

only observed in presence of IL-2Ra [221]. Therefore, it has been hypothesized
that IL-2R« is not only critical for the formation of a high affinity receptor, but
also for the signaling ability of the whole receptor complex [221].

6.2.3 IL-2R and IL-15R: two competing receptors

Receptor structure and function

The IL-2Ra subunit is unique to the high affinity receptor I1L-2R, whereas the
other two subunits, 8 and 7. are shared with another cytokine receptor, IL-
15R [216,218,219]. Similar to the receptor for IL-2, there are three forms of the
IL-15 receptor; a low affinity form (K4 =107"M) consisting of the same 3 and 7.
heterodimer as for IL-2 and a high affinity form (K;=10"''M) consisting of all
three subunits IL-15Ra, 8 and 7., denoted as IL-15R [216]. Interestingly the IL-
15Ra monomer has also a high affinity for IL-15 (K4 =10"'1M) [216]. Although
the a subunits are essential for proper signaling capabilities of the IL-2R and
IL-15R receptors [218, 219, 221], it is not known yet what their specific roles are.
While it is improbable that IL-2R independently generates signals due to its short
cytoplasmic tail [219,221], it is unclear whether IL-15R« is capable of signaling.
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Because IL-2Ra and IL-15R« are structurally related [222], it is not surpris-
ing that binding of IL-2 to IL-2R and IL-15 to IL-15R leads to similar biological
activities. Both cytokines stimulate T cell proliferation and induction of spe-
cific effector cells. However, I1.-2 and IL-15 also facilitate cellular processes that
work exactly opposed to each other [217]. For example, IL-2 plays a key role in
activated-induced cell death of T cells, while IL-15 inhibits this process to extend
the survival of T cells. In addition, IL-15 stimulates the division and survival of
CD8- expressing memory T cells while IL-2 inhibits their proliferation [216, 223].
It remains to be answered which mechanism accounts for the (dis)similarities of
the signals. Due to their signaling capabilities, both IL-2R and IL-15R have been
recognized as attractive candidates for immunotherapy. For example, human-
ized antibodies directed against the IL-2R« subunit cause T cell inactivation to
prevent acute rejection of transplanted kidneys [224]. In conclusion, there is an
important relation between both structure and function of IL-2R and IL-15R, in
which the respective a subunits seem to have a key function to distinguish the
cellular responses upon I1-2 and IL-15 binding.

Spatial organization of IL-2Ra and IL-15R«

In recent experiments by Vereb et al., aimed at elucidating the functional prop-
erties of IL-2R«, immunogold labeling and electron microscopy showed that IL-
2R« clusters on the membrane of human leukemia T cells. Confocal microscopy
studies confirmed the existence of these domains, having a diameter of ~ 500 -
800nm [200]. Moreover, the domains showed co-localization with fluorescently
labeled lipid raft markers. Damjanovich and coworkers suggested that the con-
centration of o subunits within the vicinity of many 3 and 7, molecules in rafts
creates platforms with high affinity to IL-2 and strong signaling capability [201].
Interestingly, in the same study FRET experiments on cell-to-cell basis using
flow cytometry, showed a modest co-localization of IL-2Ra with the Transferrin
receptor (TrfR), which is known to be excluded from glycosphingolipid-enriched
membrane domains [201]. Using endocytosis, this receptor delivers TrfR - bound
iron to the intracellular endosomal compartment. When the iron cargo is re-
leased, the receptor-TrfR complex is brought back to the membrane where the
TrfR molecule is released. In this way both molecule and receptor are recy-
cled [10]. Matko et al. suggested that the association of IL-2Ra with these TrfR
domains may provide an efficient endocytosis-recycling pathway for the excess of
a subunits not involved in signal transduction of these cells [201]. However, clear
proof for the existence of an excess of a-subunits is still lacking.

In contrast to IL-2Ra, much less is known about the spatial organization
of IL-15Ra and its possible relation to IL-2Ra. As both IL-2Ra and IL-15R«
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play a key role in the signaling function of cells, their expression pattern on the
membrane might be related to their specific role in signaling. Therefore, we have
studied the spatial organization of both II-2Ra and IL-15R« on the membrane
of activated T cells.

6.3 Materials and methods

Cell culture and preparation

The experiments have been performed on Kit225 FT7.10, a human cell line of
T leukemia/lymphoma origin that constitutively expresses all subunits of the
IL-2R and IL-15R complexes [225]. The cell line was cultured in RPMI-1640
medium (5% CO2) supplemented with 10 % fetal calf serum and 20 units/ml of
the antibiotics penicillin and streptomycin. To maintain cell growth and division,
20 units/ml human recombinant IL-2 were added every 48 hours. Therefore, the
T cells are considered activated. The culture medium also contained 800 ug/ml
G418 (Genectin) to suppress the growth of non-transfected wild type cells.

Freshly harvested cells were washed twice in ice-cold PBS (pH 7.4). The cell
pellet was suspended in 50 ul PBS (0.5-1 x 107 cells/ml) and labeled by incuba-
tion with 5-10 ug of fluorescently conjugated monoclonal antibodies (mAbs), for
45 minutes on ice. The dye to protein ratio was determined with a spectropho-
tometer. The ratios were ~ 3.9 for Cy5-7TA4-24, ~2.8 for Cy5-7G7, ~2.9 for
Alexad88-TA4-24 and ~ 1.0 for Alexad88-7G7. The IL-2Ra subunit was targeted
with 7G7/B6 mAbs. IL-15Ra was defined with 7A4-24 mAbs. The fluorescently
conjugated mAbs were added as a combination of either Cy5-7G7 and Alexa 488-
7TA4-24 or Cy5-TA4-24 and Alexad88-7G7. The excess of mAbs over the available
binding sites was at least 30-fold during the incubation. To avoid possible aggre-
gation of the antibodies, they were air-fuged at 9 x 10% rpm, for 30 min before
labeling. The labeled cells were washed with excess cold PBS, then put onto a
glass coverslip and fixed with 4% paraformaldehyde for 60 min on ice, and dehy-
drated in an ethanol series.
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Single and dual color near-field fluorescence microscopy

Single color fluorescence experiments of Cy5-labeled proteins on T cells were per-
formed in near-field mode using 647 nm wavelength excitation (Kr* line and 647
FS02-25 excitation filter, Andover Corp.), at an excitation intensity of 200 W /cm?.
Fluorescence emission of Cy5 was collected by a 1.3 NA objective, discriminated
from the excitation wavelength using a long pass filter (AELP665), separated in
two orthogonal polarization channels and detected with two avalanche photodi-
odes.

For dual color experiments two types of samples were used; one type with IL-
2Ra-Cy5 and IL-15Ra-Alexa 488 as protein-dye couples and a second type with
the labeling vice versa, i.e. IL-2Ra-Alexad88 and IL-15Ra-Cy5. The 488 nm
and 647 nm excitation wavelengths were filtered using 488 FS02-25 and 647 FS02-
25 excitation filters, respectively (Andover Corp.). For simultaneous excitation
at 488 nm and 647 nm in confocal mode, a dual band dichroic mirror (XF2041,
Omega Optical Inc.) was placed in the excitation path. Polarization and exci-
tation intensity were adjusted independently before overlapping the two beams
to yield circularly polarized light and an excitation intensity of 200 W /cm?. For
dual wavelength near-field excitation, both wavelengths were coupled simultane-
ously in the Al-coated fiber probe. Again, polarization and excitation intensity
were adjusted independently to yield circularly polarized light and an excita-
tion intensity of 200 W/cm?, as measured in the far-field. Fluorescence emission
was collected with the 1.3NA objective and then spectrally separated using a
565DRLP dichroic mirror (XF2081 Omega Optical Inc.). The dichroic mirror
was placed in the light tight box (see Chapter 2), which also contained additional
fluorescence filters, i.e. a long pass (510LP, Omega Optical) and a band pass fil-
ter (D530-45, Chroma) in the Alexa488 channel and a long pass filter (665AELP,
Omega Optical) in the Cy5 channel.

Cells were first screened for their overall structure and height, using the bright
field mode of the microscope. An area of typically 20 x20 um? (256 x 256 pixels)
from the selected cell was imaged in confocal mode, at a scan speed of typically
5pum/s, with either single or dual wavelength excitation. In total, 7 cells from
each of the two different sample sets have been investigated by performing 30
near-field measurements with dual wavelength excitation. Near-field images of
typically 5 x5 um? (256 x 256 pixels) at a scan speed of 2 um/s were obtained.
The same NSOM probe, with an aperture diameter of ~90nm was used in all
experiments.

91



Organization of Interleukin receptors on T cells

6.4 Results

6.4.1 High resolution imaging of IL-2R«a and IL-15R«

In the first set of experiments, the nano-scale organization of IL-2Ra and IL-
15Ra was investigated independently, i.e., in different cells, using Cy5 as the
main label. Cy5 was chosen because of its red shifted emission and good photo-
physical properties, reducing the contribution of cell autofluorescence, and there-
fore facilitating quantitative analysis of the data. Figure 6.3 shows a complete
measurement sequence starting with a bright-field image of two fixed T cells and
finishing with a high resolution NSOM image of Cyb-labeled IL-15Ra proteins
on the cell membrane. From the confocal image in Figure 6.3(b) it is apparent
that I1-15R« is spread over the whole cell.

Figure 6.3(c) and 6.3(d) show the near-field fluorescence and topography im-
ages respectively of the white boxed area in the confocal image. The high spatial
resolution of NSOM reveals more fluorescence contrast than confocal microscopy,
e.g. single molecule fluorescence spots are visible on the cell surface (indicated
in Figure 6.3(c)). Still, large fluorescent patches are visible, a first indication
for the assembly of IL-15Ra molecules in clusters. Similar IL-15Ra patches were
observed for all cells investigated. A unique advantage of NSOM is the correlated
topography which allows the identification of regions on the membrane containing
proteins. For instance, the left side of Figure 6.3(d) shows the presence of the cell
although hardly any fluorescence is detected in this region (Figure 6.3(c)). This
observation also confirms that fluctuations in the optical signal are independent
of the shear force signal. Therefore, the fluorescence patches are purely due to
the local presence of an abundant number of dyes and thus IL-15R« proteins.

Figure 6.4 is a combined image of four near-field measurements, showing Cy5
labeled IL-2Ra proteins on a T cell. Interestingly, the cell exhibits two types
of protein coverage, i.e., clustered regions of IL-2Ra shown as bright fluorescent
patches as well as low-coverage areas containing single molecule fluorescent spots
with a size determined by the near-field aperture, indicating the presence of only
a few proteins. The recorded topography images of the same area show that the
middle of the cell reaches a height of 1.2 um (data not shown). Whereas the
low intensity spots are circular, the high intensity patches for both IL-15Ra and
IL-2R« have irregular forms. Most near-field images show a preferential presence
of IL-2Ra and IL-15R« domains at the cell edges towards the glass substrate.
Confocal sectioning images of the cells showed a similar trend.

To obtain in-depth information about the (dis-)similarities of IL-15Ra and
IL-2Ra domains, we performed a detailed quantitative analysis of the domain
properties for both types of proteins.
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(d)

Figure 6.3: (a) Bright-field image of fixed T cells, immuno-labeled with Cy5-conjugated
antibodies against IL-15Ra. (b) Confocal fluorescence image of the same sample area
as in (a). The focal plane was positioned at the glass surface. (¢) NSOM image of the
boxed area in (b), showing single molecules surrounded by white circles. (d) Simultane-
ously obtained shear force image clearly shows the cell membrane structure, reaching a
maximum height of ~ 1 pym.
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Figure 6.4: Four near-field fluorescence measurements of Cy5-IL-2Ra on an activated
T cell. A compromise in image contrast accounts for the effect that the low intensity
spots in the middle of the cell are not clearly visible. The inset shows the white boxed
area with different image contrast, revealing the presence of single molecules.

6.4.2 IL-15Ra and IL-2Ra domain properties
IL-15Ra and IL-2Ra domain content

All fluorescent spots in the near-field images of IL-15Ra and IL-2Ra were ana-
lyzed in terms of intensity, size, position on the membrane and relative position
with respect to neighboring spots, following a procedure similar to that in Chap-
ter 3. Some fluorescent spots were attributed to single molecules as they showed
the characteristics of single molecule emission, i.e. discrete time dependent emis-
sion, photobleaching and a unique emission dipole moment. The distribution in
Figure 6.5 contains the intensity of single molecule fluorescence spots as extracted
from the images. The typical Cy5 count rate was ~ 4 kents/s at an excitation in-
tensity of 200 W/cm?. This number was used to relate the fluorescence intensity
of a spot to the number of Cy5 molecules within the area occupied by the spot.
For each spot, the total number of emitted counts was background subtracted and
normalized with respect to an excitation intensity of 200 W/cm?. The intensity
distributions for IL-2Ra and IL-15R« are shown in Figure 6.6(a) and 6.6(b).
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Figure 6.5: Intensity distribution containing fluorescent spots that exhibited single
molecular fluorescence behavior such as blinking and bleaching. The distribution peaks
at a count rate of ~4kents/s at an excitation intensity of 200 W /cm?.

Interestingly, the intensity distribution of Cy5b-labeled IL-2Ra shows two
contributions: an abundant low intensity part of the distribution peaking at
~ 1.5 Cy5 molecules, and a second high intensity distribution peaking at ~ 130 Cy5
molecules per spot. These distinct distributions were already apparent from Fig-
ure 6.4, showing patches of high intensity as well as low intensity spots. The peak
value of ~1.5Cyb is lower than the antibody labeling efficiency of ~ 3 Cy5 /IL-
2R« estimated spectrophotometrically, which might be due to the sample prepa-
ration. Under the reasonable assumption that no unspecific Cy5 molecules are
present on the cell surface and a one to one antibody to protein ratio, we at-
tribute the peak of the lower intensity distribution to individual IL-2Ra proteins
with a typical labeling efficiency of ~ 1.5 Cy5 /IL-2R« protein. From an analysis
of seven different near-field images, we found that about 1.4+ 1.1% for IL-2R«
subunits are distributed spatially as individual entities.

Figure 6.6(b) shows the intensity distribution of Cy5-labeled Il-15Ra pro-
teins. T'wo closely spaced populations are observed. The peak values of the two
subdistributions are: ~ 3 and ~ 15 Cy5 molecules. Using the same assumptions
as for IL-2Ra, we attributed the peak value of the lower intensity sub-distribution
to the labeling efficiency. For the IL-15Ra subunit 29 + 14% appear to be dis-
tributed as singles on the surface of the T cell. In absolute numbers there are
~15IL-2Re/pum? and ~ 51L-15Ra/pum?. Furthermore, the peak values of the
two high intensity distributions indicate that IL-2Ra and IL-15Ra domains con-
sist of typically ~ 90 proteins and ~ 5 proteins, respectively.
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Figure 6.6: Intensity distribution in terms of fluorescence count rate at an excitation
power of 200 W/cm? and number of Cy5 molecules of (a) Cy5-IL-2Ra and (b) Cy5-1L-
15Re. In (a) the low intensity part of the distribution is more accurately shown in the
inset in terms of number of Cy5 molecules.
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IL-2Ra and IL-15Ra domain sizes

To find out whether IL-2Ra and IL-15Ra domains differ in size, we next fo-
cused on all spots with intensities higher than twice the peak value of the lower
sub-distributions, i.e. ~3 Cy5 molecules for IL-2Ra and ~ 6 Cy5 molecules for
IL-15Ra. The domain size was defined as the area within an intensity contour at
twice the background intensity. Figure 6.7 shows the distribution of the occupied
areas and sizes of IL-2Ra and IL-15R« domains. The typical area of the IL-2Ra
domains is 0.15 um?, corresponding to a diameter of ~ 450 nm. IL-15Ra domain
areas are typically 0.10 ym?,i.e. ~360nm in diameter. Taking into account the
probe aperture response, ~90nm, the typically observed domain sizes in Fig-
ure 6.7 deviate only about 2-3% from the real domain size (see section 3.4.2).
This deviation is negligible and therefore the domain sizes presented in Figure 6.7
were not corrected with the probe response. It is interesting to note that the do-
main sizes of IL-2R«a and IL-15Ra are rather similar, while the intensity analysis
showed that the number of molecules of both types of domains differ by more
than one order of magnitude.
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Figure 6.7: Domain area/size distributions for domains of IL-2Ra (a) and IL-15Ra (b).
For convenience both the occupied domain area (um?) and the corresponding domain
diameter are indicated.
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Molecular density of IL-2Ra and Il-15Ra domains

In Figure 6.8(a) the correlation graphs of domain content and area are plotted
for both IL-2Ra and IL-15Ra domains. Both types of domains show a linear
relation, implying that the domains have a constant molecular packing density,
regardless of the specific domain size. The molecular density in IL-2Ra domains
is 1350 IL-2Rar/ um?, i.e. on average one IL-2Ra molecule is present in an area of
27 x 27nm?. In contrast, IL-15Ra domains have a molecular density of 1201L-
15Ra/pm?, i.e. one IL-15Ra per area of 92 x 92nm?. Thus, IL-2Ra domains are
approximately ten times denser than IL-15Ra domains.
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Figure 6.8: (a) Correlation between domain area and number of receptors for IL-
2R (squares) and IL-15Ra domains (dots). (b) Distribution of the calculated nearest
neighbor distances within IL-2Ra and IL-15Ra domains.

The intermolecular separation was calculated for each domain. Assuming a ran-
dom distribution of a-subunits in each domain, the distances are collected in
the distribution of Figure 6.8(b). Clearly two distinct distributions for molecular
distances within IL-2Ra and IL-15Ra domains are obtained. The peaks of the
distributions correspond roughly to the 0.5/+/a where a is the slope derived from
Figure 6.8(a). Therefore, it follows that molecules are ~ 14 nm separated within
the IL-2Ra domains and ~ 50 nm within the IL-15Ra domains.
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6.4.3 Co-localization of IL-2Ra and IL-15R«a domains

The previous findings, in particular the similarity in domain size and the constant
packing density of both types of domains, strongly suggest that IL.-2Ra and IL-
15Ra are related in terms of their organization on the membrane. We have
investigated the relative location of IL-2Ra and IL-15Ra domains on the T cell
membrane, using dual color excitation and detection, where IL-2Ra and IL-15Ra
were labeled with different fluorophores. Figure 6.9 shows as example the result
of such a measurement, in which IL-15Ra was labeled with Cy5 and IL-2Ra with
Alexad88. A first inspection of the dual color images already shows that the
IL-2Ra and IL-15Ra domains do co-localize.

Figure 6.9: Co-localization of Alexad88-IL-2Ra and Cy5-I1L-15Ra. Note that here
the pseudo-color scale refers to spectral contrast, i.e. Alexad88 fluorescence is shown in
green and Cyb in red. The yellow color indicates co-localization of Alexa488 and Cy5
signal. Images are 5 x 5 um? (256 x 256 pixels), scanned at 2 um/s. The cell heights vary
from tens of nanometers in the dendrite regions to 1.5 um towards the center of cell body.

To describe the extent of spatial overlap of IL-2Ra and IL-15R« domains, we per-
formed cross-correlation analysis on simultaneously obtained Cy5 and Alexa488
images. The degree of correlation between two images a and b can be calculated
pixel by pixel using the cross-correlation coefficient C' or Pearson’s Correlation,
defined as:

2ijlaij— <a>)(bi;— <b>)
\/Zi ojlaii—<a>)230 50 i (bij— <b>)

where a; ; and b; j are the fluorescence intensities at pixel coordinates (i,j) for the
two images a and b. Parameters < a > and < b > are the the average intensity

C = (6.1)
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values for the total images a and b, respectively. The equation is sensitive for
shape similarities between the images, while the intensities are averaged out. C
can vary from -1 (anti-correlated) to 0 (uncorrelated) and 1 (fully correlated).
The cross-correlation analysis was exclusively executed on the cell area. Two
cell areas were considered, areas containing domains and the remaining areas.
For ten different cells the cross correlation coefficient in domain rich regions was
0.40 +0.17, while the cross correlation coefficient in the remaining non-domain
regions was calculated to be 0.17+0.09. Similar cross-correlation values were
obtained by performing the analysis on measurements of cells with Cy5 - IL-2Ra,
Alexad88-1IL-15Ra and Alexad88-1L-2Ra, Cy5-1L-15Ra, i.e. 0.48£0.15 for
domain rich regions and 0.23 £ 0.14, excluding in this way any artifacts due to
cell autofluorescence and differences in labeling efficiency.

6.5 Discussion

In this work we have investigated the nano-scale organization of two cytokine re-
ceptor subunits IL-2Ra and IL-15R«, on the membrane of human T lymphoma
cells. Both receptors IL-2R and IL15R are capable of initiating a signaling cas-
cade when binding to their own cytokine, IL-2 and IL-15, respectively. Both
cytokine/receptor systems play a key role in cell survival as well as in the control
of activation-induced cell death, performing both similar and opposite functions.
IL-2R and IL-15R share two signaling receptor subunits, i.e. § and ~., and have
their own private a-subunit. We have focused on these two « subunits, IL-2Ra
and IL-15Ra, as they seem to be the key to the difference in signals given to the
cell. The use of NSOM combined with single molecule detection sensitivity has
provided new insights into the organization of these receptors.

High resolution imaging of IL-2Ra confirms the existence of domains of typ-
ically 450nm diameter, in good agreement with earlier reported electron mi-
croscopy studies [200]. Although clustering of IL-2Ra has also been inferred by
confocal microscopy [200], direct analysis of cluster size and density has been
lacking so far. Here we have directly observed IL-2Ra-domains by fluorescent
means. It has been reported that the clustering of IL-2R« is associated with the
presence of lipid rafts [201]. In fact, several experiments have shown that cluster-
ing of IL-2Ra depends on the integrity of cholesterol-rich lipid rafts. Although
the physiological significance of this type of lateral organization is not fully clear
yet, experimental evidence suggests that rafts assist II-2Ra recruitment to the
vicinity of the signaling subunits 0 and ~.. This process of aggregation then
facilitates the formation of the high affinity receptor IL-2R, creating a focusing
platform that regulates binding and signaling of IL-2 [201].
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In similar high resolution experiments we also observed clustering of the IL-
15Ra receptor on the membrane of human T lymphoma cells. Surprisingly, the
IL-15Ra domain sizes were similar to those of IL-2Ra domains, as shown in the
size distribution of Figure 6.7(b). Furthermore, co-localization experiments using
dual labeling of both a subunits showed a significant degree of co-localization
between both IL-2Ra and IL-15Ra clusters. Based on these observations, our
data proves that IL-2Ra and IL-15Ra co-exist in the same domains, strongly
suggesting that IL-15R« is also associated with lipid rafts. These results indicate
that both IL-2 and IL-15 require the lipid raft platforms in order to optimize their
signaling capabilities, providing the so-called ’focusing effect’ [201]. As already
postulated by experts in the field of functional domains [36,184,193,226], the
experiments presented here significantly support the view that nanometer-sized
domains could be common among various receptor types. In fact, the possible
association of the pathogen recognition receptor DC-SIGN with lipid rafts was
also discussed in Chapter 3.

In addition to clustering, we also observed a minor fraction of IL-2Ra (~ 1%)
to be located at the cell membrane as small aggregates consisting of only a few
proteins or even as single entities. Previous FRET experiments already hinted
at the existence of a minor fraction of IL-2Ra subunits associated with TrfR,
which is known to be excluded from lipid rafts [201]. Using confocal microscopy
it was shown that TrfR forms domains with sizes between 200-300nm, which
is very close to the diffraction limit of the excitation light used for imaging
(Aewcitation =534nm) [200]. The sizes of the individual entities observed in our
experiments are aperture-sized, i.e. ~90nm. Moreover, intensity analysis showed
that these entities are most probably individual IL-2R« molecules. These findings
strongly indicate that we are directly observing the fraction of IL-2Ra proteins
that are associated with TrfR. Damjanovich and coworkers suggested that the as-
sociation of IL-2Ra with the TrfR domains provides an efficient endocytosis path-
way for the excess of IL-2Ra subunits not involved in signal transduction [201].
Since IL-2 mediated signal transduction exclusively occurs in the presence of the
8 and . subunits, the fraction of the « chains localized outside the large clus-
ters should lack the corresponding 3 and . subunits. High-resolution near-field
co-localization experiments with all three labeled IL-2R subunits should provide
further information on this hypothesis.

In contrast to IL-2Ra, a considerable fraction (~30%) of IL-15R«a subunits
was found to reside outside the domains and appeared distributed in smaller
clusters or even as single entities. Furthermore, a low cross-correlation coefficient
was found between IL-2Ra and IL-15R« in the non-clustered regions. It is known
that individual IL-15Ra subunits have a high binding affinity to IL-15 and is
thought that the IL-15Ra-IL-15 complex is capable of signaling without the
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presence of 5 and . subunits [218]. Therefore, the relatively large fraction of
IL-15Ra not associated with the domains is probably functional and not involved
in any endocytosis pathway.

The intensity distributions shown in Figure 6.6 indicate that the molecular
density of IL-2Ra domains is ten times higher than in I1-15Ra domains. In
earlier flow-cytometry studies it was shown that activated T cells express 10 to
20 times more IL-2Ra subunits than § or 7. subunits [201,221]. Combining our
results with these observations, we conclude that the expression level of IL-15R«
within domains is comparable to the expression level of 3 and . subunits on the
membrane. There are several possibilities regarding the (pre-)assembly of both
complete receptor constructs («,  and 4.). 1) Both receptors are pre-assembled
separately from each other in IL-2R«,[3,7. and IL-15Ra,3,7. constructs 2) The
receptors share both asubunits in a IL-15Ra-3-7.-IL-2Ra tetramer construct.
3) All receptor subunits are produced separately, implying that IL-2Ra and IL-
15Ra subunits have to compete to form a high affinity receptor. As there are ten
times more IL-2Ra than IL-15R«, 8 and . proteins in the domains, there will
be only few complete IL-15R assemblies. In this situation it seems reasonable
to assume that the signaling capability is predominantly performed by the IL-2 -
IL2R complex. It is probable that the cell orchestrates the signaling contribution
from both cytokine receptors by regulating of the expression of the a subunits.
To verify this hypothesis, the expression levels and the fractions of o molecules
in and outside domains should be examined at various moments after T cell
activation. As already mentioned, we found more than a tenfold expression of
IL-2Re with respect to IL-15R« in the domain regions. The reasons for the
abundance of IL-2Ra with respect to the IL-15Ra and the common (3 and -,
subunits is not yet understood. Although highly speculative at the moment, one
could argue that the IL-2Ra subunits form oligomers that would join the G-+,
to form a larger complex than the regular IL-2R trimer. Intriguingly, despite the
abundance of IL-2R« and the apparent redundance with respect to the number of
available 3 and ~. subunits, a low percentage of IL-2R« subunits resides outside
the domains. As this fraction is likely to be endocytosed due to its proximity to
TrfR [201], it might well be that the excess of IL-2Ra subunits inside the domains
is inaccessible for endocytosis because of their involvement in rafts. However, as
rafts are known to be dynamic structures [36,193], dynamic measurements of
IL-xRa domains should shed light on this speculation.

From Figure 6.8 it follows that the molecular density of both IL-2Ra and IL-
15Ra domains are constant, irrespectively of the domain size. Apparently, there
are various distinct ways for the cell to organize its surface proteins. As shown in
Chapter 3, the pathogen recognition receptor, DC-SIGN also clusters in domains
but with a completely different molecular packing density for each domain. It
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is probable that the constant molecular densities of IL-2Ra and IL-15Ra are
optimized for the signaling function of the domains. It seems reasonable that
all signaling domains on the cell surface would respond with the same signaling
strength, explaining the comparable receptor density for all domains. Finally,
the similarity of both types of domains in size and density hints to a general
mechanism of domain formation.

6.6 Conclusions

IL-15R and IL-2R, chemically similar molecular complexes, perform both similar
and opposing signaling functions after T cell activation. The reason for this be-
havior is up to now unknown. We hypothesized that the spatial organization of
both receptors on the cell membrane might play a key role in their respective func-
tions. Since the « subunits of IL-2Ra and IL-15R« are unique for both receptors
we investigated their spatial organization and expression level. We discovered
that IL-2Ra and IL-15Ra exist both as individual entities as well as domains
on the cell surface. Only a minor fraction of IL-2Ra reside outside the domains
while as many as ~30% of IL-15R« subunits are spread as individuals or small
clusters, excluded from the main domain regions. IL-2Ra and IL-15Ra domains
have a diameter of ~ 450 and 360 nm respectively and exhibit a constant packing
density of ~ 1350 IL-2Ra/pm? and ~ 120 IL-15Ra/um?. A constant intermolec-
ular separation for mutual IL-2R« and IL-15R« subunits might be efficient for
IL-2Ra and IL-15Ra to perform their signaling function and hints for a common
way of organization. Indeed, dual color experiments showed co-localization of
IL-2Re and IL-15Ra domains, indicating that the domains gather IL-2R and
IL-15R to facilitate and optimize cell signaling.
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Summary

In the last decades, research in biology has developed towards progressively
smaller scales and has now entered a nanoscale world where molecular interac-
tions become visible, functioning of molecular motors can be measured, direction
and speed of movement of molecules can be followed and protein structures are
revealed. In parallel the required technologies, enabling to address, visualize and
analyze molecules, follow the same trend of miniaturization. To investigate single
molecules at ambient conditions, in vitro as well as in vivo, requires high reso-
lution, molecular specificity and sensitivity. Near-field optics has the promise to
fulfill these requirements. In this research we have developed a dedicated near-
field scanning optical microscope (NSOM) for molecular biology and applied it
to study the spatial organization of (fluorescently labeled) proteins at the cell
surface. For the first time, protein clusters and individual molecules are resolved
at the cell membrane with nanometer resolution using an optical method.

A short history of microscopy and its importance for cell biology is given in
Chapter 1 of this thesis. Different types of fluorescence microscopy methodolo-
gies are described as well as their applicability for the investigation of biological
specimens. In addition, an overview of available optical single molecule meth-
ods and their working principles is given. The spatial resolution of conventional
optical microscopy methods is diffraction limited, allowing single molecule detec-
tion on an area with a low molecular density of only a few molecules per square
micrometer. In addition, the relatively large depth of illumination (hundreds of
nanometers) induces a large background contribution when studying cells. These
problems are overcome by near-field optical techniques, where an exponentially
decaying field illuminates the sample to a depth of below 100nm. In NSOM a
subwavelength aperture at the end of a sharp fiber probe is used as light source.
In this way, the illumination volume is confined in three dimensions, resulting
in the smallest possible illumination volume by optical means. The chapter is
concluded with an overview of the human immune system, particularly focussing
on the function of dendritic cells and T cells, placing the studied protein systems
in a wider perspective.
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Chapter 2 describes the technical details of the combined near-field/confocal
scanning optical microscope. The microscope allows both near-field as well as a
confocal type of illumination and has one sensitive detection path allowing single
molecule detection in a polarization or wavelength dependent manner. The con-
focal part of the microscope is used to perform a quick pre-study of the sample
and select an area for further in depth near-field investigation. In this chap-
ter, the performance of the microscope is shown on the basis of measurements
of fluorescently labeled molecules on cells, demonstrating three main advantages
of NSOM over confocal microscopy in cell studies: 1) NSOM provides a high
localization accuracy and spatial resolution, allowing to distinguish molecular
entities in densely packed systems; 2) NSOM has a low penetration depth, avoid-
ing intracellular autofluorescence; 3) NSOM provides simultaneous optical and
topographical information. These advantages have been exploited in the follow-
ing chapters for studying different types of proteins on the membrane of intact

cells at the single molecular level.
In Chapter 3 the spatial organization of proteins (DC-SIGN) on the cell mem-

brane of immature dendritic cells (imDCs) is investigated. These cells bind dif-
ferent types of pathogens such as viruses and bacteria, using DC-SIGN. We have
investigated the spatial organization of DC-SIGN on the membrane as this is
thought to be related to the pathogen binding capability of the cell. Near-field
optical images of DC-SIGN proteins, labeled via antibodies with Cy5, show a full
coverage of the membrane with individual fluorescent spots of variable intensities.
Amongst the large number of spots, only a few show single molecule emission.
The typical single molecule intensity of Cy5 molecules is measured and used
to relate the intensity of each fluorescent spot to the number of Cy5 molecules
present at that location. The spots contain from 1 to over 200 Cy5 molecules and
more than 80 % of all spots are molecular domains. Despite the large variety in
molecular content, the distribution of measured domain sizes is rather narrow and
peaks at 200 nm. Correlation of the domain sizes with the number of molecules
in each domain reveals a large variety in molecular density. Assuming an av-
erage labeling efficiency of 3.5 Cy5 molecules per antibody - which is explicitly
measured in Chapter 5 - and a onetoone ratio between antibody and protein,
the average nearest neighbor distance (nnd) between DC-SIGN proteins within
a domain is estimated to be 39nm. Distances between the domains indicate a
random domain distribution pattern. Thus, we have recognized a two-layer hi-
erarchical organization of DC-SIGN spacing, where DC-SIGN resides in domains
(layer 1), which are randomly spread (layer 2). As DC-SIGN binds to various
pathogens with different affinities, we hypothesize that 1) DC-SIGN makes use
of variable molecular densities to allow binding to different types of pathogens;
2) DC-SIGN domains are randomly distributed to maximize the probability of

124



Summary

hitting a pathogen in an accidental encounter of a cell and a pathogen.

Clustering of membrane molecules into domains, such as found in Chapter
3, is a common phenomenon in cell biology and known to facilitate specific cell
functions. In chapter 4 a simple, two-dimensional model is introduced to explain
the advantages of clustering and investigate the importance of domain size and
molecular packing density in a domain. The model describes the probability for
an object of certain size hitting a minimum number of receptor molecules on
the cell membrane in an accidental object-cell encounter. We have introduced
Monte Carlo simulations, enabling the use of distributions of domain properties.
We have performed simulations using realistic numbers for the domain properties
and investigated the binding capabilities of the immature dendritic cell. Using a
constant total number of surface molecules and various types of spatial organiza-
tion, the simulations show that 1) domains are beneficial over a random spread
of individual molecules if more than a specific number of hits is needed in an en-
counter to obtain a stable object-cell bond; 2) domain properties are particularly
important for the hit probability if the object size is comparable to the domain
size; 3) the origin of molecular packing density, given either by domain size or do-
main content, is important to achieve a high hit probability if the object is larger
than the domain; 4) an optimum exists for the spatial distribution of receptor
molecules to bind objects of specific size with a specific number of receptors in
the object-cell contact area. Simulations including distributions of the domain
properties of DC-SIGN show that the wide spread in domain content ensures a
larger number of hit receptors compared to an area with domains having one
average size and content. Moreover, the spatial organization of DC-SIGN seems
to be optimized for small virus-like objects.

In Chapter 5, the sudden termination of single molecule fluorescence, i.e. dis-
crete photobleaching, is used as a specific time dependent single molecule prop-
erty to count the number of fluorophores and localize fluorophores within densely
packed areas. The labeling efficiency of Cy5-labeled antibodies was determined
by recording the fluorescence emission from the densely packed Cy5 fluorophores
in time and counting the number of discrete photobleaching steps. Similar time
dependent studies on densely packed molecular domains show first a bulk-like
exponential decay of the fluorescence intensity. Because the decrease in intensity
is accompanied by a decrease in shot noise, discrete photobleaching steps of the
remaining fluorophores can be counted when the shot noise falls below the signal
level of a single molecule. Photobleaching is further exploited by counting and lo-
calizing single molecules in an area of densely packed fluorophores. Using NSOM,
the area is sequentially imaged. As the fluorophore density decreases in each im-
age, single fluorophores become gradually visible, which enables to count them
as well as to pinpoint them individually. This method reveals the real spatial
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distribution of fluorophores and unravels the molecular composition of domains.

In Chapter 6, the spatial organization of membrane proteins on T cells is
investigated. The proteins of interest are IL-2Ra and IL-15R«, subunits of the
Interleukin receptor trimers IL-2R and IL-15R, respectively. These receptors
perform a distinct function for the cell from the DC-SIGN proteins studied in
Chapter 3. IL-2R and IL-15R bind specifically to Interleukins IL-2 and IL-15,
respectively. Upon binding, signals are transmitted to the T cell, stimulating
cell growth, cell differentiation and cell death. Interestingly, although both re-
ceptors are structurally similar, sometimes they seem to have contrasting effects
on the course of life of a T cell. We have studied the a-subunits because they
are thought to be essential for these contrasting effects. Near-field fluorescence
images of Cyb-labeled IL-2Ra and IL-15Ra show domains as well as individual
entities on the cell surface. Also single Cy5 molecules are visible, allowing to build
a single molecule intensity distribution which is used to relate the intensity to the
number of present Cy5 molecules. For both IL-2Ra and IL-15R«, the intensity
distributions of all fluorescent spots show two populations, i.e. one consisting
of single proteins and the other of protein domains. This quantitative analysis
also reveals the number of molecules residing within and outside domains. The
domains of IL-2Ra and IL-15R« are similar in size having a rather constant di-
ameter of about 400 nm. Dual color near-field experiments show that IL-2Ra and
IL-15R« co-localize on the membrane, which is thought to be essential for the sig-
naling capability of both IL-2R and IL-15R. A fundamental difference between the
IL-2Rar/IL-15Ra and DC-SIGN domains is found when correlating domain size
with number of proteins within the domain. Namely, both IL-2Ra and IL-15R«
show a constant molecular packing density for all domains of 1350 IL-2Ra/ ym?
and 1201L-15Ra/pum?, respectively. This difference in spatial organization for
adhesion and signaling molecules indicates the close structure-function relation
between spatial membrane organization and cell function.

This thesis shows the value of near-field scanning optical microscopy combined
with single molecule sensitivity for cellular and molecular biology. In addition,
it shows the possible ways to exploit this technique for revealing the nanometric
organization of molecules on the cell membrane.
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Samenvatting

In de afgelopen decennia is biologisch onderzoek zich steeds meer gaan richten op
processen die zich afspelen op de micrometer - en zelfs nanometerschaal. Dit heeft
ervoor gezorgd dat moleculaire interacties zichtbaar kunnen worden gemaakt,
krachtinteracties van moleculaire motoren kunnen worden gemeten, moleculaire
bewegingen kunnen worden gevolgd in tijd en ruimte, en moleculaire structuren
kunnen worden ontrafeld. Tegelijkertijd volgen de hiervoor benodigde technolo-
gieén eenzelfde miniaturisatietrend, die het mogelijk heeft gemaakt om individu-
ele moleculen afzonderlijk te adresseren, te visualiseren en te analyseren. Om
individuele moleculen te onderzoeken onder normale omgevingscondities zijn een
hoge resolutie, moleculaire specificiteit en een hoge gevoeligheid van de meet-
methode noodzakelijk. Nabije-veld optica heeft de potentie om aan deze voor-
waarden te voldoen. In het hier gepresenteerde onderzoek is een nabije-veld
scannende optische microscoop (NSOM) ontwikkeld voor moleculair biologisch
onderzoek. Met deze microscoop is de ruimtelijke organisatie van (fluorescent
gemarkeerde) proteines aan het celoppervlak onderzocht. Voor de allereerste
keer zijn met behulp van een optische methode proteineclusters en afzonderlijke
moleculen op het celoppervlak met nanometer resolutie zichtbaar gemaakt.

Hoofdstuk 1 beschrijft in het kort de geschiedenis van de microscopie en het
belang van deze onderzoeksmethode voor de celbiologie. Verscheidene vormen
van fluorescentiemicroscopie worden beschreven evenals hun toepassingsmogelijk-
heden voor onderzoek aan biologische preparaten. Tevens wordt een overzicht
gegeven van beschikbare optische methoden voor het detecteren van individuele
moleculen. Het oplossend vermogen van conventionele optische microscopie is
diffractie gelimiteerd, waardoor detectie van individuele moleculen alleen mogelijk
is op een dunbevolkt gebied met een dichtheid van slechts enkele moleculen per
vierkante micrometer. Daarnaast zorgt de relatief grote optische indringdiepte
(honderden nanometers) voor een hoge achtergrond bij het bestuderen van cellen.
Deze problemen zijn oplosbaar door nabije-veld optische technieken te gebruiken,
waarbij een exponentieel afnemend optisch veld het preparaat belicht tot een
diepte van minder dan honderd nanometer. In NSOM wordt een kleine opening
aan het uiteinde van een scherpe glasvezeltip als lichtbron gebruikt. Hierdoor is
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het belichtingsvolume in drie dimensies begrensd en tevens het kleinst haalbare
in optische microscopie. Het hoofdstuk eindigt met een overzicht van het mense-
lijke immuunsysteem, waarbij in het bijzonder aandacht gegeven wordt aan het
functioneren van dendritische- en T cellen, om op die manier de hier onderzochte
proteinesystemen in een breder perspectief te plaatsen.

Hoofdstuk 2 geeft de technische beschrijving van de ontwikkelde nabije-veld -
confocaal scannende optische microscoop. Met de microscoop kan het preparaat
zowel in het nabije-veld als confocaal worden belicht. Er is één gezamenlijk
detectickanaal waarmee de fluorescentie van een individueel molecuul zowel po-
larisatie - als golflengtegevoelig gemeten kan worden. Met behulp van confocale
microscopie kan een snel vooronderzoek van het preparaat gedaan worden en
een gebied voor verder diepgaand nabije-veld onderzoek worden geselecteerd. In
dit hoofdstuk wordt de prestatie van de microscoop beschreven aan de hand
van metingen aan fluorescent gemarkeerde moleculen die zich op het oppervlak
van een cel bevinden. Hieruit volgen drie belangrijke voordelen van NSOM ten
opzichte van confocale microscopie bij cel onderzoek: 1) NSOM heeft een hoge
lokalisatienauwkeurigheid en optische resolutie, waarmee het mogelijk wordt om
moleculen in dichtbevolkte systemen te onderscheiden; 2) NSOM heeft een kleine
indringdiepte, waardoor intracellulaire autofluorescentie wordt geminimaliseerd;
3) NSOM geeft tegelijkertijd optische - en topografische informatie. In de vol-
gende hoofdstukken worden deze voordelen benut voor het bestuderen van ver-
schillende membraanproteines op het niveau van individuele moleculen.

In hoofdstuk 3 is de ruimtelijke verdeling van een bindingsproteine (DC-
SIGN) op het celmembraan van onvolgroeide dendritische cellen (imDCs) on-
derzocht. Deze cellen binden met behulp van dit proteine aan ziekteverwekkers
zoals virussen en bacterién. Wij hebben de ruimtelijke organisatie van DC-SIGN,
die mogelijk verband houdt met de bindingscapaciteit van de cel, onderzocht.
De DC-SIGN proteines zijn fluorescent gemarkeerd via antilichamen met Cyb5.
Optisch nabije-veld metingen van DC-SIGN laten afzonderlijke fluorescerende
vlekken op het celmembraan zien die variéren in intensiteit. Slechts enkele van
de vele fluorescerende vlekken kunnen worden toegekend aan de emissie van een
individueel molecuul. De gemeten emissie van een enkel Cy5 molecuul wordt ge-
bruikt om de intensiteit van elke fluorescerende vlek te relateren aan het aantal
Cy5 moleculen op die plaats. De vlekken bevatten tussen 1 en 200 Cy5 moleculen
en het merendeel (>80 %) van alle vlekken zijn moleculaire clusters met meer dan
tien moleculen. Ondanks de grote verscheidenheid in moleculaire bezetting, is de
verdeling van de gemeten clustergroottes redelijk smal met een typische cluster-
grootte van ongeveer 200 nanometer. Een grote verscheidenheid in moleculaire
dichtheid wordt zichtbaar door de clustergrootte en het aantal moleculen binnen
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een cluster te correleren. Uitgaande van een gemiddelde markeerefficiéntie van 3.5
Cyb moleculen per antilichaam wordt aangenomen - wat expliciet gemeten wordt
in Hoofdstuk 5 - en een één-op-één verhouding tussen antilichaam en proteine,
wordt de gemiddelde 'naaste - buur’ afstand (nnd) tussen DC-SIGN proteines bin-
nen een cluster geschat op 39nm. De onderlinge clusterafstanden geven aan dat
de clusters willekeurig verdeeld zijn. Hiermee hebben we een hiérarchische struc-
tuur met twee lagen in de ruimtelijke verdeling van DC-SIGN ontdekt, waarin
DC-SIGN clustert in clusters (laag 1), die willekeurig verdeeld zijn op het cel op-
pervlak (laag 2). Omdat DC-SIGN met verschillende affiniteit aan verschillende
ziekteverwekkers bindt, veronderstellen we dat 1) DC-SIGN gebruik maakt van
variérende moleculaire dichtheden binnen de clusters om te kunnen binden met
verschillende ziekteverwekkers; 2) DC-SIGN clusters willekeurig verdeeld zijn op
het oppervlak om de kans op het raken van een ziekteverwekker, in een toevallige
ontmoeting tussen de cel en de ziekteverwekker, te maximaliseren.

Het clusteren van membraanmoleculen, zoals beschreven in Hoofdstuk 3, is
een veelvoorkomend verschijnsel in de celbiologie, waarvan het bekend is dat
het specifieke celfuncties mogelijk maakt. In Hoofdstuk 4 wordt een eenvoudig
tweedimensionaal model geintroduceerd om de voordelen van clusteren uit te
leggen en het belang van clustereigenschappen, zoals clustergrootte en molecu-
laire dichtheid, voor de bindingseigenschappen van een cel te onderzoeken. Het
model beschrijft de kans waarop een object (virus of bacterie) met een gegeven
grootte een minimum aantal bindingsreceptoren (membraanmoleculen) raakt in
een toevallige ontmoeting tussen object en cel. De bindingssterkte tussen ob-
ject en cel neemt toe met het aantal receptoren dat geraakt wordt. Wij hebben
Monte Carlo simulaties geintroduceerd, die het mogelijk maken om naast vaste
simulatieparameters, zoals clustergrootte en moleculaire dichtheid, ook met ver-
delingen van clustereigenschappen te simuleren. We hebben simulaties uitgevoerd
met realistische, gemeten waarden voor de eigenschappen van DC-SIGN clus-
ters en hebben de bindingscapaciteit van de dendritische cel onderzocht. Simu-
laties met een constant totaal aantal receptormoleculen en verschillende soorten
ruimtelijke verdelingen, laten zien dat 1) clustervorming gunstiger is dan een
willekeurige verdeling van individuele moleculen indien er meer dan een bepaald
aantal rakende moleculen nodig zijn voor het verkrijgen van een stabiele object-
cel verbinding; 2) clustereigenschappen van grote invloed zijn op de raakkans
als de grootte van het object vergelijkbaar is met de grootte van de clusters;
3) de manier waarop de cel een bepaalde moleculaire dichtheid creéert, door
clustergrootte of clusterinhoud aan te passen, de raakkans beinvloedt wanneer
het object kleiner is dan het domein; 4) er een optimale ruimtelijke verdeling is
van receptor moleculen in een cluster om objecten van een specifieke grootte te
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binden met een bepaald aantal receptoren in het contact vlak tussen object en
cel. Simulaties waarin verdelingen van DC-SIGN clustereigenschappen worden
meegenomen, laten zien dat de grote spreiding in receptordichtheid binnen een
cluster de cel verzekert van een groot aantal rakende receptoren in vergelijking
met een oppervlak dat clusters met een constante grootte en dichtheid bevat.
Daarbij lijkt de ruimtelijke verdeling van DC-SIGN geoptimaliseerd voor kleine
virusachtige objecten.

In hoofdstuk 5 wordt de plotselinge emissiestop van een individueel molecuul,
"discrete fotodissociatie’ of ’'bleking’ genoemd, gebruikt als een tijdathankelijke
eigenschap van individuele moleculen om het aantal fluorescerende moleculen te
tellen en hun posities te bepalen. We hebben fotodissociatie gebruikt om de mark-
eringsefficiéntie van antilichamen met Cy5 moleculen te bepalen door een tijd-
opgeloste fluorescentiemeting te doen en het aantal discrete fotodissociatie stap-
pen te tellen. Vergelijkbare tijdafhankelijke metingen van dichtgepakte molec-
ulaire clusters laten in het begin een exponentiéle afname van de fluorescen-
tie zien. Omdat de intensiteitafname samen gaat met een afname in fotonruis,
kunnen discrete fotodissociatie stappen worden geteld zodra de ruis kleiner dan
het emissieniveau van een individueel molecuul wordt. Fotodissociatie is verder
toegepast bij het tellen en lokaliseren van individuele moleculen in een dicht-
bevolkt gebied van fluorescerende moleculen. Hiervoor is met behulp van NSOM
herhaaldelijke keren over hetzelfde gebied gescand. Terwijl in elk plaatje de
dichtheid van fluorescerende moleculen door fotodissociatie afneemt, worden in-
dividuele moleculen geleidelijk zichtbaar, zodat ze uiteindelijk afzonderlijk geteld
en nauwkeurig ge-lokaliseerd kunnen worden. Deze methode onthult de echte
ruimtelijke verdeling van fluorescerende moleculen en ontrafelt de moleculaire
samenstelling van clusters.

In hoofdstuk 6 wordt de ruimtelijke organisatie van membraanproteines op T
cellen onderzocht. De onderzochte proteines zijn IL-2Ra en IL-15R«;, die een on-
derdeel zijn van de respectievelijke receptoren IL-2R en IL-15R. Deze membraan-
proteines hebben heel andere functies voor de cel dan de DC-SIGN proteines
uit Hoofdstuk 3. IL-2R en IL-15R binden specifiek aan Interleukin moleculen
IL-2 en IL-15. Voor beide receptoren geldt dat bij binding signalen worden
afgegeven aan de T cel die celgroei, celdeling maar ook celsterfte kunnen sti-
muleren. Hoewel beide receptoren wat structuur betreft vergelijkbaar zijn, lijken
ze soms een tegengesteld effect te hebben op de levensloop van een T cel. We
hebben specifiek de « proteines onderzocht omdat zij een essentiéle rol lijken
te spelen bij deze effecten. Optische nabije-veld metingen van met Cyb gemar-
keerde IL-2Ra en IL-15Ra proteines laten zowel proteine clusters als individuele
proteines op het celoppervlak zien. Ook individuele Cy5 moleculen zijn zichtbaar,
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waarmee het typische emissieniveau van een individueel Cy5 molecuul kan worden
afgeleid. Dit wordt gebruikt om een gemeten cluster intensiteit te relateren aan
het aantal aanwezige Cy5 moleculen. De intensiteitverdelingen van zowel IL-2Ra
als IL-15Ra« laten twee populaties zien; één bestaande uit individuele proteines
en de andere bestaande uit clusters. Deze kwantitatieve analyse onthult ook het
aantal moleculen dat zich binnen en buiten de clusters bevindt. De clusters van
IL-2Ra en IL-15R« zijn vergelijkbaar in grootte en hebben een redelijk constante
diameter van typisch ongeveer 400nm. Tweekleuren nabije-veld experimenten
laten zien dat IL-2Ra en IL-15Ra clusters colokaliseren op het membraan, wat
waarschijnlijk gerelateerd is met hun soms tegengestelde rol in celsignalering.
Hoewel IL-2Ra/IL-15Ra net als DC-SIGN clusters vormen op het celmembraan
is er een groot verschil tussen beide vormen van clusters. Dit komt aan het licht
bij correlatie van de clustergrootte met het aantal proteines in het cluster. Zowel
IL-2Ra en IL-15Ra hebben een constante moleculaire dichtheid voor alle clus-
ters van respectievelijk 1350 IL-2Re/pm? en 120 IL-15Ra/um?. In tegenstelling
daarmee laten DC-SIGN clusters een grote spreiding zien in moleculaire dichtheid.
Dit verschil in ruimtelijke verdeling tussen bindings- en signaleringsmoleculen is
waarschijnlijk te wijten aan de specifieke functie van beide soorten moleculen.

Dit proefschrift laat de waarde zien van nabije-veld scannende optische mi-
croscopie gecombineerd met individuele moleculaire gevoeligheid voor cellulaire
en moleculaire biologie. Het geeft bovendien inzage in de mogelijke manieren om
deze techniek te benutten voor het onthullen en bestuderen van de ruimtelijke
verdeling op nanometerschaal van moleculen op het celoppervlak.
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