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Abstract
Multicolour 3D quantitative imaging of large tissue volumes is pivotal to understand the
development and organization of tissues as well as interactions of cells and the
distribution of secreted molecules in situ. However, in situ imaging is technically
challenging. In particular, the preparation and imaging of large bone and marrow
sections, as well as faithful imaging and quantification of individual secreted molecules
is not straightforward or possible with current techniques. The localization of most
molecules in situ therefore remains unknown.
In the work presented in this thesis, I developed together with my colleagues an
integrated pipeline to generate reproducible high-dimensional quantitative data from
bone marrow and any other tissue. Further, I present my efforts in adapting the
Proximity Ligation Assay for large volume in situ imaging of individual molecules,
including new 3D quantification strategies and software.
Using these approaches, we measured the spatial relationship between hematopoietic
cells, bone surfaces and Schwann cells within bone marrow. We further created an
atlas of nonhematopoietic cells in the bone marrow and I investigated the process of
metastatic colonialization of the bone marrow. I then looked into the distribution of
individual C-X-C motif ligand 12 (CXCL12) molecules and found broad CXCL12
distribution with local enrichment at bone surfaces, but no long-range intra-marrow
CXCL12 gradients, correcting current assumptions about migration control of
hematopoietic stem cells in bone marrow.
Overall the here presented technique developments and adaptations will enable new
discoveries down to the molecular level in situ. While the biological findings answer
some of the current questions in bone marrow biology, the questions raised by my
findings represent the basis for more research in this new branch of quantitative
molecular in situ research.
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Zusammenfassung
Dreidimensionale

Vielfarben-Bildgebung

großer

Volumina

in

Geweben

ist

entscheidend, um die Entwicklung und Organisation von Geweben sowie die
Interaktionen von Zellen und die Verteilung sekretierter Moleküle in situ zu verstehen.
Bildgebung in situ ist jedoch technisch sehr anspruchsvoll. Insbesondere die
Präparation

und

die

Aufnahme

von

Bildern

großer

Knochen-

und

Knochenmarksvolumen, sowie die wahrheitsgetreue Abbildung und Quantifizierung
einzelner sekretierter Moleküle ist mit derzeitigen Techniken nicht einfach oder nicht
möglich, weshalb z.B. die Lokalisation der meisten Moleküle in Geweben nicht bekannt
ist.
In der in dieser Dissertation vorgestellten Arbeit zeige ich, wie meine Kollegen und ich
eine integrierte Pipeline entwickelt haben, um reproduzierbar hochdimensionale,
quantitative Mikroskopiedaten von Knochenmark und anderen Geweben zu
generieren. Des Weiteren präsentiere ich meine Arbeit über die Anpassung des
Proximity Ligation Assays für die Detektion individueller Proteine in großen
Gewebevolumina, einschließlich neuer 3D-Quantifizierungsstrategien und Software.
Mittels dieser neuen Entwicklungen haben wir die räumliche Beziehung zwischen
hämatopoetischen Zellen, Knochenoberflächen und Schwann-Zellen im Knochenmark
gemessen. Wir haben einen Atlas nicht-hämatopoetischer Zellen im Knochenmark
erstellt, und ich habe den Prozess der Krebszellkolonialisierung des Knochenmarks
untersucht. Weiterhin, habe ich die Verteilung von C-X-C-motiv ligand 12 (CXCL12)
Molekülen untersucht und fand eine homogene CXCL12-Verteilung mit lokaler
Anreicherung an Knochenoberflächen, jedoch keine weitreichenden CXCL12Gradienten, was aktuelle Annahmen über die Migrationskontrolle hämatopoetischer
Stammzellen im Knochenmark korrigiert.
Die hier vorgestellten technischen Entwicklungen und Anpassungen werden neue
Entdeckungen auf molekularer Ebene in Geweben ermöglichen. Während die
biologischen Befunde schon einige der aktuellen Fragen in der Knochenmarkbiologie
beantworten, bilden die durch diese Arbeit neu aufgedeckten Fragen die Grundlage
für weitere Forschungen in diesem neuen Zweig der molekularen quantitativen
Forschung in situ.
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1 Introduction
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1.1 History of light microscopy
1.1.1 From lenses to confocal laser scanning microscopes
Although the microscope, in a rudimentary form had been invented earlier (Hans and
Zacharias Janssen in ca. 1590), it was Antonj van Leeuwenhoek and Robert Hooke in
the 1600s who first used microscopes as scientific instruments to study the structures
and appearance of materials and organisms (Wollman et al., 2015). Since then
microscopy has evolved consistently in terms of hardware, the use of digital image
processing and thus software and objects of study.
Long after the first use of microscopes in the sixteenth century, it was only in the
nineteenth century when modern brightfield light microscopy was firmly established by
August Koehler, who solved the problem of uneven sample illumination and Ernst
Abbe, who invented the apochromatic lens that corrected chromatic and spherical
aberrations. However, since cells and other biological specimens consist mostly of
water, the contrast obtained by basic brightfield microscopy was and is limited
(Wollman et al., 2015). To address this limitation several methods such as phase
contrast (Zernike, 1955), differential interference contrast (Lang, 1968) and the use of
dyes (e.g. silver staining (Golgi, 1883)) have been proposed and established to
improve contrast of the samples. Important for this work and many other applications
to date is the emergence of fluorescent dyes (emitting light at a specific wavelength
only when excited, in comparison to e.g. a simple contrast-based silver stain), which
has increased the signal-to-noise ratio and contrast obtainable by microscopy. The
interplay of immunolabeling of structures and cells using antibodies (see Chapter
1.2.1), labelling antibodies with fluorescent dyes and the invention of the fluorescent
microscope, allowed basic epifluorescence to be established – as an equivalent to
brightfield microscopy – and many more advanced microscopy methods to be
developed thereafter. Arguably, the most important development was confocal
microscopy, which was patented in 1961 (Minsky, 1957). Here, by using two pinholes,
one placed after the light source (with the use of lasers as a light source to date this
pinhole is redundant) and the other in front of the detector, out of focus light that
normally would arrive at the sensor together with light from the focus plane is removed
– the image recorded is sharper. This technique results in optical sectioning of the
sample i.e. allows more precise three-dimensional imaging (by moving the objective
and pinholes together) and reduces background signal (Wollman et al., 2015). In
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combination with a motorised stage, to which the sample is mounted, the laser can be
scanned over a large area of a sample (the stage moves, not the laser), allowing the
acquisition of high-resolution three-dimensional images.

1.2 Immunostaining techniques
1.2.1 Antibodies and the use of dye-conjugates to visualize antibody
binding
Antibodies were first discovered by Emil von Behring in the 1890s – at that time they
were called “anti-toxins”, because they were produced by animals in response to
injection of diphtheria bacteria. Paul Ehrlich, then working with von Behring,
investigated the mechanisms and the best conditions for antibody binding, thus
creating the basis for immunohistochemistry protocols. In the 1920s, Michael
Heidelberger started the quest to visualize antigen-antibody reaction, when he
attached an organic azo dye (the same kind of dyes is used to colour textile) to egg
albumin, which precipitated after a specific antibody was added and therefore became
observable. Only in 1934, John R. Marrack attached a dye to an antibody to label
“clumped organisms” thus starting the use of dye-conjugated antibodies for labelling
structures and organisms – in contrast to Heidelberger earlier, who labelled the antigen
with a dye. In 1941 and 1942, respectively, Albert Coons, with the help of Hugh Creech,
Norman Jones and Ernst Berliner then published the first work describing the use of
fluorescent dyes (anthracene isocyanate and later fluorescein isocyanate) conjugated
to anti-pneumococcal antiserum to visualize bacteria ingested by macrophages
(Childs, 2014; Coons et al., 1942). These are considered to be the first
immunofluorescence studies and represent the basis of our current day-to-day use of
immunofluorescence-based antigen visualization.

1.2.2 The principle of fluorescence microscopy
The development of fluorescent labels for antibodies was imperative, as in theory only
the molecules possessing the ability to produce fluorescence would be visualized over
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a black background thus maximising contrast in biological samples restricted to only
one antigen at a time – in practice tissue auto fluorescence has to be accounted for.
Fluorescence is the emission of light (at a specific wavelength) from a molecule that,
before emitting fluorescent light, was excited by a photon of typically a lower
wavelength (i.e. higher energy) than the emitted fluorescent light is. The shift from
excitation to emission wavelength in this process is known as the Stokes shift and
allows the recording of the emitted light via low-/band-/high pass filters or prisms, while
exciting the fluorophore at the same time (Childs, 2014). The Figure below depicts how
excitation and emission of light in fluorescence are related.

Figure 1. Simplified Jablonski Diagram and its translation to excitation and
emission spectra. A molecule gets excited as its electrons absorb energy from
light/photons. The electron rises from the ground state into one of the excited states
(blue arrow and distribution), where internal conversion may occur (green arrow). The
electron returns to its ground state while emitting the excess energy partly as light
(orange arrow and distribution). Due to the internal conversion and vibrational
relaxation in the excited state the electron does not emit light with the same energy i.e.
wavelength as the light that it had adsorbed prior. The emitted light has a longer
wavelength and thus the emission spectrum is shifted to lower energy and therefore
longer wavelengths. This shift is called “Stokes shift”.

As of today, many different fluorophores exist. Fluorophores are molecules with
fluorescent properties, which’s emission wavelengths usually span a spectrum from
near-UV to near-infrared. The more conjugated double bonds a molecule possesses
the less energy is needed to excite electrons within the molecule into excited states
i.e. a fluorescent molecule with a lot of conjugated double bonds is “excited” by longer
wavelength – lower energy – light (Lichtman and Conchello, 2005). Therefore, the
excitation and emission spectra of fluorescent molecules can be tuned by the amount
18

of conjugated double bonds, which allows combining several fluorescent molecules in
one sample and achieve a multiplexed readout i.e. each fluorophore is recorded
individually. This is very useful for e.g. the phenotyping of cells based several epitopes,
as different fluorophores can be conjugated to various different e.g. primary antibodies,
which would detect those epitopes. Now, a cells phenotype can be assessed by the
expression of more than five epitopes rather than only one to two using traditional dyes.

1.2.3 The use of directly conjugated antibodies, secondary and tertiary
detection systems
Before going on to develop immunofluorescence Albert Coons first tried to reproduce
John Marracks dye-antibody conjugate immunostainings from 1934 (see Chapter
1.2.1). While he achieved similar results, he noted that the staining was very weak due
to low density of the antigen (Childs, 2014). This observation pushed him to develop
fluorescent tags for antibodies to increase the signal to noise ratio as described above
(Coons et al., 1942). In different circumstances however, simply using fluorescent tags
instead of dyes, did not solve the issue. The problem of distinguishing low-density
antigens from background i.e. above the noise threshold was present and persists to
date.
While the first immunostaining attempts were carried out using directly labelled primary
antibodies, over time many indirect immunolabeling methods have been developed to
increase signal intensity and elevate specific signal above tissue background
fluorescence (Childs, 2014).
The first and simplest method is using so-called “secondary antibodies”, which are
antibodies conjugated to fluorophores (or enzymes, see below). The secondary
antibodies are directed against the species in which the primary antibody was
produced e.g. donkey (species in which the secondary antibody is produced) anti-rat
(rat being the species in which the primary antibody detecting the antigen of interest
was produced) (Childs, 2014). This approach pairs more individual fluorophores with
a single primary antibody thus increasing signal intensity per bound primary antibody.
The downside of this approach is that secondary antibodies are usually polyclonal
(purified or non-purified from serum of the animals) and are prone to bind non-
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specifically to tissue structures or Fc receptors on immune cells (if those cells are
present in the sample in question).
This method can also be extended using the Biotin-Streptavidin (Wilchek and Bayer,
1990) system. Here, the secondary antibody is tagged with biotin molecules, which in
turn can bind streptavidin (SA) molecules conjugated to a fluorophore (or enzymes;
see below). This additional round of amplification increases the number of fluorophores
per single primary antibody again, yielding an even stronger signal – bearing in mind
steric hindrance as a downside of this approach for clustered antigens and
endogenous biotin as a second source of non-specific binding of fluorescently labelled
moieties.

Figure 2. Immunostaining methods – primary, secondary and tertiary
amplification. Three ways of detecting an epitope on an antigen (grey). Primary
antibodies are depicted in blue, secondary antibodies are magenta and fluorophores
are yellow. The rods connected to circle represent biotins and the connected cross
represents streptavidin. (a) fluorophores to conjugated primary antibody that
recognizes the epitope – least bright, most specific. (b) fluorophores conjugated to
secondary antibodies, which bind the constant region of the primary antibody that
recognizes the epitope – less specific, as polyclonal secondary antibodies are used.
(c) fluorophores conjugated to streptavidin, bound to biotins that are conjugated to
secondary antibodies, which bind the constant region of the primary antibody that
recognizes the epitope – the brightest alternative, less specific, as polyclonal
secondary antibodies and streptavidin are used.

Another approach, aside from fluorescence – not being used in the work presented in
this thesis – is labelling secondary antibodies or SA with enzymes. Here an enzyme,
e.g. a peroxidase or alkaline phosphatase, is linked to the secondary antibody or SA,
a solution with the enzyme’s co-substrates – in this example diaminobenzidine (DAB)
20

and hydrogen peroxide – is applied to the sample and the enzyme activity precipitates
DAB at the antibody binding site, yielding a brown colour. Depending on the substrate
the colour can be changed or also rendered fluorescent. Downsides of this approach
include detecting endogenous enzyme activity, uncertainty about precipitate
localization after washing and destruction of the sample due to the reagents used
(hydrogen peroxide). This system has been and is being developed further and has
also resulted in the development of the enzyme-linked immunosorbent assay (ELISA)
used to detect secreted protein in solutions (Engvall and Perlmann, 1971). However,
in the work presented in this thesis, no enzyme-labelled antibody or SA was used, due
to the unreliability of the reaction, unclear localization of the precipitates and tissue
destructive properties (Childs, 2014).

1.2.4 Multidimensional immunostaining
The desire to not only label one epitope with a fluorescently tagged antibody but
several ones at the same time (multiplexing) has led to a lot of efforts being put into
developing said multiplexed immunostaining approaches.
There are two major challenges associated with multidimensional immunostainings.
Not all epitopes – due to abundance/density – can be visualized using directly labelled
primary antibodies. This can be solved by using fluorophore- or biotin-labelled
secondary antibodies (plus SA-fluorophores) against the species of the primary
antibody used. However, herein lies the first problem of multidimensional
immunostaining. If several, differently labelled, secondary antibodies need to be used,
but the primary antibodies are of the same species e.g. produced in mouse hybridoma
cell lines there will be cross-reactivity i.e. reactivity of every secondary antibody with
every primary antibody (see Figure3 a). To combat this issue more and more primary
antibodies are produced in rabbit, goat, rat, hamster, chicken etc. In this way, although
not by a lot, multiplexed immunostainings using secondary antibodies against the
primary antibodies produced in these new species are now carried out with better
specificity. The second problem comes with the antibody labels. Epitopes are
visualized by fluorophores conjugated to the antibodies. Fluorophores, or also
fluorescent proteins for that matter, have a confined emission spectrum and thus can
be used for multiplexed immunostainings. However, fluorophores still have comparably
broad emission spectra, which can lead to overlap of the emission spectra of several
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fluorophores, leading again – similar to the antibody cross reactivity – to problems with
distinguishing signal from one antibody to the other (see Figure 3 b). Emitted light from
one fluorophore can bleed into the wavelength range where another fluorophore emits
light and thus gets recorded on top. Examples include but are not limited to Alexa Fluor
(AF), or any other brand of fluorophores, 488 into 555, 555 into 594, 594 into 633 and
633 into 594, 633 into 647/680, 647/680 into 633 and many other combinations also
including commonly used fluorescent proteins, such as Green Fluorescent Protein
(GFP) and mCherry.

Figure 3. Problems of multidimensional imaging – cross-reactivity and bleed
through. (a) Primary antibodies of the same species are used to detect different
epitopes. Secondary antibodies can only recognize the primary antibody species and
therefore both epitopes are finally labelled with the same fluorophore and cannot be
distinguished during imaging. (b) Primary antibodies of different species detect one or
two epitopes on the cells of interest. Species-specific secondary antibodies are used
to label the epitopes with different fluorophores (yellow and orange). The fluorophores
however have overlapping emission spectra. In the range where the orange
fluorophore can be recorded, fluorescence from the yellow fluorophore is also
recorded. Therefore, it is not possible to distinguish between a cell expressing only the
epitope recognized by the antibody combination with the orange fluorophore and a cell
expressing both epitopes.
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The current gold standard for a classical immunofluorescence staining is four to five
colours i.e. epitopes detected in the same sample. Of note, in flow cytometry the
multiplexing has been extended to over 10 fluorophores (more exotic fluorophores
have been developed in this field recently), which is only possible through
compensation calculations i.e. controlling for the bleed through of fluorophores into one
another’s channels mathematically, a feat yet to be achieved easily in
immunofluorescence stainings of cells in tissues.
Nevertheless, over the past decade new techniques that overcome the issues of
classical immunofluorescence have been developed. These include labelling
antibodies with metal isotopes instead of fluorophores (metal isotopes when measured
in a mass spectrometer have a very narrower “emissions” spectrum) and using a mass
spectrometer to identify more than 30 epitopes in one sample (Bodenmiller et al.,
2012). Other approaches use sequential staining and/or stripping of antibodies and
fluorophores with dedicated microfluidic-microscopy devices (Goltsev et al., 2018; Gut
et al., 2018). While these approaches are clearly pushing the field, they are destructive
(either ablating the tissue/cells or destroying the epitope-antibody combination), very
complex and pose the need of dedicated hardware making them unavailable for most
scientists.
What is missing is an approach to extend the limits of classical immunofluorescence
stainings while maintaining its ease of use and broad applicability.

1.3 Single molecule detection in situ
The detection of single molecules can teach us much more about a system than just
knowing that the epitope of interest and therefore mainly the cell of interest is present
or not – the result of standard fluorescent or enzyme-based histology. By knowing the
localisation of single molecules in situ i.e. with respect to cells and structures like blood
vessel or lymphatic vessels, one can learn more about e.g. the exposure of a certain
cell to a hormone or any other signalling molecule, or quantify the production of a
secreted protein in response to a stimulus. Standard microscopy techniques though,
except in cases of high antigen density, cannot deliver this kind of information, mostly
due to lacking magnification and/or amplification of the signal of antibody binding
23

events on low-density/individual secreted molecules. Usually very high sensitivity, high
specificity and high resolution is required to provide quantitative information on single
molecules in situ.

1.3.1 Transmission electron microscopy for single molecule detection
Transmission electron microscopy (TEM) has been used to detect single molecules in
situ (Dar et al., 2005; Schwarz et al., 2017). TEM relies on an electron beam, passing
through the sample – a thin section of plastic embedded tissue/cells – producing an
image from differential electron absorption and scattering of the present structures in
the sample. In order to visualize specific molecules, primary antibodies, as well as
gold-labelled secondary antibodies are employed – nowadays gold-labelled fab
fragments (variable region of an antibody and thus much smaller) are also used to
increase the resolution of the image. This technique was first used by Faulk and Taylor
in 1971 (Faulk and Taylor, 1971), a considerable time after the invention of the electron
microscope by Ernst Ruska in 1931 (Bogner et al., 2007).
While electron microscopy undeniably offers the highest resolution possible to date
(the resolution limit i.e. the wavelength of an electron is five orders of magnitude lower
than the one of visible light) (Bogner et al., 2007), there are also some drawbacks
concerning studying the tissue distribution of single molecules. Among others, the size
of the sample is small (only up to 100 nm in thickness (Bogner et al., 2007; Winey et
al., 2014)) and multiplexing opportunities (e.g. staining molecules as well as specific
cells and structures) are very limited and thus do not allow studying secreted molecule
distributions alongside visualization of cells and other structures in large tissue
sections.

1.3.2 Super-resolution microscopy
Super-resolution microscopy in theory can also be used to detect single molecules in
situ. Over the past two decades several approaches concerning super-resolution light
microscopy have been developed: Total internal reflection fluorescence (TIRF),
stimulated emission depletion microscopy (STED), photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM)
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(Betzig et al., 2006; Hell and Wichmann, 1994; Huang et al., 2008; Mattheyses et al.,
2010; Rust et al., 2006; Wollman et al., 2015), as well as several derivative techniques.
While all techniques above are able to yield sub-wavelength limited i.e. superresolution light microscopy images, where single molecules located within 200
nanometer of each other can be resolved, the range of these methods in the z-axis is
constrained to a few hundred nanometers (due to the optical systems used). This
limitation again makes their use for detection of single molecules in large tissue
samples nearly impossible. In addition, similar to TEM, multiplexing of several
fluorophores in the same sample is limited due to the detection system used to yield
super-resolution images.

1.3.3 Proximity Ligation Assay
The Proximity Ligation Assay (PLA) was first used in 2002 in order to detect single
molecules of platelet-derived growth factor in solution (Fredriksson et al., 2002) and
later more proteins in single cells and in situ (Söderberg et al., 2006). The approach
taken with this technique in contrast to electron and super-resolution microscopy is not
to increase the resolution of the image and look at the sample with very high
magnification, but to increase the signal size and intensity of the fluorophore located
at the single molecule via an antibody- deoxyribonucleic acid (DNA) construct and thus
make it visible with lower magnification objectives. The downside of this technique is
that molecules, which are within the diffraction limit from one another, cannot be
resolved. Furthermore, the concept of the assay does not allow detection of all proteins
in highly dense environments due to steric hindrance. On the positive though, imaging
can easily be done in three dimensions (several tens of micrometres deep). Since
lower magnification objectives are used, larger sample areas can be scanned.
Multiplexing is not limited by hardware or technique, just by antibodies and fluorophore
availability, and only a standard laser scanning confocal microscope is needed, which
is available to many scientists. The principle of the PLA is depicted in the Figure below.
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Figure 4. Principle of the Proximity Ligation Assay. Adapted from (Kunz &
Schroeder, in revision) and inspired by (Fredriksson et al., 2002). The primary antibody
directed against the protein of interest is depicted in purple, while secondary antibodies
are depicted in blue and magenta. The secondary antibodies are both directed against
the species of the primary antibody and are conjugated to either a “+” or a “-“
oligonucleotide. If the secondary antibodies are within 40 nanometer of each other the
oligonucleotides are ligated, which in turn allows a polymerase to produce a DNA
strand of a repetitive pattern connected to the “ligation circle”. To visualize the primary
antibody binding event fluorescently labelled oligonucleotides are hybridized to the
repetitive sequence on the produced DNA strand.

In PLA, just as with other immunostaining approaches, the primary antibody needs to
bind the epitope of interest. Then secondary antibodies are added to the sample to
bind to the primary antibody. For the assay to work, two secondary antibodies need to
bind to one primary antibody, as both antibodies are tagged with different
oligonucleotides which are (if close together, < 40 nm) are ligated to subsequently
allow amplification. The fact that two distinct secondary antibodies need to bind to one
primary antibody reduces the positive detection rate but also reduces the amount of
false-positive detection i.e. increases specificity, as it is very unlikely that two distinct
secondary antibodies bind in an unspecific manner within 40 nanometers distance to
each other. Once the secondary antibodies are ligated, a polymerase synthesizes a
DNA strand, according to the sequence of the circle, formed by the ligation of the two
oligonucleotides bound to the antibodies. In a last step, fluorescently labelled
oligonucleotides are hybridized to the DNA strand, visualizing the primary antibodybinding site and thus the single molecule. PLA therefore increases the number of
fluorophores per single molecule dramatically and thus allows in situ 3D detection of
single molecules by means of conventional confocal light microscopy.
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1.4 Quantitative analysis of digital images
1.4.1 Pixel and object-based image quantification
In microscopy – and in any other imaging-based sciences – images (usually digital) of
cells, tissues or any other sample are obtained from different samples. In order to learn
anything from these images (in a scientific manner), usually one wants to compare
them e.g. the tissue distribution of cell type A vs B or the morphology of a cell treated
with a drug vs a non-treated cell. Doing this qualitatively i.e. looking at images and
making up our mind on what the result should be is not scientific and hence to date
any microscopic/imaging study employs, or at least should employ, image
quantification to some extent.
Image quantification can be broadly classified in pixel/voxel- and object-based image
quantification. Pixel based quantification focusses on the raw values the sensor
records from the imaging process i.e. minimum, maximum, average intensity, area
above a certain intensity etc. Object based image quantification focuses on the
features defined by pixels e.g. cells and thus if cell A is a neighbour of cell B or cell C
or, if a cell is round or elongated etc. Object-based image quantification thus is
inherently linked to the pixel-based image quantification, as objects need to be
retrieved from images through determining where pixel intensity values suggest an
object is placed. This link is depicted below in Figure 5.

Figure 5. Link between pixel- and object-based image quantification. Counting
the pixels of the image above yields a distribution of the pixel intensity values. Setting
a threshold at different pixel intensities, as depicted in colour, yields different results
as to how many objects can be identified and the size of the objects (depicted in
magenta, cyan and yellow).
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1.4.2 Tissue cytometry
Tissue cytometry is an approach in analogy to flow cytometry in which the cellular
phenotype of cells in question is quantified for each individual cell e.g. by staining for
a variety of intracellular or cell surface markers, but also quantifies data about the
tissue localization and neighbourhood of each cell, as well as information on size and
morphology. Tissue cytometry is a technique often used in hematopoietic and
immunology research and is an object based quantification strategy (Gerne et al.,
2012; Li et al., 2017; Nombela-Arrieta et al., 2013).
Different to flow cytometry, where each cell is recorded individually, imaging of intact
tissues visualizes the cells in their native environment. Therefore, to assess each cell
individually the first and most important step is to segment individual cells from the
image, as depicted in Figure 5. The crucial importance of image segmentation has led
to the development of many freely available and commercial software packages (e.g.
Imaris (Bitplane), ImageJ (Prodanov and Verstreke, 2012), CellProfiler (Carpenter et
al., 2006), HistoCAT (Schapiro et al., 2017), Lever3D (Wait et al., 2014), fastER
(Hilsenbeck et al., 2017) etc.). However, good image segmentation in tissues for
densely packed cells, nuclei or many more features has not been achieved yet.
Recently, better results are being obtained through neural networks and deep learning
techniques (Buggenthin et al., 2017; Diester et al., 2018), at the cost of computing
power and time.
The idea of tissue cytometry, as mentioned above, has been pursued mostly in
haematology and immunology research (Gerne et al., 2012; Li et al., 2017; NombelaArrieta et al., 2013; Winfree et al., 2017). However, cytometry methods used to date
are not standardized, and differ strongly in terms of imaging, image analysis,
interpretation, statistical testing and often are not even available to all scientists, due
to the need of special hard- and software (Nombela-Arrieta et al., 2013). This hampers
the comparability between studies, an issue that needs to be addressed.

1.4.3 2D vs 3D image quantification
Image quantification can be carried out in two or three dimensions. Up to now, most
published studies rely on 2D image quantification. The third dimension can either be
time (e.g. in time-lapse microscopy (Hilsenbeck et al., 2016; Schroeder, 2011)) or
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space. Here, it will only be addressed how the third dimension in space influences
image quantification.
With the development of confocal microscopy, acquiring images deep into tissues
(through optical sectioning, see Chapter 1.1) is now possible. While this extra amount
of information provides many benefits it also poses challenges for the analysis of these
images. For example for images of tissues recorded deeper than a few micrometres,
reduced accessibility of the tissue structures for antibodies and different light scattering
within the tissue from different wavelength fluorophores (UV vs infra-red) have to be
taken into account, while assessing signal intensity of a marker with respect to depth.
To this date, algorithms exist that correct for this signal attenuation by increasing signal
intensity with depth (in post-processing or during image acquisition). Nevertheless,
without measuring also a standard of some kind, this process, which is not necessarily
linear, cannot be trusted to amplify signal faithfully and in addition it amplifies noise as
well as correct signal, yielding noisier and thus worse images for quantification
purposes deeper into tissue.
Another issue in 3D image analysis is that the resolution of most microscopes in the zaxis is less good compared to the x-y axis. The z-resolution mainly depends on the
objective used and its specifications (e.g. the numerical aperture). A 63x objective for
example can yield an image with 0.24 um resolution in xy (determined by the optics
and stage used) but only 1 um in z. This yields voxels (as a 3D equivalent to pixels)
that are rectangles, elongated along the z-axis, which to date is not always recognized
in the widely used commercial software Imaris e.g. when applying filters such as a
Gaussian or median filter.
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1.5 Hematopoietic and nonhematopoietic cells in the bone
marrow
1.5.1 Haematopoiesis
Haematopoiesis is the process of blood cell formation (Rieger and Schroeder, 2012).
Hematopoietic stem cells (HSCs) differentiate into more restricted progenitors, which
then differentiate into mature hematopoietic cells that have different functions in our
body.

Figure 6. The adult hematopoietic differentiation hierarchy. A schematic of
hematopoietic differentiation with the hematopoietic stem cell (HSC) at the top of the
hierarchy and terminally differentiated hematopoietic cells at the bottom. HSC –
hematopoietic stem cell, MPP – multipotent progenitor, CLP – common lymphoid
progenitor, GMP – granulocyte–macrophage progenitor, MEP – megakaryocyte–
erythrocyte progenitor.

This process is continuous throughout life and supplies the body in a balanced manner
with e.g. cells for gas transport (erythrocytes), cells of our immune system (neutrophils,
eosinophils, basophils, B-, T- and natural killer cells) and cell fragments that allow
blood clotting in case of injuries (platelets) – with emergency situations being an
exception, skewing the hematopoietic output into specific lineages (Manz and
Boettcher, 2014).
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1.5.2 Hematopoietic stem cells
All hematopoietic cells during haematopoiesis are derived from stem cells, the
hematopoietic stem cells (HSCs). One HSC can give rise to all blood cell lineages (see
Figure 6). It is the only cell in the hematopoietic system that can be described as a
somatic stem cell, as it has long-term self-renewal capacity and unlimited
differentiation potential within the hematopoietic system. The first HSCs that can be
defined as stem cells arise in the aorta-gonad-mesonephros (AGM) region in the early
embryo (E10.5) (Rieger and Schroeder, 2012). Those early HSCs differ from their adult
counter parts, as they are actively cycling and can contribute to regeneration of the
hematopoietic system much faster (Crane et al., 2017; Rebel et al., 1996). This ability
would make these HSCs clinically more relevant – e.g. for stem cell transplantations
as a leukaemia treatment – than their adult counterparts. However, how the phenotype
of the HSCs switches from embryonic to adult and if it is reversible is currently not
understood (Rieger and Schroeder, 2012).
From E17.5 onwards, murine HSCs can be found in the bone marrow and at about
three weeks after birth, no more HSCs are found in the liver (Bowie et al., 2007). The
bone marrow becomes the place for adult HSCs and the primary site for
haematopoiesis – there is some haematopoiesis in the spleen.

Figure 7. Embryonic hematopoietic development adapted from (Rieger and
Schroeder, 2012). A schematic of embryonic hematopoietic development and the
tissues and anatomical sites involved. Hematopoietic cells arise in the yolk sac,
allantois, placenta and the AGM region at different time points (dpc – days post
conception) and home and proliferate first in the extraembryonic tissue, then the fetal
liver and lastly the bone marrow, which becomes the primary site of adult
haematopoiesis.
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1.5.3 Nonhematopoietic cells of the bone marrow
The bone marrow is the place of adult homeostatic haematopoiesis (Figure 7). While
almost all hematopoietic cell types can be found in the bone marrow (with the exception
of maturing and specialized tissue resident immune cells), there is also a multitude of
nonhematopoietic cells present. Among others, chondrocytes, bone forming
osteoblasts, osteocytes, adipocytes fibroblastic stromal cells (without association,
bone-, or blood vessels-associated), vascular endothelial cells and neuronal cells
(Baryawno et al., 2019; Coutu et al., 2017a).
Those nonhematopoietic cells are thought to have a regulating effect on hematopoietic
cells in general (e.g. inducing quiescence or relating danger signals) and
hematopoietic stem cells in particular (Crane et al., 2017; Moore, 2006; Sipkins et al.,
2005).

1.5.4 The hematopoietic stem cell niche
Stem cell niches in general are defined as microenvironments that can maintain and/or
regulate stem cells (Crane et al., 2017; Moore, 2006). With respect to the
hematopoietic system, most research has been focused on the adult hematopoietic
stem cell niche, although some research has also been conducted on the niche of
embryonic HSCs (Crane et al., 2017). During development, HSCs were found closely
related to blood vessels (in the AGM by definition, but also in the fetal liver (Khan et
al., 2016)). The adult HSC niche first shifts organs (from the AGM and fetal liver to the
bone marrow) and then arguably also microenvironments (Crane et al., 2017).
Some research groups report the HSC niche to be the osteoblast-lined endosteum
(Yoshihara et al., 2007), while others report sinusoidal blood vessels and vasculature
lining pericytes (Acar et al., 2015; Kiel et al., 2005) to be the niche, and again others
point to arteries and arterioles (Kunisaki et al., 2013), nonmyelinating Schwann cells
(Yamazaki et al., 2011), megakaryocytes (Bruns et al., 2014), or Nestin expressing
fibroblastic stromal cells within the marrow as the HSC niche (Mendez-Ferrer et al.,
2010).
All these conflicting studies provide compelling evidence for their interpretation of the
HSC niche, which also opens the door for new ideas about the HSC niche. Either the
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actual niche marker has not yet been identified, or maybe there is no spatially
restricted, specific niche in the bone marrow, or HSC induce their own niche by
interaction with potential niche cells. Indeed, one study has looked into the possibility
of introducing more HSCs into the bone marrow and therefore the HSC niche. It was
found that months after the addition, more HSCs can be found in the bone marrow and
in niches previously not identified (Shimoto et al., 2017), pointing towards a dynamic
niche that might not always be the same or occupied in the same manner by HSCs –
possibly explaining the heterogeneous opinion in the field about what or where the
HSC niche is.
Another way of thinking about the HSC niche is to ask if and which secreted regulatory
factors constitute the niche. Here, much less information is available, mainly due to
difficulties of working with and visualization of secreted factors. It has been reported
that stem cell factor (SCF) conditionally deleted from several putative niche cells has
an effect on HSC maintenance (Ding and Morrison, 2013) and that C-X-C motif ligand
12 (CXCL12) similarly affects maintenance but also retention of HSCs in the bone
marrow niche (Ding et al., 2012; Greenbaum et al., 2013). In addition, CXCL12 has
been shown to work as a chemoattractant and is believed to attract HSCs to their
niches through a gradient (Aiuti et al., 1997; Burger and Kipps, 2006; Richter and
Henschler, 2017; Ugarte and Forsberg, 2013).
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Figure 8. A non-exhaustive model of the hematopoietic niche and its regulatory
factors as known to date. Adapted from (Crane et al., 2017). A non-exhaustive model
of the cell types and HSC regulating molecules involved in the HSC niche, as currently
known. Shaded areas in different blue and magenta around cells indicated high and
low expression of HSC regulating factors CXCL12 and SCF. Osteoblasts and
endothelial cells putatively express low levels of CXCL12; endothelial cells also
express low levels of SCF. Perivascular cells express high levels of CXCL12 and SCF.
This data stems from transcriptional reporter mice for SCF and CXCL12. HSCs have
been shown to localize close to any of these niche components.

For CXCL12 and SCF, fluorescent reporter mice have been created to aid the
visualization of cells producing the secreted factors important for HSCs. However,
those mouse models are heterozygous knockouts of the protein in question, on allele
has GFP knocked into the locus. Thus, these mice only report transcription, not the
protein of these factors and thus can only approximate the protein localization. Indeed
it was shown recently that GFP intensity does not correlated completely with the
CXCL12 protein content within cells (Asada et al., 2017).
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1.6 Secreted molecules
1.6.1 Secreted molecules and ways of signalling
There is a plethora of secreted molecules (Uhlen et al., 2018), many described to
engage in signalling to cells or tissues that are at a distance from their producing cells.
Hormones, such as oestrogen or leptin are secreted mostly into the circulation and act
at long distances (endocrine signalling). Growth factors similarly can act at long
distances in the adult organisms, but can also act within a tissue e.g. during a wound
response (Adam J. and Richard A.F., 1999) or during development alongside so-called
morphogens (Briscoe and Small, 2015). The range can be several cell diameters, but
it can also be paracrine as for example observed in the intestine, where members of
the Delta-like ligand family and Wnt ligand act on stem cells in the crypt (Stange, 2013).

Figure 9. Commonly observed signalling regimes and gradients. (a) Endocrine
signalling where one cell secreted a molecule into circulation, which then acts on
another cell in a distant tissue. (b) Paracrine signalling, where one cell secretes a
molecule that acts on a/other cell/cells in the same tissue. Along the distance x
gradients can be observed from the circulation into the tissue (a) or from the producing
cell (b), as depicted in the middle of the figure. (c) Autocrine signalling where secreted
molecules act on the secreting cell itself.

Secreted molecules also play a major role in the bodies’ immune system, helping
hematopoietic precursor cells to produce the immune cells in demand (Boettcher et al.,
2014; Rieger et al., 2009), guiding those cells to where they are needed (Burger and
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Kipps, 2006) and then also to dampen the immune response, once the threat has been
resolved. Those molecules are most commonly referred to as cytokines and
chemokines (Dinarello, 2007; Griffith et al., 2014).

1.6.2 Cytokines and Chemokines
After the discovery of the first cytokine – the interferon (Issacs and Lindenmann, 1957)
– many more similar soluble factors that today are defined as cytokines were
described. While most cytokines are studied within the realm of immunology and
immune response in mammals, activities that could be linked to typical cytokines
activity were found in starfish, Drosophila melanogaster and poikilothermic lizards
(Dinarello, 2007).
Cytokines first were described as “monokines” and “lymphokines” to distinguish them
based on their producing cells – monocytes and lymphocytes (see Chapter 1.5.1).
However, soon it was realized that cytokines can be produced by most if not all cells
(except erythrocytes) of the hematopoietic system and cytokines were started being
classified according to function i.e. biological properties (Dinarello, 2007).
Chemokines are a subgroup of cytokines and are usually small (between 8 to 12 kilo
Dalton) and have three or four cysteine residues that can be arranged in different
configurations. Two major and two minor groups of chemokines, based on the cysteine
arrangement, have been described so far. Chemokines are largely known for their roles
in leukocyte recruitment to sites of injury, but were also reported to have regulatory
functions in the hematopoietic (see Chapter 1.5.4) and more specifically the immune
system (Griffith et al., 2014). One chemokine that has been investigated extensively is
CXCL12. CXCL12 signals through two receptors: CXCR4 and CXCR7. CXCL12 has
been shown to be involved in homing, retention and maintenance of HSPCs in the
bone marrow (Burger and Kipps, 2006; Lo Celso et al., 2009; Ding et al., 2012;
Greenbaum et al., 2013; Sugiyama et al., 2006), and addition is important for axon
guidance (Li and Ransohoff, 2008), the recruitment of leukocytes to sites of
injury/infection (Griffith et al., 2014; Luster, 1998), as well as tumour progression and
cancer cell attraction (Burger and Kipps, 2006; Price et al., 2016).
Despite these many important functions, information on where CXCL12 and many
other cytokines and chemokines are present within a tissue, where they are produced
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and how they are distributed is very scarce, if not missing at all. This is mainly because
fluorescent reporter mice have only been created to report transcription of the gene in
question,

rather

than

protein

production

and

localization,

and

standard

immunofluorescence stainings are not sensitive enough to visualize single molecules
in large areas in a quantifiable manner (see Chapter 1.3).

1.7 The inflammatory response
1.7.1 Inflammation and infection
Very broadly defined, inflammation is the body’s response to an irritation. More
specifically, the body’s immune system, comprised of various dedicated innate and
adaptive immune cells, reacts to a foreign object when it enters the body, e.g. a splinter
penetrating the skin, causing bacteria to settle in the damaged dermis and/or the
circulatory system (Alberts et al., 2002).
Infection is a term that describes the occurrence and proliferation of microorganisms
such as bacteria or viruses etc. in our body. Infections can be resolved by our immune
system in an inflammatory response (see above). If the initial inflammatory response
is not sufficient to eliminate the invading microorganism e.g. due to a late recognition
or large amounts of microorganisms, the infection spreads, we are regarded as “sick”,
and a stronger inflammatory response manifests itself as fever, head aches etc.
(Alberts et al., 2002).

1.7.2 Inflammatory mediators – inflammatory cytokines
The immune system is comprised of adaptive (B- and T-cells) and innate immune cells
(monocytes, macrophages, granulocytes, innate lymphoid cells) (see also Chapter
1.5.4), as well as signalling molecules or inflammatory mediators used by these cells
to communicate, attract more cells, cause inflammation and many more functions (not
mentioned here are skin integrity, stomach acid etc. as part of the innate immune
system) (Alberts et al., 2002).
Inflammatory mediators are crucial molecules that attract immune cells to the area of
infection (Luster, 1998) and activate those cells (Turner et al., 2014). Examples include
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histamine (White, 1999), C3a and C5a as parts of the complement system (Hugli and
Mueller-Eberhard, 1976), kinins (Golias et al., 2007), as well as prostaglandins
(Ricciotti and Fitzgerald, 2011) and finally leukotactic and activating pro-inflammatory
cytokines.
Pro-inflammatory cytokines generally cause and/or maintain inflammation but each
one also has specific functions. A prime example for an inflammatory cytokine is
Tumour Necrosis Factor alpha (TNFa). TNFa is produced by immune cells (e.g.
macrophages) at the site of infection, for example in response to bacterial invasion
(Bradley, 2008). TNFa once secreted and/or released from the membrane by
proteolytic cleavage of ADAM17 (Bradley, 2008) is a powerful cytokine. It can induce
the expression of adhesion molecules on endothelial cells at the site of infection
(Bradley, 2008), leading to leukocyte recruitment. It also can induce apoptosis via TNF
receptor 1. Furthermore, TNFa can induce the expression of the transcription factor
PU.1 in hematopoietic stem and progenitor cells (Etzrodt et al., 2018), resulting in a
commitment of undifferentiated hematopoietic cells to cells of the innate immune
system (Hoppe et al., 2016), namely monocytes, macrophages and granulocytes,
which in turn can contribute to resolution of the infection (Friedman, 2002).
Anti-inflammatory cytokines in contrast, are regulators of the immune response e.g. by
competing with inflammatory cytokines for the receptors (e.g. Interleukin 1 receptor
antagonist dampening pro-inflammatory Interleukin 1 signalling) or, as in the case of
Interleukin 10, repress the expression of TNFa and other pro-inflammatory cytokines
(Zhang and Jianxiong, 2009).
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1.8 Bone marrow and cancer
1.8.1 Cancer
Cancer in its most basic definition is a disease characterized by abnormal cell divisions
i.e. growth of a cell population without any control. The resulting cell mass is commonly
referred to as a tumour. These cells or tumours then can compromise functionality of
the tissue they are associated with e.g. epithelial cells of the lung in a so-called
carcinoma or lymphoid cells in the hematopoietic system in leukaemia or lymphoma,
but can also detach from the primary tumour mass and invade other tissues – they can
metastasize (Lambert et al., 2017).

1.8.2 Hematopoietic malignancies
The bone marrow is the site for adult haematopoiesis and thus is the site were
hematopoietic malignancies arise most often. Hematopoietic malignancies can very
broadly be defined as myeloid, lymphoid, histiocytic and dendritic cell neoplasms
(Campo et al., 2008). Leukaemia is the most commonly used term for neoplasms of
the hematopoietic system. In general, leukaemia is characterized by the production of
large numbers of abnormal hematopoietic cells (mostly immature) that compromises
the function of the hematopoietic system e.g., due to lack of function (being immature
cells) and biased (non-functional) output of the hematopoietic system.

1.8.3 The bone marrow as a destination for solid tumour metastases
Cells from solid tumours, in comparison to the “liquid” tumours of the hematopoietic
system, can also be found in the bone marrow. If this is the case (excluding
osteosarcomas i.e. tumours of the bone forming cells) these cells then are solid tumour
metastases in the bone marrow. The primary tumour cells are shed from the initial
tumour cell mass and via the blood circulatory system arrive in the bone marrow. This
can happen either with single cells or cell clusters (Aceto et al., 2014).
Not all cancers are known to metastasize to the bone marrow. However, very common
cancers, such as breast, prostate, lung and colon cancer, as well as neuroblastomas
can be classified as bone tropic i.e. bone marrow aspirates of patients and x-ray
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pictures, as well as mouse models often show metastases in the bone marrow
(Jonsson and Rundles, 1951; Kang et al., 2003; Nguyen et al., 2009).
Although there is a clear clinical need in understanding how bone marrow metastases
of several cancers arise and progress, relatively little is known about the homing
process i.e. when and how cells arrive in the bone marrow. Some studies suggest a
role of CXCL12 in attracting circulating tumour cells to the bone marrow, but this
concept was only shown in cell lines and further also shown to not be valid for all
current available cell lines (Price et al., 2016).
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2 Results
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2.1 Multicolor quantitative confocal imaging cytometry

The first part of the results section is comprised of an adapted version of the postprint
of the publication “Multicolor quantitative confocal imaging cytometry”, in which two
colleagues and I developed a new and simple to perform workflow, including software,
to obtain quantitative, multidimensional, single cell data from whole bone sections in
three dimensions with subcellular resolution.
I contributed to this publication by planning and conducting experiments together with
my colleagues, as well as independently programming the image cytometry tool XiT.

Multicolor quantitative confocal imaging cytometry. Daniel L. Coutu*, Konstantinos D.
Kokkaliaris*, Leo Kunz* & Timm Schroeder. Nature Methods 15, 39–46 (2018)
* co-first authors
As published first in Nature Methods online 2017/11/13.
DOI: https://doi.org/10.1038/nmeth.4503
Link: https://www.nature.com/articles/nmeth.4503

The figures in this chapter are not numbered as a continuation of the figures of the
whole document.
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Abstract
Multicolor three-dimensional quantitative imaging of large tissue volumes is necessary
to understand tissue development and organization, as well as interactions between
distinct cell types in situ. However, tissue imaging remains technically challenging, in
particular for bone and marrow. Here, we describe a pipeline to reproducibly generate
high-dimensional quantitative data from bone and bone marrow, which may be
extended to any tissue. We generate thick bone sections from adult mouse femurs with
preserved tissue micro-architecture and demonstrate eight-color imaging using
confocal microscopy without linear unmixing. We introduce XiT, an open-access
software for fast and easy data curation, exploration and quantification of large imaging
datasets with single-cell resolution. We describe how XiT can be used to correct for
potential artifacts in quantitative three dimensional imaging, and use the pipeline to
measure the spatial relationship between hematopoietic cells, bone matrix and marrow
Schwann cells

Introduction
Imaging approaches are crucial for understanding biological processes1–3. This is
especially true for processes in complex tissues like bone and bone marrow where
skeletal stem cells are responsible for growth, maintenance and repair of
bone/cartilage and hematopoietic stem and progenitor cells (HSPCs) sustain
hematopoiesis throughout life4,5. Despite extensive studies, the exact localization of
most cell types in the bone marrow (BM) as well as the cellular and molecular
composition of their niches remains controversial6–8. This is mainly due to the
complexity of BM microenvironments and the difficulties in analyzing skeletal tissue in
a quantitative manner as a whole organ while visualizing more than 5 markers
simultaneously. Although recent work has described quantitative cytometry of lymph
nodes9, imaging whole – or thick sections of – adult mouse bones and quantifying the
spatial distribution of distinct populations of cells remains an unmet goal.
Bone and BM are difficult to study by standard histology since most sample preparation
approaches affect tissue morphology or cause autofluorescence, thus preventing
subsequent unbiased quantitative analysis. The development of novel optical clearing
techniques now allows for deeper imaging of large organs or even entire embryos10.
However, most clearing approaches have strong limitations when used in BM resulting
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in insufficient clearing (Scale A2/U2, Focusclear), fluorochrome quenching (Scale
A2/U2,

benzyl

alcohol/benzyl

benzoate

-

BABB,

3Disco/iDisco)

or

tissue

inflation/shrinkage (3Disco/iDisco, Cubic)10.
Here, we present a pipeline to generate reproducible high-dimensional quantitative
data from mouse bone sections. This pipeline is easy to implement and preserves
tissue and cell morphology as well as the fluorescence of many classes of
fluorophores. We demonstrate multiplexing of up to eight markers/fluorophores and
provide open-access software allowing rapid data exploration, curation and
quantification. Taken together, we aim to describe an integrated pipeline, from tissue
preparation to quantitative image analysis that will help democratize bone cytometry.
This pipeline is also applicable to tissues beyond bone.

Results
Sample preparation and processing
We chose a fixation method that excludes organic solvents/alcohols, which are known
to increase autofluorescence and alter subcellular localization of antigens11 (see
Supplementary Note 1). We fixed samples with methanol-free formaldehyde, at 4oC to
ensure proper fixation without antigen masking, followed by decalcification, agarose
embedding at low temperature and vibratome sectioning (200-700um). Following
immunostaining, the sections were optically cleared (Supplementary Figure 1). Sample
clearing and mounting can induce tissue distortion, fluorescence quenching and optical
aberrations; thus, we tested numerous optical clearing techniques and mounting media
(Supplementary Table 1). Most of the recent optical clearing techniques developed for
brain tissue did not prove useful for bone/marrow as we either observed no substantial
clearing or tissue architecture was severely distorted (data not shown). In addition,
clearing techniques are often only compatible with certain fluorophore classes, making
>5-color immunostaining impossible10,12, although broadly compatible clearing agents
have been reported9 For more detailed investigations, we tested 2-2’-thiodiethanol
(TDE)10, BABB and a glycerol-based medium.
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Figure 1. A method for bone and bone marrow imaging. a) Confocal images of
adult mouse femur sections of the indicated depths. Left panel: 20um thick xz
projection through the distal growth plate (green: Osx-GFP; red: CD105, blue: ALP.
Right panel: 10um thick xz projection of the central sinus (red: CD31). b) Fluorescence
of the indicated fluorophore in TDE-cleared femur sections. All panels show CD31
staining, except the right-most panels showing endogenous GFP from a Cxcl12-GFP
bone and tdTomato from an Osx-CreERT2; tdTomato bone two days after tamoxifen
injection.. c) Confocal images of TDE-cleared sections of the indicated tissues. Shown
are brain (blue: DAPI, green: GFAP, red: CD31), lung (red: CD31, green: CD11b), liver
(green: CD31, red: CD11b) and skeletal muscle (blue: DAPI, red: CD31, green: Sca1).
d) Thick vibratome sections of adult mouse femurs followed by TDE-based optical
clearing and staining with the indicated markers to demonstrate preservation of
morphology (CD31+ central sinus and vasculature shown). Samples were stained with
markers for extracellular matrix (fibronectin [Fn] and osteocalcin [OC]), cilia (acetylalpha-tubulin), nuclear proteins (Ki67), trabecular bone (collagen 1) and secreted
cytokine (IGF-2). Scale bars: 700um (full bone scans), 7um (xz projection).
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Comparison of optical clearing compounds
We tested clearing methods by analyzing their effects on tissue and cell morphology,
on fluorescence quenching and on optical properties of the tissue. We identified 2-2’thiodiethanol (TDE)10 as a potent clearing agent for bone samples, as it enables deep
imaging of bone marrow at most wavelengths, is compatible with many fluorophores
and multiple tissues, and allows detection of intra- and-extracellular antigens (Fig. 1).
Specifically, we observed that optical clearing with TDE allows fluorescence detection
of most wavelengths from 200 to 700 um (Fig.1a). The fluorescence of all fluorophore
types was preserved, including organic Alexa Fluor and CF dyes, Q-dots nanocrystals
and endogenously fluorescent proteins (GFP, YFP and tdTomato), which can be
detected directly or amplified using immunostaining (Fig.1b). TDE clearing can also be
used on various other tissues (Fig.1c). Overall, we could use our sample processing
approach for 3D imaging of full bones at subcellular resolution (voxel size of
0.69x0.69x2.69um) and simultaneous detection of many structures and antigens in
different localizations including plasma membrane, cytoplasm, nucleus (Ki67),
extracellular matrix (collagen 1, fibronectin, osteocalcin [OC]), vasculature (CD31),
small subcellular organelles such as cilia (acetyl-alpha-tubulin), and secreted cytokines
(IGF2) (Fig.1d, Supplementary Figure 2).

We compared TDE clearing (Fig.2a) to BABB, which has been used for BM imaging7
and Prolong Gold Antifade (PGA), a glycerol-based medium not expected to induce
tissue distortion. We found no difference in the maximum width of the bone at the distal
growth plate between the three media (Fig.2b). However, BABB-cleared sections
showed significantly decreased thickness of the distal growth plate (Fig.2c). While we
observed minor differences between volume distributions of small c-Kit+ cells between
all compounds (Fig.2d), BABB significantly affected the volume distribution of larger
cells (1-4x104um3) such as megakaryocytes (Fig.2e). TDE also provided better axial
and lateral resolution over BABB (Fig.2f, g). BABB quenches a subset of fluorophores
(i.e. Q-Dots)12 while TDE is compatible with all classes of fluorophores tested here
(Fig.1b). PGA or other glycerol-based media proved easy to use and provided
reproducible results, but also quench certain classes of fluorophores, including Q-dots,
limiting their usefulness in highly multiplexed staining. In conclusion, we found TDE
clearing to be the best option for quantitative deep-tissue imagine of bone and marrow.
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In general, the optimal clearing technique depends on the application: number and
type of fluorophores, type of tissue, sample thickness, and the importance of
maintaining cellular and tissue morphology.

Figure 2. Quantitative comparison of clearing media. a) Thick section from an adult
mouse femur before and after optical clearing using TDE. b) The plot shows maximum
width at the distal growth plate in bones after clearing in Prolong Gold Antifade (PGA),
TDE or BABB. Three 250um-thick sections are shown per condition. c) Growth plate
thickness of femurs. Five measurements of three 250um-thick sections are shown for
all conditions. d) Volume of c-Kit+ cells in BM. Three 250um-thick sections used per
condition. 24 683 cells in three partial bone scans (PGA), 28 429 cells in three partial
bone scans (TDE), and 53 725 cells in three partial bone scans (BABB) were
measured. e) Volume of megakaryocytes (MKs) in three 250um-thick sections per
condition. 2 545 cells in three partial bone scans (PGA), 3 977 cells in three partial
bone scans (TDE), and 4 645 cells in two partial bone scans (BABB) were measured.
P values were calculated using Kruskal-Wallis test and Dunn’s multiple comparison
test. For box-and-whisker plots, the box defines data points between the 25th and 75th
percentile, whiskers show min-max and lines show median. f, g) Point-spread function
(PSF) was measured at 561nm excitation for 170nm diameter orange beads. The full
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width at half the maximum (FWHM) of the PSF (f) was used to measure the axial and
lateral resolution (g). Average of 118 (PGA), 173 (TDE) and 72 (BABB) beads are
shown. Theoretical PSF in g calculated based on the optics used. Dot plots and
histogram show mean +/- SD.

Multicolor staining and image acquisition
To detect cells with complex immuno-phenotypes and quantify their spatial distribution,
simultaneous detection of multiple markers/fluorophores is required. We optimized
stainings using secondary or tertiary antibody detection to simultaneously and reliably
detect up to eight different antigens (Fig.3a-d, Supplementary Figures 3 and 4). To
achieve this while using primary antibodies of the same species, we performed
sequential immunostainings. We note that an important aspect of multicolor detection
is that the clearing reagent is compatible with multiple fluorophores. In TDE-cleared
sections, we could detect eight fluorophores per section without spectral linear
unmixing, by combining traditional and long Stokes shift dyes. We separated dyes with
overlapping emission spectra in different acquisition rounds. To achieve this, we used
fluorescence-minus-one (FMO) staining controls to adjust the bandwidth of virtual
filters on the fluorescence detectors, their gain and offset, as well as laser powers, to
avoid bleed-through between channels. An example of acquisition settings and dye
combination is presented in Supplementary Figure 3. Designing and executing eightcolor immunostaining requires several optimization iterations. To aid users, we provide
a workflow for complex stainings (Supplementary Figure 5) and an immunostaining
troubleshooting guide (Supplementary Table 2).
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Figure 3. Multiplexing immunofluorescent staining for bone/marrow thick tissue
cytometry. a) Example of an eight-color immunofluorescent staining of an adult mouse
femur. b) Osteocalcin (OC)-YFP expressing trabecular osteoblasts and CD105+
vascular cells (white and black arrowheads, respectively). c) GFAP+ glial Schwann
cells, c-Kit+ hematopoietic cells and Sca1+ arterioles (white arrowheads, white arrows
and black arrowheads, respectively). d) Collagen 1+ bone matrix, rare IL1R1+
hematopoietic cells (black and white arrowheads, respectively) and DAPI.

Image pre-processing
Unbiased identification of rare cells with complex immunophenotypes in thick tissue
sections is virtually impossible without semi-automated quantitative methods. We first
used commercial software for image pre-processing and segmentation of cells and
structures of interest. As an example, we examined HSPCs, immunophenotypically
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defined as c-Kit+Sca1+Lineage-(Lin-) (KSL), which show medium BM abundance
(approximately 4-5x104 cells per femur)13 and are thought to interact with bone matrix
and Schwann cells. To test the localization of HSPCs relative to bone and Schwann
cells, we stained bone sections for KSL markers, collagen 1 (col.1, bone matrix) and
glial fibrillary acidic protein (GFAP, glial Schwann cells) (Supplementary Figure 6a, b
and Supplementary Video). We also acquired FMO control sections omitting either
anti-Sca1 or Lin primary antibodies. We segmented c-Kit+ cells (Supplementary Figure
6c, d), col.1+ bone matrix and GFAP+ cells and performed distance transformations
from both col.1 and GFAP segmented structures (Supplementary Figure 6e).
For subsequent data analysis we found existing software incapable or too inefficient at
handling large datasets (Supplementary Figure 6f). We therefore developed the
software ‘XiT’ (X-dimensional image analysis Toolbox). It allows fast and efficient data
exploration, validation, quantification and plotting, thereby enabling hypotheses
generation while working live with the data. XiT is compatible with imaging data formats
from any imaging pre-processing software that allows cell and structure segmentation
in 2/3D datasets and export of statistics files.
Imaging cytometry using XiT
We exported features of c-Kit+ segmented objects from Imaris for further analysis with
XiT.

Several image analysis steps were necessary to identify BM hematopoietic

progenitors and quantify their distance from bone matrix and Schwann cells reliably.
To remove artifacts from muscle and connective tissue outside the bone, we used XiT’s
spatial gating tool (Fig.4a). This is crucial for quantitative analysis of rare BM
populations, as segmented objects in surrounding contaminating tissues could vastly
outnumber relevant rare populations (Fig.4b). It also facilitates manual data curation
as artifacts do not need to be meticulously removed. For instance, in four bone sections
the number of c-Kit+Sca1+Lin- (KSL) cells decreased from an average of 1305 in the
raw images to an average of 403 in the spatially gated images (p<0.02) (Fig.4c). The
spatial gating feature of XiT can also be used to split datasets into anatomically distinct
parts of the organ and quantify them separately (Fig.4d).
Fluorescence signal intensity decreases with imaging depth due to light scattering
within tissue. This fluorescence attenuation must be accounted for during quantification
of marker expression levels or when aiming at measuring the presence or absence of
a marker, since precise signal quantification over background is required for
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determining reliable thresholds. In addition, thick free-floating vibratome bone sections
(as well as whole mount preparations) are generally uneven in thickness and rarely
present a flat imaging field, exactly parallel to the imaging plane (Fig.4e). Thus,
absolute distance from the objective (z-position) cannot be used to assess
fluorescence attenuation of particular markers/fluorochromes, which might result in
false-negative cells. XiT’s z-normalization feature enables virtual flattening of the
sample post-acquisition (Fig.4f, left panel). We plotted fluorescence intensity against
corrected z-positions and excluded 10% of c-Kit+ cells that were too deep for reliable
quantification of Sca1 (Fig.4f, right panel). These measures are crucial to avoid
misinterpretation of data obtained from thick tissue sections, organoids or whole mount
embryos. We note that free-floating sections can be mounted closer to the coverslip
by using thinner spacers. However, this can result in compression and distortion of
samples. In addition, the staining chamber volume must be sufficiently large to
accommodate for staining, washing and clearing solutions in excess.
To enable fluorescence channel compensation, similar to multicolor flow cytometry, we
implemented a channel arithmetic module, which works on the same principle as a flow
cytometry compensation software. As an example, we show (Fig 4g, left panel) a Sca1
FMO control where Sca1 signal could not be visually detected during image acquisition
but where significant bleed-through occurred from the Lin channel (10-15% depending
on the dataset). Hence, we subtracted 10-15% of the Lin channel intensity from the
Sca1 channel and found that Sca1+ cells decreased from 27.0% to 5.1% of c-Kit+ cells
(Fig.4g, right panel). This demonstrates the absolute need for reliable and unbiased
quantitative computational tools in microscopy data analysis.
After fully curating data from c-Kit+ cells (spatial gating, z-normalization, channel
compensation), we used density plots of c-Kit+ cells (Fig.4h, left panel) and gated
according to thresholds obtained from FMO controls (e.g. Fig.4g, red dashed lines).
XiT allows gating by setting quadrants or using polygonal/rectangular gates, similar to
flow cytometry software. Gate statistics (incorporating all Imaris statistics) can be
exported and include the Imaris unique identifier (ID) of each segmented object,
enabling their visualization in the original image in Imaris. Crucially, we used these
exported IDs for visual confirmation of cellular phenotypes in the original image data
using Imaris. (Fig.4h, right panel and Supplementary Figure 7).
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Figure 4. Multi(X)-dimensional image analysis Toolbox (XiT) for cytometry of
large imaging datasets. a) Spatial gating in XiT. Data points outside the organ are
removed by drawing polygonal gates in xy (shown) or yz projection. b) The density
plots show c-Kit+ cells and numbers indicate % of c-Kit+ cells per quadrant, either
before (raw) or after (xyz gated) spatial gating. c) Quantification of cells with the
indicated phenotypes before and after spatial gating. d) Spatial gating to split the
dataset into distinct anatomical parts for downstream analyses (prox: proximal, meta:
metaphysis, epi: epiphysis). e, f) Normalization for 3D position of tissue sections.
Numbers show % of segmented c-Kit+ cells. e) The left panel shows the z-position
(distance to objective) of all c-Kit+ cells. 3.8% of the cells are Sca1+ (red gate) and
Sca1 is detected up to 500um from the objective. The right panel shows the z-position
(distance to objective) of c-Kit+ cells. Note that the modified aspect ratio in the upper
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panel exaggerates sample irregularities. f) The left panel shows the z-position after
normalization (depth within tissue) of c-Kit+ cells. The right panel shows marked
decrease in Sca1 fluorescence intensity, 180um deep within the tissue (red gate). Sca1
expression can only be quantified in c-Kit+ cells located less than 180um deep within
tissue (90%, green gate).g) Channel bleed-through compensation by XiT. Left panel
shows a FMO control where the Sca1 primary antibody was omitted and right panel
shows a fully stained femur. h) Left panel: Density plot of c-Kit+ cells showing mean
fluorescence intensity of Sca1 and Lin markers. Numbers indicate % of c-Kit+ cells.
The gating thresholds (red lines) are derived from compensated FMO controls. Right
panel: Example of cells from each quadrant. ID numbers of cells within each quadrant
are imported into Imaris for visual confirmation of phenotype. Scale bars: 10um. Note:
for all panels 2D plots are color-coded for density unless otherwise specified.

Spatial distribution of c-Kit+ cell subpopulations in femurs
Once we validated the gating strategy and thresholds for each relevant markers using
FMO controls, we used the automated population analysis feature of XiT to identify the
number of existing subpopulations in the datasets based on distinct marker expression.
For each cell subpopulation, XiT exports separate statistics files, a spreadsheet
detailing the frequency of each population and density maps showing the localization
of the populations within the sample (Fig.5a). We then used XiT’s 4D viewer to confirm
the spatial distribution of cell subpopulations relative to bone matrix and Schwann cells
(Fig.5b). We found that proper gating to remove artifacts, controlling for depth
attenuation of fluorescence, and channel compensation for bleed-through were all
required to generate reproducible results across multiple samples (Fig.5c).
After performing all these steps in four different femur sections, we exported the
statistics of cell subpopulations for further statistical analyses in a third-party software
(GraphPad Prism) (Supplementary Fig 8). We quantified the distribution of c-Kit
expressing hematopoietic populations marked by different combinations of Sca1 and
Lin markers with respect to collagen1 (bone matrix) and GFAP+ Schwann cells (Fig.6),
and compared them to randomly distributed spots (generated in XiT). Most cells from
c-Kit+ sub-populations (Sca1-Lin+, Sca1-Lin-, Sca1+Lin+) including those enriched for
hematopoietic stem and progenitor cells (c-Kit+Sca1+Lin-; KSL) were found to be
randomly distributed (no different than random dots) relative to bone matrix, although
visual inspection suggested otherwise (see Fig.5a, lower panel). Only one cell
population (c-Kit+Sca1+Lin-) was found distributed non-randomly relative to GFAP+
glial Schwann cells. These results, which partly support previous studies14,15 although
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the cell types studied differ, highlight the need for unbiased quantitative analysis
complemented with random dot generation to study spatial localization of rare cell
populations.

Figure 5. Automated analysis of c-Kit+ cell subpopulations. a) Density maps
(maximum z density projections) show xy localization of all segmented cells of the
indicated phenotypes and their percentage of total c-Kit+ cells. b) The 4D plot shows
the expression of Sca1 and Lin markers in total c-Kit+ cells as well as their localization
relative to bone surfaces (col.1) and glial Schwann cells (GFAP). c) The plot shows the
abundance of c-Kit+ cell subpopulations in four independent experiments (femur
sections from different mice). Quadrant number (Q1-4) were defined as in Figure 4h.
For box-and-whisker plots, the box defines data points between the 25th and 75th
percentile, whiskers show min-max and lines show median.
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Figure 6. Spatial distribution of c-Kit+ cell subpopulations relative to bone and
Schwann cells. Statistics from the automated subpopulation analysis is exported from
XiT and further analyzed in a third-party software. Plots show the distribution of c-Kit+
cells subpopulations (orange) and random spots (blue) relative to col.1 (bone matrix)
and GFAP (Schwann cells). The number of random dots was chosen to match the
number of cells of the indicated populations (18 000 for c-Kit+Lin+ cells, 6 500 for cKit+ cells, 1 000 for c-Kit+Sca1+ cells, and 4 500 for c-Kit+Sca1+Lin+ cells). *: p<0.05,
***: p<0.001, NS: not significant. P values were calculated using Mann-Whitney (first
bin of histograms) and Kolmogorov-Smirnov (general distribution) tests.

Discussion
The experimental pipeline we describe consists of many crucial steps that all influence
whether a sample can be reliably quantified or not. From sample handling to final
quantitative image analysis, all steps must be finely tuned to allow reproducible
quantification.
Historically, bone and marrow tissue have been analyzed using paraffin sections of
formaldehyde-fixed, decalcified samples followed by standard histological stains
and/or

chromogenic

immunohistochemistry16.

Alternatively,

plastic

(methyl-

methacrylate) embedding of formaldehyde-fixed, non-decalcified tissues has been
used for simple histology (e.g. von Kossa staining). However, these techniques
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generate thin (5-10um) highly autofluorescent sections that are incompatible with
immunostainings unless harsh antigen retrieval is used (Supplementary Table 3).
Cryosections have been used for immunofluorescence analysis of BM with some
success7,14,17–22. This technique uses strong blades (tungsten or diamond) to cut nondecalcified bones into generally thin sections, although thicker sections have also been
reported7,14,23. While cryosections show low autofluorescence and good antigen
preservation, tissue morphology suffers from the freezing step even when
cryoprotectants (sucrose) are used. While recent studies have started to unravel the
BM architecture, most are limited to thin sections and qualitative analyses of small
bone regions due to poor preservation of the whole organ, with however a few recent
exceptions7,14.
We developed a simple, efficient and reproducible way to generate thick bone-tissue
sections with high throughput. The technique preserves tissue morphology, generates
low autofluorescence and conserves most epitopes for immunostaining, thus enabling
image quantification. Our comparisons (Supplementary Table 1) indicated TDE as the
optimal bone clearing agent, since it conserves tissue morphology while being
compatible with all tested fluorophores, including endogenously expressed fluorescent
proteins. TDE also offers the advantage of having an adjustable refractive index24 (at
97-100%, its refractive index matches immersion oil, preventing spherical aberrations).
The use of TDE allowed us to multiplex many markers/fluorophores in single sections.
This is key to describe cells with complex phenotypes residing in complex
microenvironments
We did not directly compare decalcified, TDE-cleared samples to non-decalcified
samples but our experience suggests that all processing that impacts tissue
morphology causes detectable detachment of marrow tissue from cortical bone. We
did not observe such detachment with our approach.
One of the main bottlenecks in generating quantitative data for full-organ imaging
cytometry is the capacity of imaging software to handle and efficiently quantify large
datasets. A single full adult mouse femur confocal scan with eight colors (Fig.3) is
composed of over 1.26x1011 8-bit pixels, representing over 120GB of raw data. Even
with high computing power, most imaging software for image quantification cannot
handle such datasets since most of the RAM is allocated to data loading and display,
leaving little resources for computation. Software capable of displaying large image
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datasets are available commercially (e.g. Imaris, Volocity, Amira) or open-access25,26.
However, although useful for primary (image) data visualization, in our hands none of
these allow fast quantitative analyses, on-the-fly data exploration, curation, and
intuitive filtering and plotting.
To address those issues and provide the community with a user-friendly tool we
developed XiT: a toolbox offering the same functionalities of most commercial and
open-source image analysis software but with additional features, which we showed to
be important in quantitative image analysis. XiT allows data analysis in a fraction of the
time required by other software, crucial for efficient hypotheses generation and
answering biological questions. XiT requires third-party software for image
visualization and pre-processing but features import/export functions facilitating data
transfer in a software-XiT-software stream. While some functions are unique to XiT
(e.g. random dots generation, spatial gating and z-normalization) other functions can
also be performed directly in Imaris. However, XiT drastically reduces the time and
efforts required to perform them (Supplementary Table 4), allowing the complete
analysis of >20 datasets weekly as opposed to one or two using Imaris.
The need for quantitative imaging cytometry of BM or other lymphoid organs has been
recognized before and progress has been achieved towards this goal9,14,27. These
pioneering studies used approaches similar to those presented here, performing
segmentation of cells and quantifying results, typically using flow cytometry software
or specialized hardware9,14,27. Whereas it is indeed possible to use flow cytometry
software to analyze imaging data, these are not ideally suited for this application since
fluorescence imaging data differ considerably from flow cytometry data; for example,
different laser powers and PMT sensitivity/bit-depth, point-by-point detection versus
whole-cell fluorescence detection. Because the fluorescence dynamic range of
microscopy data is lower than for flow cytometry, separating some populations with
weak marker expression is difficult using flow cytometry software.
The methods presented here, combined in an easy to implement pipeline, allow routine
imaging cytometry of thick and large. We expect this to help researchers in various
fields to better understand cells in their native in vivo environments.
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Methods
Animals. All animal procedures were approved by the cantonal authorities of Kanton
Basel Stadt. Animals used were 12 week old males (unless otherwise stated in the
text), euthanized by CO2 inhalation and decapitation. Mouse strains used were:
C56Bl/6J,

Tg(Nes-EGFP)33Enik28,

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze

30

,

Tg(Sp7-cre/ERT2)#Hmk29,

B6.129P2-Cxcl12<tm2Tng>31,

Tg(BGLAP-

Topaz)1RoweJ32.
Tissue harvesting and processing. Left and right femurs from 12-week old male
mice were dissected and cleaned of muscle tissue, followed by fixation in 4%
methanol-free formaldehyde (Thermo) overnight with rotation at 4oC. Femurs where
then decalcified for 14 days in 10% EDTA (pH: 8, Sigma) at 4oC with stirring.
Vibratome sections. Femurs were embedded in 4% low-melting agarose (Sigma) and
250um thick sections (unless otherwise specified in the text) were cut using a Leica
VT1200S vibratome with Endurium® low-profile ceramic injector blades (Cadence
Inc.). Although bones are decalcified, the use of a strong, low-profile blade is required
and we obtained good results using ceramic blades.
Antibodies. The full lists of antibodies tested and those used in this study can be found
in Supplementary Table 5 and 6, respectively.
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Immunofluorescence. All steps were performed at room temperature with gentle
rocking. Sections were blocked and permeabilized with TBS (final concentration 0.1M
Tris, 0.15M NaCl, pH: 7.5) containing 0.05% Tween-20, 20% DMSO (both from Sigma)
and 10% donkey serum (Jackson ImmunoResearch). This buffer was also used to
dilute all primary antibodies, secondary detection reagents and blocking reagents.
After blocking/permeabilization, endogenous avidins and biotins were block using the
kit from Vector Labs, each step one hour followed by 30 minute washes. Sections were
then sequentially stained with primary, highly cross-absorbed secondary antibodies
and streptavidins (when required), each overnight with 5x1h washes in between using
TBS containing 0.05% Tween-20. For staining with two or more primary antibodies
raised in the same species, sequential staining was performed (Supplementary Figure
4) with the following blocking steps between: 0.12-0.25mg/mL IgG of the same species
as the antibody that needs blocking, 0.12-0.25mg/mL monovalent Fab fragments
raised in donkey against the IgG species used in the previous step (both reagents from
Jackson ImmunoResearch, both steps overnight), followed if required by additional
avidin/biotin blocking steps. A complete list of antibodies used can be found in
supplementary data. For Figure 1b, fluorophores shown are: AlexaFluor 555 (Thermo),
PromoFluor 520 LSS (Promokine), CF633 (Biotium), Northern Lights 557 (R&D
Systems), Atto 490LS (Atto-Tec), Chromeo 494 (Active Motif), DyLight 594 (Thermo),
Q-dot 655 (Thermo).
Optical clearing and mounting of sections. Sections were optically cleared with
graded series of 2,2’-thiodiethanol (TDE, Sigma) diluted in TBS until 100% TDE was
reached. The final mounting solution consisted of 100% TDE with 0.1M N-propyl
gallate (pH: 8.5, Sigma). The refractive index of this solution was measured using a
handheld refractometer (Atago) and adjusted to 1.518 with TDE or TBS. Sections were
mounted using custom-made silicone spacers (Grace Biolabs) on custom-made size
00, D263M borosilicate coverglass (RI: 1.518, Menzel-Gläser). Alternatively, where
indicated sections were mounted directly in Prolong Gold Antifade (Thermo) or
dehydrated with a graded methanol series before mounting in BABB33. In both cases,
sections were mounted on size 1.5 coverslips. For Prolong Gold Antifade, images were
acquired with glycerol immersion.
Confocal microscopy. Confocal microscopy was performed on a Leica TCS SP5
equipped with three photomultiplier tubes, two HyD detectors, five lasers (405nm blue
diode, argon [458, 476, 488, 496 and 514nm], and three helium neon [543, 594 and
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633nm]) using type F immersion liquid (RI: 1.518) and a 20X multiple immersion lens
(NA 0.75, FWD 0.680mm). All scans were acquired at 20-25oC, 400Hz, in the
bidirectional mode, with z-spacing of 2.49um (the optical slice thickness of the optics
used was 2.69um). Images were acquired at 8-bits either with a 2.2x optical zoom at
512x512 resolution or with a 1.1x zoom at 1024x1024 resolution. For all stainings,
fluorescence-minus-one (FMO, a sample where a single primary antibody was omitted)
controls are used to calibrate laser powers, detectors’ (PMTs or HyDs) gain and offset,
and virtual filters’ bandwidth. Briefly, a fully stained sample is visualized and lasers are
set at the maximum intensity possible not resulting in photobleaching. Virtual filters and
detectors are set at their maximal bandwidth and sensitivity, allowing visualization of
all fluorophores without obvious bleed-through between channels. FMO controls are
then used to fine-tune settings and ensure no bleed-through is detected in any
channels.
PSF measurements. Non-bleachable 170nm orange beads (Life Technologies) were
mounted in Prolong Gold, TDE or BABB. Images were acquired at 561nm with the
same objective lens described above, with 4 frame averages, at an 8.14x optical zoom
and 1024x1024 resolution (giving a xy pixel resolution of 93.02nm) and 0.71um zspacing. These sampling parameters achieved the ideal Nyquist rate. FWHM and PSF
measurements and visualization were performed with Huygens Professional (Scientific
Volume Imaging).
Analyses. Tile scans were stitched directly after acquisition using the Leica LAS AF
software. Manual image analysis was performed on Imaris v7.2 or 8.1 (Bitplane)
equipped with all modules, on a Dell PC with a 2x 10-cores Intel Xenon® CPU E52609 v2 (2.50GHz) with 256GB of RAM, using a Nvidia K4200 GPU (4GB RAM) and
running Windows 7 (64-bit). Isosurfaces and distance transformations were also
performed on Imaris (requires the XT module and the Distance Transformation
XTension for the latter). Prior to running the distance transformation XTension, the data
was transformed from 8- to 16-bits to avoid truncation of the distance data to a
maximum of 255um. The data was subsequently reverted to 8-bits. Alternatively,
isosurfaces were generated on Imaris and statistics (including objects shape, area,
volume, mean/median/min/max/sum signal intensities for all channels, and distance
from col.1 and GFAP) exported for downstream analyses with in-house developed
Matlab 2015a (Mathworks) scripts (XiT software). A standalone version of XiT along
with a user manual and the full Matlab code will be available for download on our
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group’s webpage. Other plots and statistical analyses were performed with, Matlab and
Graph Pad Prism v6. Random dots created in XiT are imported into Imaris (requires
the Imaris XT module and the XTCreateSpotsFromFile Python extension) and their
statistics are imported back into XiT for analysis.
Statistics. Statistical tests used on technical replicates (same immunostaining or
measurements on different femur sections) were Kruskal-Wallis, Dunn’s multiple
comparison, Kolmogorov-Smirnov and Mann-Whitney, as described in figure legends
(which also contain exact n values and P values where relevant).
Data availability. The data that support the findings of this study are available from
the corresponding authors upon request. The source code (for Matlab 2014/2015 and
for 2016) and executable for XiT, as well as the XiT user manual and example datasets
(in Imaris statistics, XiT workspace and XiT statistics formats) are freely available to
download from our website (https://www.bsse.ethz.ch/csd/software/XiT.html).
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2.2 Tissue-wide in situ single molecule imaging reveals an
absence of CXCL12 gradients in bone marrow
The second part of the results section is comprised of the preprint of the publication
“Tissue-wide in situ single molecule imaging reveals an absence of CXCL12 gradients
in bone marrow”. In this work, I adapted the commercially available Proximity Ligation
Assay for imaging of single secreted molecules (with a fluorescent, digital readout) in
large tissue sections and provided new quantification software for this new type of data.
Using this new approach, I was able to reveal that tissue distribution of CXCL12 in
bone marrow cannot be represented by the widely used CXCL12-GFP reporter mouse,
and that there are no long-range gradients of the chemokine CXCL12 in the bone
marrow, correcting a widely believed and long-standing concept in the field.

Tissue-wide in situ single molecule imaging reveals an absence of CXCL12 gradients
in bone marrow. Leo Kunz and Timm Schroeder. in revision (2019)

The figures in this chapter are not numbered as a continuation of the figures of the
whole document.

Abstract
Due to lacking technology, the localization of individual molecules in tissues usually
remains unknown. We adapted the Proximity Ligation Assay for large volume in situ
imaging of individual proteins with multiple additional fluorescent channels, including
the required 3D quantification strategies and novel software. We quantified the bone
marrow (BM) distribution of individual C-X-C motif ligand 12 (CXCL12) chemokine
proteins, before and after therapeutically used CXCL12 depletion. Unexpectedly, we
found ubiquitous CXCL12 distribution with local enrichments, but no long-range
CXCL12 gradients, thus correcting current assumptions about migration control in BM.
This pipeline for quantitative large-volume multicolor imaging with single molecule
sensitivity is applicable for any epitope and tissue for which antibodies exist, and
enables new insights into molecular tissue control.
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Introduction
Tissue development, maintenance and repair is controlled by molecular signals from
cells’ environment, e.g. by morphogens (Briscoe and Small, 2015), growth factors
(Karin and Clevers, 2016), cytokines and chemokines (Crane et al., 2017; Ding and
Morrison, 2013; Ding et al., 2012; Greenbaum et al., 2013; Mcdonald et al., 2011;
Rieger et al., 2009). To influence cells, regulatory molecules must be in physical
contact, and thus be located on or in cells. Their precise 3D localization around
individual cells therefore is crucial, but usually unknown. Molecule localization can be
measured by electron-, atomic force-, or super-resolution microscopy, but only in
extremely small volumes and with very limited multiplexing, preventing the important
simultaneous detection of additional molecules e.g. for identification of specific cell
types. Standard immunostaining allows large-volume multicolor analysis (Coutu et al.,
2017b, 2017a), but suffers from low sensitivity. The precise 3D localization of individual
regulatory molecules in tissues therefore mostly remains unknown. We therefore
established the use of Proximity Ligation Assay (Fredriksson et al., 2002) (PLA) in 3D
sections of large areas of different tissues including difficult to image bone marrow
(BM), and used it to analyze the tissue distributions of chemokines including the HSPC
regulatory molecule CXCL12 (Figures 1A and 1B).

Results
Single molecule quantification in situ using PLA
To detect individual regulatory molecules in situ, we established PLA (Fredriksson et
al., 2002) in large 3D tissue sections. PLA uses rolling circle amplification of a circular
DNA template to create large local amounts of a repetitive DNA sequence that are
detected by fluorescence in situ hybridization (FISH) (Figure S1A). This yields an easy
to detect and segment dot for each detected primary antibody. In classical
immunofluorescence stainings (IF), the average analog fluorescence intensity from
antibody binding over background signal is used to estimate relative differences in
epitope concentration. In contrast, PLA allows counting of binary signals from
individual molecules. Using standard laser scanning confocal microscopy, we imaged
sections of e.g. up to half a mouse femur or entire lymph nodes (Figure S1B),
simultaneously with up to three additional classical IF markers (Figures 1A and B).
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Figure 1. Multicolor imaging for single molecule detection of CXCL12 in bone
marrow.
(A) Large bone marrow section stained for Laminin, Collagen and CXCL12 (by PLA),
as well as CXCL12 density calculated from PLA signal. (B) Zoom-ins to the molecular
surrounding of single cells.
Scale bars are 100 micrometers in A, and 10 micrometers in B. See also Figure S1
and Movies S1 and S2.

PLA will not visualize all molecules due to steric hindrance at very high densities and
combinatorial secondary antibody binding. However, relative differences within tissue,
which are important to understand molecular cell regulation, can be resolved with
sufficient dynamic range (Figures 1A and 1B, 2A, 2B and 2D and 2F-2H, 3A, 3E, 3H,
3J and 3L and 4A and 4B). To maintain original molecule localization, we fixed (and
later washed) all tissues by diffusion only. Perfusion of living mice under terminal
anesthesia with freshly prepared formaldehyde, yielded similar results. To better
quantify and visualize 3D concentrations of detected molecules, we computationally
generated 3D concentration heatmaps from PLA dot locations (Figures 1A and 1B,
3A, 3H, 3J and 3L, 4A and 4B). This 3D quantification is also crucial for the correct
and unbiased interpretation of concentrations. In commonly used 2D projections of
signals along the z-axis of a 3D confocal image, more signal will incorrectly be shown
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e.g. for regions where the PLA signal was acquired deeper into the tissue, than for
regions where this was not possible (e.g. due to bone trabeculae or a blood vessel). In
contrast, the PLA-based 3D concentration assessment is unaffected by imaging depth
and can show the correct signal regardless of tissue morphology (Figure S1C). To
enable 3D heatmap generation from discrete data as well as subsequent heatmap
analysis, both for this and many other studies requiring this approach, we implemented
a new open-source software package DDD, which is available from our website, and
can be applied to any quantification of discrete 3D signals such as distribution of cells
or molecules.

Adaptation of the Proximity Ligation Assay for quantitative in situ single
molecule imaging of CXCL12 and other chemokines
Lengthy optimizations were required to enable 3D imaging with the required specificity
and absence of unspecific background staining in hematopoietic tissues. To test PLA
and its specificity in a recently developed large-volume multicolor 3D imaging pipeline
(Coutu et al., 2017b), we first used it to detect GFP in BM of a transgenic CXCL12GFP knock-in reporter mouse (Ara et al., 2003). However, even in the absence of antiGFP antibodies we found widespread unspecific signals, since fluorescently labeled
PLA FISH probes alone exhibited strong non-specific binding throughout the BM
(Figure S2A). Several measures to increase specificity were either ineffective or
destroyed tissue morphology (Table S1). We found that the non-specific signal was
(intra)cellular (Figure S2A) and the cell-type binding the FISH probes to express tolllike receptor 9 (TLR9) (Figure S2B). TLR9 binds unmethylated CpG DNA (Takeshita
et al., 2001), and also PLA FISH probes. We were able to block the receptor-FISH
probe interaction by adding high affinity TLR9 ligand ODN1826 (Figures 2A and S2C).
This blocking step was also required in other hematopoietic tissues and any tissue
containing relevant immune cells like the small intestine (Figures S2D-S2F). We now
were able to confirm the specificity of GFP detection by comparing wild type (negative
control) to GFP expressing CXCL12-GFP BM (Ara et al., 2003) (Figure 2B). As
expected, the number of binding events was significantly lower in the wild type (Figure
2C).
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Figure 2. Adaptation of PLA for single molecule imaging in hematopoietic
tissues.
(A) Overlap of GFP and PLA for GFP in a femoral BM section of the CXCL12-GFP
knock-in reporter mouse with and without ODN 1826. White and black arrowheads
point to specific and nonspecific signal caused by binding of fluorescently labeled
oligonucleotides to TLR-9, respectively. (B) Schematic representation of A. (B) PLA for
GFP in BM of a wildtype (left) and CXCL12-GFP transgenic mouse (right). (C)
Quantification of C (p = 0.0172). (D) PLA with isotype control antibody (left) and antiCXCL12 antibody (right) in bone marrow of a wildtype and CXCL12-GFP transgenic
mouse. (E) Quantification of E (p = 0.0004). (F-H) PLA for CCL21, CCL19 and CXCL13
in various tissues alongside Laminin or Lyve-1 visualization by immunofluorescence.
Scale bars in the most left image of F-H: 100 um, all others: 10 um. Whiskers represent
whole range of data. See also Figure S2.

We next used the established approach to quantify the 3D localization of different
chemokine proteins in different tissues. CXCL12 is a secreted protein and chemokine,
regulating many cell types and tissues (Janowski, 2009). In BM it is essential e.g. for
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hematopoietic stem and progenitor cell (HSPC) function, retention and homing (Ara et
al., 2003; Ding and Morrison, 2013; Greenbaum et al., 2013). It is important for cancer
metastases (Sun et al., 2010) and in clinical therapy (e.g. for HSPC mobilization) (Jin
et al., 2008; Petit et al., 2002). To test detection of single CXCL12 proteins in BM, we
compared CXCL12 protein localization to the localization of CXCL12 producing
‘CXCL12-abundant reticular’ (CAR) cells (Ara et al., 2003) (Figure 2D). We observed
that CXCL12 protein is enriched on CAR cells, as well as immediately around them,
potentially bound on cell membranes or to the extracellular matrix. Isotype control
staining yielded a >100fold reduction in detected PLA events per volume further
confirming specificity of CXCL12 detection (Figure 2E).
To demonstrate the widespread applicability of our approach to different molecules
and tissues, we also visualized the chemokines CCL21, CCL19 and CXCL13 in lymph
nodes and other tissues, where they play important roles in regulating lymphocyte
trafficking (Stein and Nombela-Arrieta, 2005; Weber et al., 2013). We detected the
expected spatial expression patterns. As previously reported, CCL21 is highly enriched
on lymph and blood vessels and is less abundant in B-cell follicles (Ulvmar et al., 2014)
(Figure 2F). We furthermore showed CCL21 expression in T cell areas of the spleen,
lymph vessels and the interstitial space of the dermis (Weber et al., 2013) and in the
thymus. In lymph nodes, CCL19 is distributed in B and T-cell areas (Figure 2G), and
CXCL13 is distributed throughout the lymph node with stronger enrichment in B-cell
follicles (Figure 2H). Overall, these results confirm the usability of PLA for chemokine
molecule visualization in situ. Interestingly, we only detected no or very little of these
chemokines in BM (Figures 2F-2H). This further demonstrates the importance of
CXCL12 as the major BM chemokine.

Analysis of bone marrow CXCL12 distribution on the single protein level
CXCL12 acts as a chemoattractant, and in vitro, CXCL12 has been shown to induce
HSPC chemotaxis via gradients (Aiuti et al., 1997; Wright et al., 2002). It is assumed
that its functions in health, disease and therapy depend on its spatial distribution within
tissues (Burger and Kipps, 2014; Eaves, 2005). CAR cells have been mapped at
cellular resolution throughout the BM (Coutu et al., 2017a; Gomariz et al., 2018).
However, heterogeneity within this population (with regard to CXCL12 production) is
expected (Asada et al., 2017) but remains untested in situ (Crane et al., 2017).
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CXCL12 is currently assumed to be concentrated around pericytes and therefore blood
vessels and at low levels at osteoblasts, with intermittent areas devoid of CXCL12
(Crane et al., 2017). However, the localization of actual CXCL12 proteins throughout
in homeostatic and challenged BM, and the details of postulated concentration
gradients in tissues (Aiuti et al., 1997; Burger and Kipps, 2014) remain largely
unknown.
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Figure 3. Tissue-wide single CXCL12 molecule distribution reveals hotspots
close to bone but no long-range gradients.
(A) CXCL12 BM 3D heatmap and a discretized zoom-in to visualize CXCL12 hotspots.
(B) Hotspots are more abundant in CXCL12 compared to random dot (RD) heatmaps
(p = 0.0286). (C) CXCL12 hotspots display larger volume than random dot hotspots (p
< 0.0001). (D) Hotspots over 1000 um3 are closer to bone surfaces than all hotspots
combined (p = 0.0033). (E) PLA for CXCL12 visualized alongside CAR cells in
CXCL12-GFP knock-in reporter mouse BM (top row), the basal lamina of blood vessels
and around Collagen 1 positive bone surfaces. (F) Enrichment plot of CXCL12 binding
events over a uniform distribution shows enrichment only in and at CAR cells (1st bin:
p = 0.0313) and Laminin (1st bin: p = 0.0078), and gradually towards Collagen 1
(Significant enrichment 2-7, 9-11, 13 and 15 µm away from bone: p = 0.0156). (G)
Three single enrichment plots of CXCL12 distributions over a uniform distribution
(black) and the average enrichment towards bone (grey, see Figure 2F). Red arrows
mark where enrichments end in the single enrichment plots. (H) 3D vector map towards
bone (dark blue) and towards local highest CXCL12 concentrations (cyan) on top of
CXCL12 heatmap. Average angle between vectors towards bone and high CXCL12
concentrations with respect to distance to bone shows no coherent alignment of
vectors at any distance to bone. (J) Examples of non-linear cell migration paths (blue)
towards high CXCL12 concentration. (K) Distribution of path lengths. (L)
Representative image of a bone marrow region where grey dots mark the endpoints of
migration paths. (M) Enrichment plot of migration path endpoints over a uniform
distribution shows no significant enrichment at any distance towards blood vessels or
bone.
Scale bars: 10 um; A (left): 100 um. In (F and H) mean and standard deviation are
black. Single measurements are grey. Whiskers represent whole range of data. See
also Figure S3.

We therefore quantified individual CXCL12 proteins throughout BM and observed
CXCL12 throughout BM with similar expression in diaphysis and metaphysis (Figure
3A and Figure S3A). Subsequently we focused our analysis on the metaphysis. In
contrast to previous assumptions, we did not find larger areas without CXCL12, and
basal levels of CXCL12 can be found at every BM location with maximal distances
between CXCL12 molecules of only few µm and thus less than a cell diameter. This
finding also illustrates the superior sensitivity of PLA based CXCL12 detection over
previous approaches based on classic IF or transgenic reporters (Ara et al., 2003;
Crane et al., 2017; Dar et al., 2005), and with the dynamic range to detect relevant
local concentrations (see below).
On top of this ubiquitous ‘background’ CXCL12 presence, we find CXCL12 hotspots
with locally restricted higher concentration. When segmenting for these hotspots from
the heatmaps (for details see Methods or DDD manual), we found hotspots to be
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scattered throughout BM and often (but not exclusively) located close to bone surfaces
(Figure 3A). To check if these hotspots may randomly emerge from homogeneously
distributed molecules (e.g. through free diffusion), we compared the 3D distribution
and volumes of measured hotspots to those of a uniform random distribution of PLA
locations. Computationally, we randomly placed the same number of PLA sized dots
in the same available tissue space (Figure S3B). Measured CXCL12 hotspots were
significantly more abundant than random dot derived hotspots (Figure 3B). In addition,
measured hotspots showed a large distribution in volume, which we did not observe
for random dot derived hotspots (Figure 3C). This shows that CXCL12 hotspots larger
than 1000 µm3 are very unlikely to exist only due to a uniform distribution, and are thus
actively generated. Interestingly, larger hotspots were enriched towards bone (Figure
3D), suggestive of actively generated CXCL12 rich BM compartments in proximity to
bone surfaces. This distribution again does not reflect CAR cell localization (Gomariz
et al., 2018), and despite its widespread use, CAR cell localization thus cannot report
CXCL12 protein localization.

CXCL12 does not form long-range gradients in bone marrow
Gradients of CXCL12 protein are assumed to exist in BM, and to be functionally
important for guiding cell migration, but have never been directly shown in situ (Aiuti et
al., 1997; Burger and Kipps, 2014; Niswander et al., 2014). We therefore measured
and analyzed CXCL12 concentration distributions for gradients towards CXCL12
producing cells (osteoblasts, endothelial cells, CAR cells). We took advantage of the
ability to multiplex CXCL12 PLA detection with standard IF for GFP in CAR cells
(Figure 3E), Laminin positive blood vessels (Figure 3E) and Collagen 1 positive
osteoblasts (Figure 3E). We calculated a 1 µm resolution 3D distance map and
compared the number of CXCL12 signals towards the segmented cells or structures
to those of a uniform distribution (Figure 3F). CXCL12 was significantly enriched only
up to one micrometer away from CAR cells, and we did not observe a CXCL12
concentration gradient around CAR cells. Enrichment towards the basal lamina of
blood vessels was very similar, with no gradual, but only a steep local enrichment. The
higher concentrations directly adjacent to both CAR cells and vessels dropped to
uniform background levels within 1 µm. This drop within only a fraction of a cell
diameter is impossible to serve as a long-range gradient guiding directed cellular
migration. In contrast, we found a gradual CXCL12 increase towards bone surfaces,
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in the average profile of the randomly chosen analyzed regions, although with a high
standard deviation (Figure 3F). However, this gradual increase towards bone cannot
be confirmed in specific single regions, which strongly vary in their CXCL12 distribution
towards bone (Figure 3G). This suggests that no long-range gradient towards bone
surfaces exist. To confirm this hypotheses with a different approach, we plotted 3D
vector fields, similar to Weber et al. (Weber et al., 2013), based on CXCL12 protein
heatmaps. The vector endpoints represent the highest local CXCL12 concentration
within about a cell diameter around a cell. We found that there is no coherent field of
vectors pointing towards bone at any distance to bone (Figure 3H), confirming the
absence of CXCL12 gradients towards bone. To further exclude the possible presence
of non-linear gradients towards bone or other structures, we simulated cell migration
paths towards sequential locations with the next higher CXCL12 concentrations. We
found that most cells (85%) would reach a local maximum of CXCL12 concentration
already after only a very short migration of below 15 micrometers, while only few would
migrate up to 50 micrometers (Figures 3J and 3K). Importantly, these migration paths
also do not lead migrating cells towards specific target cell types (Figures 3L and 3M).
This single cell and single molecule based analysis demonstrates that, in contrast to
current assumptions, there is no guided migration towards specific BM cell types or
structures along long-range CXCL12 gradients.

G-CSF induces global CXCL12 protein reduction rather than local depletion
Dynamically changing BM CXCL12 concentrations and/or localization are expected to
be important for homeostatic BM function, and for therapeutic manipulation, e.g. for
HSPC mobilization following Granulocyte-colony stimulating factor (G-CSF) treatment.
We therefore tested if and how CXCL12 protein distributions are perturbed when
subjecting mice to an HSPC mobilization protocol using G-CSF. In accordance with
literature (Greenbaum and Link, 2011; Petit et al., 2002), we detected CXCL12 at much
lower levels following G-CSF treatment (Figures 4A and 4B). To test if this was due
to a uniform CXCL12 reduction throughout BM, or due to a qualitative change in spatial
distribution by the biased reduction of specific areas with previous high expression, we
quantified CXCL12 hotspots. Due to the reduced CXCL12 levels we had to lower the
threshold for hotspot segmentation (Figure 4B), which led to hotspots with reduced
average CXCL12 density (Figure 4C). Expectedly, the number of hotspots now was
more similar to that from random dot heatmaps (Figure 4D). Nevertheless, despite
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their reduced CXCL12 density, their volume distribution was similar to that of hotspots
without G-CSF treatment, again containing larger hotspots, which cannot be found in
those created from random dots (Figure 4E compare to 3D). Moreover, larger
hotspots were again more abundant close to bone surfaces (Figure 4F).

Figure 4. G-CSF induces global CXCL12 downregulation rather than local
depletion.
(A) CXCL12 BM 3D heatmap during homeostasis and (B) following G-CSF treatment.
(C) CXCL12 density in hotspots during homeostasis is higher than after G-CSF
treatment (p = 0.0023). (D) Post G-CSF CXCL12 hotspots are not enriched over
random dot (RD) hotspots following G-CSF treatment (p = 0.6857). (E) Post G-CSF
CXCL12 hotspots display larger volume than RD hotspots (p < 0.0001). (F) Post GCSF hotspots over 1000 um3 are significantly closer to bone surfaces than all hotspots
combined (p = 0.0001). (G) Volume normalized counts of CXCL12 binding events
following G-CSF treatment in proximity to bone and blood vessels (BVs) are reduced
compared to homeostasis (p = 0.0002) but are not significantly different between each
other (p = 0.3491). (H) Enrichment of CXCL12 molecules over a uniform distribution,
before and after G-CSF treatment show similar distributions towards Laminin (BVs)
and towards Collagen 1 (bone). Laminin (1st bin: p = 0.0078), Collagen 1 (Bin 2 and
18: p = 0.0156; Bin 3, 5, 8, 9, 13 and 14: p = 0.0078). Here only samples post GCSF
are shown.
Scale bars: 100 µm; Zoom-in 10 µm. In H mean and standard deviation are shown in
black. Single measurements are grey. Whiskers represent whole range of data. See
also Figure S4.

Therefore, G-CSF treatment uniformly lowered CXCL12 abundance, without changing
its spatial BM distribution. This means that, rather than a shift in local BM CXCL12
distribution or depletion (Jin et al., 2008; Kollet et al., 2006) the absolute CXCL12
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concentration differences BM and peripheral blood seem important for HSPC retention
or egress from BM (Christopher et al., 2009; Petit et al., 2002; Semerad et al., 2005).
This conclusion was further confirmed by the observation that CXCL12 concentration
at bone surfaces and at blood vessels were both equally reduced after G-CSF
treatment (Figure 4G). In addition, CXCL12 enrichment profiles were similar to
homeostatic BM, demonstrating that no change of relative molecule distribution occurs
(Figure 4H compare to 3F). Lastly, levels of active matrix metalloprotease 9 (aMMP9)
and CD26 did not increase locally after G-CSF treatment. In contrast, aMMP9 was
distributed more broadly over the extracellular matrix after G-CSF treatment (Figure
S4).

Discussion
We here present an adapted protocol of the Proximity Ligation Assay and an analytical
approach plus an open-source software package (DDD) for three-dimensional tissuewide quantification of discrete digital signals, such as secreted regulatory proteins in
situ.
We used this pipeline to visualize CXCL12, CXCL13, CCL19 and CCL21 in various
tissues, confirming that CXCL12 is the most important chemokine of the BM. We found
widespread CXCL12 expression as well as CXCL12-rich compartments along bone
surfaces in homeostatic BM, a distribution that is not reflected by CAR cell localization
(Gomariz et al., 2018). Additionally, the heterogeneity of BM stromal cell CXCl12 RNA
production was recently shown to be substantial (Baryawno et al., 2019), further
highlighting the need for visualization and quantification of CXCL12 protein localization
in situ.
CXCL12 gradients in the BM attracting HSPCs to their niches have been a long
standing concept (Aiuti et al., 1997), although never being shown in situ. Using our
newly established approach, we investigated possible average, linear and non-linear
CXCL12 gradients towards various putative niche structures in the BM and found that
CXCL12 is locally enriched in hotspots rather than forming long-range gradients.
Therefore, we postulate that cell localization is governed by cell retention due to local
CXCL12 hotspots in cells’ vicinity. This hypothesis is in line with live cell imaging data
showing that BM HSPCs are mostly static (Lo Celso et al., 2009). The confined local
enrichment at blood vessels and stromal cells also suggests that CXCL12 diffusion is
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very limited. The entire extracellular matrix and basement membrane of blood vessels
contains heparan sulfate (Figure S3), a known binding site for CXCL12 (Bleul et al.,
1996). Therefore, a limited action radius of CXCL12 is plausible, which is further
supported by the fact that CXCR4, the receptor for CXCL12, is expressed very densely
throughout the BM (Figure S3), similar to what has been reported before in a different
tissue and with different cytokines (Oyler-yaniv et al., 2017). It is further supported by
changed HSPC maintenance and retention after conditional deletion of CXCL12
specifically from endothelial and perivascular stromal cells (Ding and Morrison, 2013;
Greenbaum et al., 2013).
Lastly, we showed that therapeutically used G-CSF treatment results in global CXCL12
protein reduction rather than local depletion. Further, we found that after G-CSF
proteases are not locally enriched, but can be found broadly distributed throughout the
bone marrow. Therefore, our results suggest that the absolute CXCL12 concentration
difference between peripheral blood and BM, rather than local protease-mediated
release of HSPCs is responsible for HSPC mobilization, which is another step to
disentangle the yet to be found exact mechanism behind G-CSF induced HSPC
mobilization (Pitchford and Rankin, 2012).
In conclusion, we developed a robust PLA-based pipeline for single protein
visualization and quantification in large tissue volumes. We applied this approach to
reveal new information on CXCL12 tissue localization and correct assumptions on its
working mechanisms. Since PLA is based on the detection of two spatially close
antibodies, it can also enable detection of interacting molecules such as ligand and
receptors. It opens novel possibilities, if suitable antibodies exist, for faithfully mapping
many regulatory proteins throughout all tissues, and in all species, incl. human where
the inability to generate transgenic reporter lines otherwise hampers insights into the
distribution and thus mechanism of molecular cell and tissue fate control.
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Experimental Model and Subject Details
Mice. All animal procedures were approved by the cantonal authorities of Kanton
Basel-Stadt. Animals used were 12-13 week old male mice, euthanized by CO2
inhalation and decapitation. Mouse strains used: C57Bl/6JRj and B6.129P2-Cxcl12
<tm2Tng> (Ara et al., 2003).
G-CSF treatment. Granulocyte-colony stimulating factor was bought from Amgen
(Neupogen). Mice (12 week old male C57/Bl/6J) received a daily subcutaneous
injection of 150 microgram per kilogram for five days. Mice were sacrificed 5 hours
after the last injection.
Tissue preparation. Bone marrow section were prepared as described before (Coutu
et al., 2017). Sections of spleen, lymph node and intestine were obtained in the same
way only omitting the decalcification step. In brief, tissues were dissected and fixed for
24 hours in 4% methanol-free formaldehyde. Bones were then decalcified in 10%
EDTA, pH 8 for 14 days. Tissues were embedded in 4% low temperature gelling
agarose and cut into 100-150 micrometer thick section using a vibratome (Leica
VT1200 S).
Antibodies. A full list of the primary and secondary antibodies used can be found in
the Key Resource Table.
Immunofluorescence. All steps were performed at room temperature with gentle
rocking in double side adhesive silicon chambers (Grace Biolabs) glued on glass
slides. Sections were blocked and permeabilized with TBS (final concentration 0.1M
Tris, 0.15 M NaCl, pH 7.5) containing 0.05% Tween-20, 20% DMSO, 1% Triton X 100
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and 10% donkey serum (Jackson Immuno Research) for a minimum of 2 hours. This
buffer was also used to dilute all primary and secondary antibodies. Primary antibodies
were applied overnight. Secondary antibodies were applied for 2 hours. After extensive
washing (with TBS-T in case of only IF and PLA “A” wash buffer in case of IF/PLA),
sections were mounted in homemade mounting medium (80% Glycerol in TBS
containing 0.2 M N-propyl gallate, pH 8.5) using size 1.5 coverslips.
Proximity Ligation Assay. We used single protein detection PLA with one primary
antibody directed against the protein of interest, and subsequently two PLA specific
secondary antibodies directed against the species of the primary antibody. We used
the “orange” detection kit. The PLA protocol was integrated into the IF protocol. IF
primary antibodies were applied alongside PLA primary antibodies. IF secondary
antibodies were applied during the following day for 2 hours, while PLA secondary
antibodies were applied again overnight. Notable differences from the published PLA
protocol (Merck) are: ODN 1826 (Invivogen) was added into the blocking and
permeabilization buffer (final concentration: 0.04 ug/ul) during blocking. Secondary
antibodies conjugated to oligonucleotides were applied overnight at room temperature.
The ligation and amplification step were carried out at 37° Celsius in a humidified
chamber with gentle rocking. The Ligation step was prolonged to 1h instead of the
usual 30 minutes. The duration of this PLA protocol from blocking the tissue section to
mounting is 2.5 days.
Confocal microscopy. Confocal microscopy was performed on a Leica TCS SP8
equipped with three photomultiplier tubes, two HyD detectors, five lasers (405 nm,
Argon Laser (458, 476, 488, 496 and 514 nm), 561, 594 and 633 nm) using Leica type
G immersion liquid and a 63x glycerol immersion lens (NA 1.3, FWD 0.28 mm). All
scans were acquired at 20–25 °C, 400 Hz, in the bidirectional mode, with z-spacing of
1 μm (the optical slice thickness of the optics was 0.999 μm) at 1024x1024 pixel
resolution. Images were acquired in 8 bit. For signal acquisition only HyD detectors
were used. Laser strengths and detector settings were: 405 – 0.5 % Laser power (LP),
10-30% gain, 488 2-5 % LP, 20-40% gain (less for Collagen more for GFP), 633 - 15%
LP, 20% gain. The PLA signal was recorded at 12-15% Laser Power on the 561 Laser
with a HyD set to 30-50% gain.
Image visualization and analyses. Tile scans were stitched directly after acquisition
using the Leica LAS X software. Image visualization and, where applicable, cropping
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from tile scans was done in Imaris v9 (Bitplane). All immunostaining/PLA images
shown in this paper are Imaris 3D reconstructions using the MIP mode. Isosurface (for
bone, blood vessels, nuclei, CAR cells and hotspots) and spot segmentation (for PLA)
as well as distance transformations towards selected isosurfaces (requires the XT
module and the Distance Transformation XTension) were performed in Imaris as well.
From the segmented PLA signal (spots) statistics including XYZ coordinates of the
centroid and signal intensity in the distance channels were exported. Only PLA signal
within bone marrow (signal in bone, inside blood vessels or inside nuclei was masked
out). From the segmented hotspots volume and signal intensity in the distance
channels were exported. This data was either processed in XiT, as described before
(Coutu et al., 2017), or in case of heatmap generation, vector map plotting and
subsequent directionality analysis as well as migration path simulation processed with
custom Matlab (Matlab 2018a, Mathworks) scripts (DDD). See below for more detail
on these analyses.
3D Heatmap generation. XYZ coordinates of the centroids of the segmented PLA
signal were exported as .csv files. Then we used an asymmetric 3D Gaussian filter
(fitted to image acquisition settings) on the centroid coordinate of the segmented PLA
signal to blur the signal and create a heatmap i.e. a density representation of CXCL12
signal. For all heatmaps presented in this paper the Sigma value was 15 um and the
Filter size was 25 um. The heatmaps were exported as a stacked .tiff file and imported
to Imaris for further analysis and visualization.
Hotspot calculation. Without prior knowledge of what defines a hotspot, we
calculated the hotspot threshold per sample by segmenting hotspots at every value of
the heatmap (1-255) and plotted the number of segmented hotspots at any given
density value against the density values. The peak of the resulting curve – the hotspot
threshold – is the point after which no more new hotspots emerge and only the average
CXCL12 density value of the hotspots increases (resulting in a loss of hotspots with
lower CXCL12 density).
Enrichment profile calculation. We measured the distance for each CXCL12 protein
signal (segmented dot), as well as for each random dot towards the segmented cells
or structures using the Imaris XTension “Distance Transform”. We then took the ratio
of the number of CXCL12 dots to random dots (same number as CXCL12 dots
sampled 100 times, resulting in an average rather than putative extreme values) on a
per distance basis (1-micrometer increments) and plotted the value against the
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distance to a given cell or structure using XiT. We exported the values for plotting and
statistical analysis in GraphPad PRISM V7.00. The data is log2 transformed, in order
to not compress the y-axis from 0-1 and allow for a faithful display and statistical test
of enrichments and depletions.
Vector calculation on top of heatmaps. We laid a 3D raster on top of the heatmaps
(40 by 40 pixels x 3 z-stacks). We then considered all values of the CXCL12 heatmap
that were within a spherical radius of 7.5 um (as if a cell would not be able to move
spontaneously). The direction of the vectors drawn is from the position of the centroid
to the centroid of the 15 % voxels with the highest intensity in the heatmap channel.
Directionality calculation. 3D vectors were calculated for all regions analyzed on top
of CXCL12 heatmaps and a flipped distance transform channel, indicating highest
intensity close to bone. The difference in angle between two vectors from the same
grid position was assessed in 2D and labeled with an ID indicating the distance to bone
of the grid position. Angular differences of the same distance to bone were averaged
and plotted against the distance to bone.
Migration simulation. We laid a 3D raster on top of the heatmaps (65 by 65 pixels x
3 z-stacks) and considered all values of the CXCL12 heatmap that were within a
spherical radius of 7.5 um (as if a cell would not be able to move spontaneously). The
direction of the vectors drawn is from the position of the centroid to the centroid of the
5 % voxels with the highest intensity in the heatmap channel. The vector endpoint then
becomes the starting point and again within a spherical radius of 7.5 um a vector was
drawn to the centroid of the 5 % voxels with the highest intensity in the heatmap
channel. The stopping criteria for migration were small moves below 1 micrometer (to
avoid circular moves) and backward moves (the angular difference [calculated as
described above] needed to be below 90° on a 0-180° scale).
Statistical analysis. Statistical analyses were done in GraphPad PRSIM v.7. All data
is shown as average with standard deviation, where applicable. Boxes represent the
25th and 75th percentile; whiskers represent the whole range of data. Exact statistics
are as following:
Figure 2C - p = 0.0172, t = 3.503, df = 5, two-tailed, unpaired t-test, n = 3 of 1 biological
replicate and n = 4 of 2 biological replicates; Figure 2E - p = 0.0004, t = 6.272, df = 7,
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two-tailed, unpaired t-test, n = 5 of 3 biological replicates and n = 4 of 4 biological
replicates.
Figure 3B – p = 0.0286, two-tailed Mann-Whitney test, n = 4 of 4 biological replicates;
Figure 3C – p < 0.0001, t = 4.856, df = 1516, two-tailed, paired t-test, n = 4 of 4
biological replicates; Figure 3D – p = 0.0033, t = 8.633, df = 3, two-tailed, paired t-test,
n = 4 of 4 biological replicates; Figure 3F CAR cells – For 1st bin: p = 0.0313, twotailed, Wilcoxon signed-Rank test, n = 6 of 3 biological replicates; Figure 3F Laminin
– For 1st bin: p = 0.0078, two-tailed, Wilcoxon signed-Rank test, n = 8 of 4 biological
replicates; Figure 3F Collagen – For the bins 2-7, 9-11, 13 and 15: p = 0.0156, twotailed, Wilcoxon signed-Rank test, n = 8 of 4 biological replicates.
Figure 4C – p = 0.0023, t = 5.066, df = 6, two-tailed, paired t-test, n = 4 of 4 biological
replicates; Figure 4D – p = 0.6857, two-tailed Mann-Whitney test, n = 4 of 4 biological
replicates; Figure 4E – p < 0.0001, t = 4.734, df = 2662, two-tailed, paired t-test, n = 4
of 4 biological replicates; Figure 4F – p = 0.0001, t = 25.46, df = 3, two-tailed, paired
t-test, n = 4 of 4 biological replicates; Figure 4G – Depletion in proximity to bone: p =
0.0002, t = 6.936, df = 7, two-tailed, paired t-test, n = 8 of 4 biological replicates;
Depletion in proximity to blood vessels: p = 0.3491, t = 1.003, df = 7, two-tailed, paired
t-test, n = 8 of 4 biological replicates; Figure 4H Laminin – For 1st bin: p = 0.0078, twotailed, Wilcoxon signed-Rank test, n = 8 of 4 biological replicates; Figure 4H Collagen
– For the bins 2, 14, 18: p = 0.0156; For the bins 3, 5, 8, 9, 13: p = 0.0078, two-tailed,
Wilcoxon signed-Rank test, n = 8 of 4 biological replicates.
Exact p values are also reported in Figure legends. All tests were two-tailed, where
applicable.
Data and Software availability. The data that support the findings of this study is
available from the corresponding authors upon request.
DDD and XiT are available from our website, where also manuals and example data
can

be

downloaded

https://www.bsse.ethz.ch/csd/software/DDD.html

and

https://www.bsse.ethz.ch/csd/software/XiT.html).
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2.3 Three-dimensional map of nonhematopoietic bone and
bone-marrow cells and molecules
The third part of the results section is comprised of an adapted postprint version of the
publication “Three-dimensional map of nonhematopoietic bone and bone-marrow cells
and molecules”, in which two colleagues and I used our prior developed technique (see
2.1) to map the nonhematopoietic cells in the bone marrow, revealing the existing
heterogeneity of widely used markers and build a resource for the community.
My contribution to this work was planning and conducting experiments with my
colleagues.

Three-dimensional map of nonhematopoietic bone and bone-marrow cells and
molecules. Daniel L. Coutu*, Konstantinos D. Kokkaliaris*, Leo Kunz & Timm
Schroeder. Nature Biotechnology 35, 1202–1210 (2017)
As published first in Nature Biotechnology online 2017/11/13.
DOI: https://doi.org/10.1038/nbt.4006
Link: https://www.nature.com/articles/nbt.4006

The figures in this chapter are not numbered as a continuation of the figures of the
whole document.

Abstract
The bone marrow (BM) microenvironment contains many types of cells and molecules
that have roles in hematopoiesis, osteogenesis, angiogenesis and metabolism. The
spatial distribution of the different bone and BM cell types remains elusive due to
technical challenges associated with bone imaging. In order to map non-hematopoietic
cells and structures in bone and BM we carried out multicolor 3D imaging of
osteoblastic, vascular, perivascular, neuronal and marrow stromal cells, and
extracellular matrix proteins in whole mouse femurs. Potential interactions between
cells and molecules were analyzed by colocalization of marker combinations. Our
results shed light on the markers expressed by different osteolineage cell types, on the
heterogeneity of vascular and perivascular cells, on the neural subtypes innervating
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marrow and bone, on the diversity of stromal cells, and on the distribution of
extracellular matrix components. Our complete imaging dataset is available to
download and can be used in bone biology, hematology, vascular research,
neurosciences and extracellular matrix research.

Introduction
The vertebrate skeleton houses many cells types, structural extracellular matrix (ECM)
proteins, and secreted proteins such as cytokines1. Bone tissue itself is composed of
various cells types, from skeletal stem cells to osteoprogenitors and osteoblasts at
many stages of their differentiation to mature osteocytes, and chondrocytes in the
articular and growth plate cartilages2. BM is well known for its role in hematopoiesis3
but also contains a complex network of blood vessels that include the specialized
fenestrated sinusoidal network responsible for cellular and molecular exchanges
between blood and the BM compartment4. BM is also proposed to house the elusive
endothelial

stem

or

progenitor

cells

responsible

for

vasculogenesis

and

neoangiogenesis5. Both bone and BM are innervated by various types of neurons6 and
are structurally made of different families of ECM proteins7. Finally, in addition to many
different hematopoietic cells, BM harbors a variety of stromal cells playing a role in
osteogenesis (osteoprogenitors), hematopoiesis (adventitial reticular cells) as well as
metabolism and the endocrine system (adipocytes)8.
Although many of these cellular and molecular BM components interact, and play
important roles in regulating each other, their precise (co-)localization remains elusive.
We developed a method for reproducible multidimensional imaging cytometry of bone
and BM (Coutu et al., 2017 Nature Methods). Here, we apply some of these techniques
to screen a wide variety of antibodies for their ability to label BM cells and proteins,
and performed multicolor imaging of thick whole adult mouse femur sections to assess
their precise distribution. We analyzed markers of osteoblast, vascular, perivascular,
neuronal and stromal lineages and ECM proteins. Taken together, these results
provide a comprehensive atlas of the distribution of BM markers. The imaging data is
available as an open resource for the community.
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Figure 1. Complexity of the BM microenvironment. a) Different BM regions include
e.g. bone cells and extracellular matrix (i, FGFR2-YFP+ osteoblasts [arrowheads],
osteocalcin (OC) [arrows]), stromal and hematopoietic cells (ii, CD271+ stromal cells
[arrows], c-Kit+ hematopoietic cells [arrowheads]), vascular endothelial cells and
neurons (iii, CD105+ sinusoids [arrows], GFAP+ Schwann cells [arrowheads]). b)
Available data: 3D, multicolor whole mouse femur scans immunostained for over 30
putative BM markers in various combinations. See Supplementary Table 2 for details.
Scale bars (um): a overview (500), ai-aiii (30).

Results
We screened almost 250 antibodies for general BM staining, and extensively tested
67 for their ability to specifically stain the cell types analyzed in this study. For 33 of
these, known or suggested to label cells or structures in skeletal tissue (Supplementary
Table 1), we obtained 3D multicolor confocal imaging data of whole mouse femurs
prepared with our recently developed multidimensional imaging cytometry technique
for bone and BM imaging (Fig.1a, Coutu et al., 2017 Nature Methods). Antibodies were
paired with optimal fluorophores for multiplex immunostainings. Below, we will highlight
only the most relevant results for different cell types and molecules (Fig.1b). Full
original datasets (.lif format, 1.3 TB in total) and Imaris files (.ims format, 216 GB in
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total) are available upon request for further exploration and own quantitative analyses
(Supplementary Table 2). Supplementary figures 1 and 2 provide details about how
data was analyzed.
Osteoblasts and skeletal cells
The stepwise differentiation of (pre-)osteoblastic cells into mature osteoblasts and
osteocytes has historically studied by RT-PCR on differentiating osteoblastic cell lines
or by genetic studies in mice9,10. Runx2 is amongst the earliest markers of osteoblasts,
followed by osterix (Osx), alkaline phosphatase (ALP), collagen 1 (col.1) and
osteocalcin (OC)11. During endochondral ossification, progenitors are thought to
migrate along blood vessels (as pericytes) from the periosteum to invade the bone
cortex and marrow cavity where they differentiate12. Proposed markers for these
progenitor cells (mesenchymal or skeletal stem/progenitors) have been less studied
but include CD44, nestin (Nes), NG2, CD73, PDGFRa (CD140a) and Sca113–16.
As expected, col.1 localized mainly in the bone matrix (cortical and trabecular, Fig.2a).
In metaphyses and epiphyses, where bone is being actively deposited and remodeled,
bone matrix was lined by OC-YFP+ cells17, ALP+ cells and CD44+ cells (Fig.2a, i-iv)
confirming these markers are expressed by active osteoblasts. There was partial
overlap between these markers, with the strongest colocalization between OC-YFP
and ALP (70% of OC-YFP+ voxels were also positive for ALP) confirming ALP is
expressed early during osteoblast differentiation.
Nestin has been proposed as a marker of perivascular skeletal progenitor cells.
However, in Nes-GFP mice we found strong GFP expression also in osteoblasts near
the distal growth plate (Fig.2b and Supplementary Fig.3). These cells also widely
expressed ALP, with 46.1% of Nes-GFP+ voxels colocalizing with ALP+ voxels. This
is consistent with previous observation of Nes-GFP in osteoblasts in younger mice18.
We found widespread expression of the marker Osx by GFP expression in meta- and
epiphyses of Osx-GFP mice (Fig.2c). Osx-GFP was expressed in avascular growth
plate cartilage and ALP+ osteoblastic regions (Fig.2c, i). In rare instances, large
arteries were covered with a col.1+ tunica adventitia (Fig.2c, ii). Osx-GFP was also
detected in some adipocytes (Fig.2c, iii), periosteum and bone lining osteoblasts
(Fig.2c, iv), and rarely lining marrow sinusoids (Fig.2c, v). This suggests that in this
mouse line, Osx is not only expressed by osteoprogenitors or pre-osteoblasts as
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expected. These findings were validated using an Osx-CreERT with tdTomato Crereporter (Supplementary Fig.4).
NG2 is known to be expressed in cartilage and periosteum but has recently been found
in marrow pericytes15, whereas CD73 is a marker of culture-expanded mesenchymal
stromal cells13. We indeed found NG2 expression in rare pericytes around some
metaphyseal arteries, but also in trabecular osteoblasts (Fig.2d, i), cortical osteoblasts
and marrow adipocytes (Fig.2d, ii). As expected, NG2 expression was strong in growth
plate and articular cartilage, and partially overlapped CD73 expression (Fig.2d, iii-iv).
CD73 was only detected in hypertrophic chondrocytes, whereas NG2 expression was
also observed in resting and proliferating chondrocytes. This was unexpected as CD73
is not a known chondrocyte marker.
We next used an antibody against OC to stain for OC+ ECM in bones from OC-YFP
reporter mice (Fig.2e and Supplementary Fig.5). We found little colocalization of these
two stainings, suggesting that the OC+ ECM (as detected by the antibody) likely
remains behind long after nearby OC-YFP+ cells stopped secreting it. This calls for
caution when using reporter mice to analyze to location of both, secreted proteins, or
cells producing them.
FGFR2 expression is crucial in several phases of osteogenesis19, but the localization
of FGFR2-expressing cells remains elusive due to the lack of reliable antibodies using
our technique. In femurs from FGFR2-YFP reporter mice, we found strong YFP
expression in osteoblasts near the distal growth plate (Fig.2f and Supplementary
Fig.6), as well as in marrow adipocytes and trabecular/cortical osteocytes (not shown).
FGFR2-YFP was also observed in periosteum (Fig.2f, i). This supports the role of
FGFR2 throughout the developmental program of osteoblasts. CD140a, a proposed
marker of mesenchymal progenitors16, was mainly observed in growth plate
chondrocytes and trabecular osteoblasts (Fig.2f, i), but also surrounding small arteries
near the distal growth plate where they co-expressed Sca1, another progenitor marker
(Fig.2f, ii). As expected, colocalization analyses confirmed some overlap between
CD140a and Sca1, but also show that some CD31+ blood vessels express CD140a.
This suggests that CD140a may be expressed later in osteogenesis than expected.
A qualitative summary of our findings is presented in Figure 2g. We here defined periarteriolar cells as cells lining small arterioles or capillaries near ossification centers
(mainly the growth plate), pre-osteoblasts as small and elongated bone lining cells,
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mature osteoblasts as large cuboidal (matrix secreting) bone lining cells and
osteocytes as cells embedded in bone matrix.

Figure 2. Osteoblasts and skeletal cells. a) Expression of OC-YFP in trabecular and
cortical osteoblasts in proximal and distal meta-/epiphyses and of alkaline
phosphatase (ALP) in all osteoblasts and bone lining cells. (i) CD44 marks
hematopoietic cells (black arrowhead) but also bone lining cells (white arrowheads)
and osteocytes (not shown). ALP is also detected in metaphyseal periosteum (white
arrow). (ii) In metaphyses, ALP is observed in stromal cells (white arrowheads). (iii)
OC-YFP cells are lining collagen 1 positive bone trabeculae in metaphyses (white
arrowheads) and directly adjacent to the growth plate (white arrow). (iv) Partial (black
arrowhead) overlap between OC-YFP and ALP (white arrowheads: ALP only; white
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arrow: OC-YFP only). Colocalization in whole distal metaphysis: 70.0% of OC-YFP+
voxels are ALP+ whereas only 25.6% of ALP+ voxels are OC-YFP+. 34.4% of ALP+
voxels are CD44+. b) ALP+ cells directly adjacent to the distant growth plate express
Nes-GFP (black arrowheads) but ALP+ cells lining trabecular bones do not (white
arrowheads). In this field of view, 46.1% of Nes-GFP+ voxels are also ALP+ whereas
17.6% of ALP+ voxels are Nes-GFP+. c) Osterix (Osx)-GFP expression in trabecular
and cortical osteoblasts in proximal and distal meta-/epiphyses. (i) GFP is detected in
some growth plate chondrocytes (white arrowheads) as indicated by the absence of
collagen 1+ bone and vasculature. (ii) Collagen 1 in basement membrane of some
arteries (arrowheads). (iii) Osx-GFP in some marrow adipocytes (arrowheads). (iv)
Osx-GFP is observed in pre-osteoblasts near the growth plate (black arrowheads) and
periosteum (white arrowheads). (v) Rare Osx-GFP+ cells lining sinusoidal vessels
(arrowheads). d) (i) NG2 in rare pericytes around metaphysis arterioles (arrowheads)
and in most trabecular osteoblasts (arrows). (ii) Adipocytes (arrowhead) and cortical
osteocytes (arrow) express NG2. (iii) NG2 is weak but detectable in resting and
proliferating chondrocytes in the growth plate (arrowhead). NG2 expression is
upregulated in hypertrophic chondrocytes, which also express CD73 in the growth
plate (arrows). (iv) NG2 and CD73 show partial (arrow) but not complete (arrowhead)
overlap in articular cartilage. e) Little colocalization between OC-YFP+ cells and OC+
extracellular matrix detected by antibody (analysis performed on the full bone).
Colocalization plots explained in Supplementary Figure 1. f) Cross-section through the
distal growth plate of a FGFR2-YFP femur. The avascular structure (no CD31) is
growth plate cartilage. Epiphyseal (*) and metaphyseal regions (**) are also seen. (i)
Growth plate chondrocytes express CD140a (black arrowheads). Osteo-progenitors in
the metaphysis express both FGFR2-YFP and CD140a (white arrows). Periosteal cells
express both CD140a and FGFR2-YFP (white arrowheads). (ii) Circular structures
near the growth plate (white arrowheads) have a central blood vessel lined with
CD140a+/FGFR2-YFP+ cells. Bone lining cells express mainly FGFR2-YFP.
Colocalization analysis of the full section reveals high colocalization of CD140a in
FGFR-YFP+ voxels and modest colocalization of CD140a and Sca1. CD31+
endothelium near the growth plate co-expresses CD140a. g) Qualitative summary of
bone markers expression. Scale bars (um): a overview (500), ai (150), aii (100), aiii
(100), aiv (50), b (50), c overview (500), ci (200), cii-cv (50), d overview (500), di (30),
dii (100), diii (50), div (20), e overview (500), e detail (150), f overview (200), fi (70), fii
(50).

Vascular and perivascular cells
The complex BM vasculature consists of different types of vessels (arteries, arterioles,
capillaries and sinusoids) each with distinct morphology, function and anatomical
location20–23. Intravital microscopy studies revealed that in BM blood flows from the
nutrient artery to arterioles and then through intraosseous capillaries, which
anastomose to periosteal vessels and empty into the sinusoidal network24. Sinusoids
are radially located around the central sinus and are intra-connected via specialized
structures, the intrasinusoidal capillaries23.
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A variety of endothelial markers and affinity for specific lectins were described for
detection of different types of blood vessels such as CD31 (PECAM-1)25, vascular
endothelial cadherin (VE-Cad)26, CD3427, CD105 (endoglin)28, Sca115,29 and MECA3230. Some of those have been interchangeably used in the literature as panendothelial markers detecting all different types of BM vasculature. However, evidence
of their co-expression in different anatomical locations of long bones is limited.
We confirm CD31 to be expressed on endothelial cells in all regions of skeletal tissue
(Fig.3a), but also on megakaryocytes and small round hematopoietic-like cells.
Although sinusoids and some arterioles co-express CD31 and CD105, most arterioles
did not express CD105 (Fig.3a, ii and Supplementary Fig.7). Colocalization analysis
confirmed only partial overlap between those markers. Sca1 has been proposed to be
expressed in arteries and arterioles29. We found Sca1 expression around arteries and
arterioles throughout the BM cavity (Fig.3a, i) and only weak expression in sinusoids.
SM22, a marker of smooth muscle cells was expressed as expected around large
arteries in the diaphysis (Fig.3a, i). We observed different cell layers in diaphyseal
arteries: the CD31+Sca1+ endothelium is surrounded by Sca1+SM22+ smooth muscle
cells/pericytes, which are in turn covered by Sca1+ cells (Fig.3a, i). This suggests Sca1
to be both an arteriolar and periarteriolar marker.
We found VCAM1, a well-described endothelial marker, to be strongly overlapping with
CD31 in both arteries and sinusoids (Fig.3b, i), but also expressed in rare perivascular
cells and megakaryocytes (Fig.3b, ii).
Markers specifically labelling capillaries and sinusoids (but not arterioles) include
endomucin (EMCN)31. Indeed, EMCN labels transition capillaries and sinusoids in the
distal metaphysis close to the growth plate and in the diaphysis, but not arterioles
(Fig.3c, i-ii). Interestingly, EMCN intensity varies between different anatomical
locations, with metaphyseal sinusoids being brighter than diaphyseal ones, confirming
the existence of different vascular subtypes identified by EMCN and CD31
expression32. We observed the transition of EMCN-CD31+ arterioles emptying into
ECMN+CD31+ sinusoids (Fig.3c, iii’).
Another marker reported to be expressed in sinusoids is CD3433. We detected CD34
in metaphyseal arterioles (Fig.3d, i), transitional capillaries near cortical bone in the
diaphysis (Fig.3d, ii) and some periosteal vessels (Fig.3d, iii), but not in sinusoids
(Fig.3d, i-ii).
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Another widely used vascular marker is von Willebrand factor (vWF)34. However, we
did not detect any vWF+ vessels in the BM (Fig.3e, i) of wildtype or vWF-EGFP mice,
but only in periosteal Sca1+ arteries (Fig.3e, ii).
A number of studies reported nestin expression by a variety of BM cell types. Nestin
was reported to label perivascular and/or stromal cells, but not CD31+ endothelium in
BM14. Studies using Nes-GFP mice report that GFPbright perivascular cells surround
arterioles whereas GFPweak cells are located around sinusoids14,15,35. On the other
hand, no nestin was detected in perivascular cells surrounding sinusoids in Nes-cre,
Nes-creER or Nes-GFP/Nes-Cherry double reporter mice35,36. Imaging of Nes-GFP
femurs revealed GFP expression in both endothelial CD31+ and perivascular cells in
metaphyseal arterioles (Fig.3f, i-ii), but not in stromal cells. Colocalization analysis
confirmed that Nes-GFP expression was strongly correlated with CD31. We did not
detect any Nes-GFP signal around sinusoids (Fig.3g, i-ii). To further characterize the
expression of Nes-GFP in perivascular cells, we stained Nes-GFP femurs with Sca1
and CD90, two peri-arteriolar markers. In metaphyseal arterioles, Nes-GFP, Sca1 and
CD90 showed partial overlap (Fig.3g, i). In diaphyseal arteries, the layer of NesGFP+Sca1+CD90+ pericytes was surrounded by a layer of Nes-GFP-Sca1+CD90+
cells. These results suggest that nestin is expressed in some periarteriolar cells that
co-express Sca1 and CD90, by large diaphyseal arteries18, but also unexpectedly by
smaller arterioles.We depict the vascular structure of bone and BM in Fig.3h and
qualitatively summarize our findings in Fig.3i.
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Figure 3. Vascular and perivascular cells. a) Most BM vascular endothelial cells
express CD31 and CD105. (i) In the diaphysis, large arteries are coated with
SM22+/Sca1+ smooth muscle-like cells (black arrowheads) whereas smaller
endosteal and metaphyseal arterioles and capillaries are coated with Sca1+ pericytes
(not shown). Endothelial cells in arteries also express Sca1 (white arrowheads)
whereas Sca1 signal in sinusoids is weak. (ii) CD31 and CD105 are co-expressed in
venous sinusoids but CD105 is negative or low in arterioles (white arrows). b) VCAM1
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and CD31 show strong co-expression in sinusoids (i, black arrowhead) and arteries (i,
white arrowhead). Some rare VCAM1+ peri-arteriolar cells are also observed (ii, white
arrowheads). 91.2% of VCAM1+ voxels are also CD31+. c) (i, ii) Endomucin (EMCN)
labels capillaries (black arrowheads) and sinusoids (white arrowheads) in the
metaphysis (i) and cortical endosteum (ii), while arterioles express only CD31 (arrows).
(iii) EMCN negative arterioles (arrows) gaining EMCN expression (black arrowheads)
before looping back and emptying into venous sinusoids (white arrowheads). (iii’)
shows a 10um thick optical section. d) (i, ii) CD34 labels arterioles and capillaries (white
arrowheads) in the metaphysis (i) and cortical endosteum (ii) while sinusoids are not
labelled (black arrowheads). (iii) CD34 also labels some periosteal vessels (white
arrowheads). e) von Willebrand Factor (vWF, by antibody detection) expression only
in megakaryocytes (white arrowheads) and platelets (black arrowheads) in BM, but
also in periosteal Sca1+ vessels (ii). f) Colocalization of nestin-GFP and CD31 in single
z-stacks acquired in the metaphysis of Nes-GFP femurs. (i, i’) 12um-thick xz projection
of three arterioles showing nestin-GFP expression colocalized with CD31 (white
arrowhead) or perivascular (black arrowhead). Colocalization analysis of this single zstack shows that 85.9% of nestin-GFP+ voxels are also CD31+. (ii) Orthogonal
sections also showing colocalization of nestin-GFP with CD31. g) (i) Large
metaphyseal arteries are covered with pericytes expressing Sca1, CD90 and nestinGFP (black arrowheads) whereas the pericytes of smaller arterioles express Sca1 and
CD90 (white arrowheads). (ii) In the diaphysis, large arteries appear covered with
Sca1+ and CD90+ pericytes (white arrowheads) whereas nestin-GFP appears
restricted to CD31+ endothelial cells (black arrowheads). Colocalization analyses on
the whole distal metaphysis. h) Left panel: Simplified illustration of BM vasculature
showing direction of blood flow (arrows). Adapted with permission from23. i) Qualitative
summary of marker expression by endothelium and perivascular cells based on our
findings. Scale bars (um): a overview (500), ai (20), aii (70), b overview (500), bi (20),
bii (50), c overview (500), ci (40), cii (50), ciii (100), ciii’ (10), d overview (500), di (150),
dii-diii (50), e overview (500), ei (50), eii (100), g overview (500), gi (50), gii (30).

Neurons
Immunohistochemistry studies revealed different types of nerve fibers innervating BM,
amongst which myelinated sensory neurons expressing neurofilament H (NeuH),
tyrosine hydroxylase expressing sympathetic neurons and non-myelinating Schwann
glial cells expressing glial fibrillary acidic protein (GFAP)6,37.
Tyrosine hydroxylase (TH)-expressing neurons have been described to innervate the
venous endothelium, diaphyseal arteries or extend into BM parenchyma38,39. Using a
GFAP and TH co-staining, we confirm that TH+ and GFAP+ fibers are located mainly
around Sca1+ diaphyseal arteries (Fig 4a, i). We also observed TH expression in some
marrow sinusoids and hematopoietic cells (Fig.4a, ii). Colocalization analyses
confirmed that most GFAP+ voxels are also TH+ and that TH shows strong correlation
with Sca1+ hematopoietic cells. Similar observations were made for peripherin, a
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marker of peripheral non-myelinated sensory neurons, which was mainly observed
around Sca1+ arteries in the diaphysis (Fig.4b).
NeuH fibers were rare in the marrow (Fig 4c, i) and mostly present at endosteal
surfaces and in the periosteum (Fig.4c, ii-iv) confirming previous studies6.
It has been previously reported that GFAP and TH fibers innervate nestin-expressing
perivascular cells14,15. In Nes-GFP bones, we found GFP expression in neuronal-like
cells that partly overlapped with GFAP in fibers running parallel to diaphyseal arteries
(Fig.4d). Colocalization analysis showed that almost 25% of Nes-GFP+ voxels were
also GFAP+. Although Nes-GFP is a known marker of neuronal progenitors in the
central nervous system, to our knowledge this is the first description of its expression
in peripheral neuronal structures.
Our results suggest that TH-, GFAP- and peripherin-expressing cells are likely involved
in arteriolar vasoconstriction and maybe cross-talk with perivascular cells, whereas
NeuH+ neurons might be more involved in mechanosensing and sensory information
processing due to their location.
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Figure 4. Neuronal cells. a) (i) Large diaphyseal arteries coated with Sca1+ pericytes
are also innervated by neurons coated with GFAP+ Schwann cells and tyrosine
hydroxylase (TH)+ neuronal cells (white arrowheads) whereas very few nerve fibers
are observed in the meta- and epiphyses (not shown). TH is also in large arteries (white
arrow) and sinusoids (black arrowheads). (ii) Expression of TH in some hematopoietic
cells (arrows). b) Nerve fibers innervating large diaphyseal arteries express peripherin
(arrows). c) Neurofilament H in few marrow neuronal fibers (i, white arrowhead)) and
preferentially in neurons associated with endosteum (ii, white arrowheads). Some of
those fibers accompany blood vessels through cortical bone (ii, black arrowheads).
Neurofilament H fibers are also observed in periosteum (iii and iv, white arrowheads).
d) Single z-stack in the diaphysis of a nestin-GFP femur with Nestin-GFP+ neuronallike fibers. Some of these fibers are also positive for GFAP (white arrowheads) and
some negative for GFAP (black arrowheads). Nestin-GFP+ fibers and GFAP+ fibers
interact closely in some areas (white arrows). In this z-stack, 23.0% of GFP+ voxels
are also GFAP+. Scale bars (um): a overview (700), ai (50), aii (40), b (50), c overview
(500), ci-iii (50), civ (40), d (50).
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Extracellular matrix
Bone and marrow tissues are thought to contain at least four types of ECM proteins:
glycoproteins (e.g. fibronectin, vitronectin), collagens (type 1, 2, 3, 4 and 10), heparan
sulfate proteoglycans (e.g. perlecan) and matricellular proteins that link other ECM
proteins to membrane bound integrins (e.g. osteocalcin, periostin). The distribution of
bone and cartilage matrix associated ECM proteins is relatively well described40,41 but
information on other ECM molecules is limited.
OC was mainly observed in the bone matrix near the distal growth plate as expected
(Fig.5a). Fibronectin was found in the BM parenchyma but also in basement
membranes of sinusoids and in bone matrix (Fig.5a, i-iii). We detected elongated
cellular processes of Cxcl12-GFP+ stromal cells being tightly juxtaposed to fibronectin
fibers in BM parenchyma (Fig.5a’, i) and that c-Kit+ cells also tend to extend small
cellular processes to contact fibronectin fibers (Fig.5a’, ii).
Laminin, a well described basement membrane protein, was found as expected
associated with both sinusoids and arteries (Fig.5b). However, some sinusoids located
near the cortical bone surface appeared to lack a typical basement membrane
coverage.
In contrast to fibronectin, vitronectin was found exclusively associated with the bone
matrix in cortical bone, trabecular bone and at the distal growth plate ossification front
(Fig.5c). Collagen III was almost undetectable and could only be observed in
periosteum and small areas near the growth plate (Fig.5c). Collagen IV was strongly
present in the basement membrane of all vasculature and within the BM parenchyma
(Fig.5d, i-iii). Only transition capillary vessels between arterioles and sinusoids (near
the growth plate and cortical bone) lacked coverage by collagen IV (Fig.5d, i).
As mentioned, collagen 1 was found exclusively throughout the bone matrix, further
confirmed here (Fig.5e). Another bone matrix protein, osteopontin (OPN), was found
closely associated with bone matrix at the ossification front near the growth plate and
in cortical and trabecular bone (Fig.5e, i-ii). However, whereas collagen 1 was present
deep within the bone matrix OPN appeared restricted to the bone surface (Fig.5e, iii).
Finally, we found expression of the matricellular protein periostin to be restricted to the
periosteum (Fig.5f) whereas perlecan was found both around diaphyseal arteries
(Fig.5f, i) and in metaphyseal bone matrix (Fig.5f, ii).
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In summary, we detected expression of all expected ECM molecule types in BM
(glycoproteins, collagens, heparin sulfate proteoglycans and matricellular proteins) and
could separate them into three main categories: proteins associated with 1) the bone
matrix (col.1, OC, vitronectin, col.III, OPN, periostin), 2) the vascular basement
membrane (laminin, col.IV), and 3) the BM parenchyma (fibronectin). However,
basement membrane proteins were also typically found in BM parenchyma (col.IV,
laminin) and perlecan labelled both bone matrix and arteriolar basement membrane.

Figure 5. Extracellular matrix. a) Fibronectin is expressed throughout the BM
whereas osteocalcin (OC) protein is more prevalent in osteogenic fronts near growth
plates. (i) Near the growth plate where matrix is being remodeled, OC and Fn
colocalize (white arrowheads) but on trabecular bone surfaces only Fn is detected
(black arrowheads). Fn is also in marrow parenchyma (white arrows). (ii) In cortical
bone, OC and Fn colocalize, presumably in areas of matrix remodeling (arrowheads).
(iii) Density of Fn fibers in the diaphysis. a’) Cxcl12-GFP+ marrow stromal cells extend
processes along Fn matrix fibers (I, arrowheads). c-Kit+ cells extend processes to
make contact with Fn fibers (ii, arrowhead). b) Laminin in basement membrane of most
vascular structures including sinusoids (black arrowheads) and arteries (white
arrowheads), and only absent in small portions of sinusoids (white arrow). c)
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Vitronectin is highly expressed in cortical bone (white arrowheads), trabecular bone
(white arrows) and near the growth plate (black arrowheads). Collagen III is mainly in
periosteum and rarely near the growth plate (black arrows). d) Collagen IV is detected
in the basement membrane of most vascular structures but absent on cortical
endosteal and growth plate capillaries (white arrowheads). Collagen IV fibers are also
in the marrow parenchyma (i’, black arrowheads). (ii, iii) Collagen IV in the basement
membrane of arterioles (black arrowheads) and sinusoids (white arrows). e) (i)
Osteopontin (OPN) shows strong colocalization with collagen 1 in cortical bone (white
arrowhead), trabecular bone (black arrowhead) and near the growth plate (white
arrow). (ii) In the proximal metaphysis, OPN is seen in the endosteal surface (black
arrowhead) and femoral head cartilage (white arrowhead). (iii) 20um-thick optical
section in the distal metaphysis shows OPN enriched on the endosteal surface of bone
trabeculae compared to collagen 1 (white arrowheads). f) Periostin is expressed
exclusively in periosteum (white arrowheads) whereas perlecan is detected around
arteries (i, black arrowheads) and in trabecular bone (ii, black arrowheads). Scale bars
(um): a overview (500), ai (30), aii (70), aiii (10), a’i (40), a’ii (5), b overview (500), b
detail (50), c overview (500), c detail (100), d overview (500), di (50), dii-diii (20), e
overview (500), ei (100), eii (200), eiii (100), f overview (500), fi-fii (100).

Stromal cells
The term BM “stroma” has been interchangeably used in the literature to describe a
heterogeneous mix of non-hematopoietic cells located at the interphase between
vascular endothelium and bone providing structural support and signaling molecules
to the surrounding hematopoietic tissue. To date, the concept of BM stromal cells
remains ambiguous at best. A number of markers have been used to describe stromal
cells, including ALP, CD29, CD44, CD271 and Cxcl12-GFP42, but the co-expression
of these markers by specific cell types remains unknown. To discriminate stromal cells
from other cell types, we here defined them as non-hematopoietic cells (CD45-) in the
BM parenchyma that are not obviously pericytes/smooth muscle cells nor osteoblasts.
Analyses of Nes-GFP bones confirmed that GFP was not clearly detectable above
background in stromal cells, whereas CD271 was expectedly found to be widely
expressed by stromal and hematopoietic cells (Fig.6a, i, Fig.6e). Stromal CD271
expression was observed throughout marrow (epiphysis, metaphysis and diaphysis)
but was more abundant in the diaphysis. As shown above, Nes-GFP was mainly
observed in vasculature (Fig.6a, ii). ALP has been shown to label adventitial reticular
cells (Westen-Bainton cells) in BM. We surprisingly found thin cellular processes
weakly expressing ALP located exclusively in the metaphyses (Fig.6a, iii).
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In FGFR2-YFP bones, we observed YFP expression in adipocytes (Fig.6b, i), in very
small fibroblastoid cells mainly in the metaphyses (Fig.6b, ii) and in rare peri-sinusoidal
cells (Fig.6b, iii). We also used BODIPY staining to further analyze the distribution of
BM adipocytes, a stromal cell type important for metabolism and endocrine signaling.
We found them mainly confined to the epiphyses and metaphyses (Fig 6e), although
their number and location are age dependent43.
In Cxcl12-GFP mice44, GFP was detected in stromal, peri-arteriolar and peri-sinusoidal
cells (Fig 6d, i). Most Cxcl12-GFP+ cells co-expressed leptin-receptor (LepR, Fig 6d,
ii), although not all LepR+ cells expressed Cxcl12 in diaphysis (Fig 6d, i-ii). In addition,
GFP showed minor overlap with CD105, while colocalization of LepR with CD105 was
stronger (Fig 6d, i-ii). In summary, these results suggest that the sinusoidal
endothelium expresses CD105 and LepR, peri-sinusoidal cells express LepR and
Cxcl12, and stromal cells express Cxcl12 only. Finally, we studied the co-expression
of Cxcl12-GFP cells with CD271, a marker we showed to be abundantly expressed by
BM stromal cells and found only partial overlap between those two markers (Fig 6e).
CD271 was also found to be expressed by some CD45+ hematopoietic cells.
Taken together, these results suggest that BM stromal cells are more heterogeneous
than previously thought. A quantitative summary of our stromal marker findings is
presented in Supplementary Table 3.
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Figure 6. Stromal cells. a) (i) CD271 is very abundant in BM, labeling stromal cells
and fibroblast-like cells brightly (black arrowheads) and some hematopoietic cells
weakly (white arrowheads). (ii) Nestin-GFP labels vascular structures (black
arrowheads) and neuron-like cells (white arrowhead) but not stromal cells. (iii) ALP
labels long cellular processes in the metaphysis only (white arrows). b) FGFR2-YFP
labels stromal adipocytes (i, white arrowheads), small fibroblast-like cells (ii,
arrowheads) and cells lining sinusoids (iii, arrowheads). c) Adipocytes labeled with
BODIPY are localized mainly in the epiphysis and metaphysis in 12 weeks-old males.
d) Cxcl12-GFP labels stromal cells as well as perivascular cells (both arteriolar and
sinusoidal). (i) Leptin-receptor (LepR) is expressed strongly in sinusoidal endothelium
(black arrowheads). (ii) LepR is expressed both by Cxcl12-GFP+ stromal cells (black
arrowheads) and CD105+ sinusoidal endothelium (white arrowheads). Colocalization
analysis of the whole diaphysis reveals that 77.6% of Cxcl12-GFP+ voxels are also
LepR+, that there is almost no colocalization between Cxcl12-GFP and CD105 and
that 57.7% of CD105+ voxel are also LepR+. e) Colocalization analysis of Cxcl12-GFP,
CD271 and CD45 in a single z-stack in the femoral diaphysis. Cxcl12-GFP is largely
non-overlapping with CD271 and CD45, but CD271 and CD45 show some coexpression in megakaryocytes (black arrowhead) and small round hematopoietic cells
(white arrowheads). Scale bars (um): a overview (700), ai (20), aii (30), aiii (50), b
overview (700), bi (70), bii (50), biii (20), c overview (700), c detail (200), d overview
(500), di (50), dii (30), e (30).
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Discussion
Historically, BM microenvironment was analyzed using electron microscopy and
single/dual color immunohistochemistry on bone sections (paraffin-embedded or
cryosections)22,45. These techniques typically only allow the detection of one or two
markers simultaneously, in two dimensions and with poor preservation of tissue
architecture. Recent studies successfully performed multiplex immunostainings on
thick bone cryosections but also lacked good preservation of tissue morphology46,47.
We therefore developed a reliable method for quantitative, 3D multicolor imaging of
whole bone sections from adult mice (Coutu et al., 2017 Nature Methods). We here
used this methodology to generate an atlas of over 40 molecules including markers of
osteoblastic/skeletal, vascular, perivascular, neuronal and stromal cells as well as
ECM proteins.
While our results mainly confirm the conclusions of previous studies, they also extend
on their observations and contradict others. Indeed, most studies investigating BM in
vivo analyzed only narrow fields of view of thin marrow cryosections. With the data
presented here, we were able to analyze BM in thick sections of whole femurs, thus
providing a more comprehensive understanding of the global distribution of those
markers within the whole BM. The optical clearing technique we use not only enables
us to perform deep 3D tissue imaging but also robustly increases our detection
sensitivity for fluorescent labels, thus allowing us to observe markers in cells types
never described before.
Some concerns have been recently raised about the widespread use of poorly
characterized antibodies in scientific research48,49. Since our description of BM
markers relies mainly on immunostainings, the quality of antibodies used could also
explain some discrepancies between our results and previously published data. We
took great care in validating all the antibodies used here by comparing our results with
previous studies, by validating immunostainings using knockout or reporter mice
whenever possible or by comparing several antibodies raised against the same protein
(Supplementary Table 1). We would like to emphasize here the importance of proper
antibody storage conditions and buffer conditions used during immunostaining to
obtain reproducible results using immunoassays, as well as the importance of full
disclosure of the antibodies used in research.
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The complete biological information contained in large imaging datasets such as those
presented here are difficult to convey using a few figure panels. Moreover, our
observations mentioned here are based on our limited knowledge of different cell types
and probably only scratch the surface of what can be gained from the data. For this
reason, all of the data presented here is made freely available for download as an open
resource (Supplementary Table 2).
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Methods
Mice. All animal experiments were approved by the cantonal authorities of Kanton
Basel Stadt. All bones used were femurs from twelve-week old, male mice. Transgenic
mouse lines used were C57Bl/6J, B6CByF1-Tg(Nes-EGFP)33Enik50, C57BL/6Tg(BGLAP-Topaz)1Rowe/J17,

B6;129X1-Fgfr2tm1Moon/Mmucd51,

B6.Cg-Tg(Sp7-

tTA,tetO-EGFP/cre)1Amc/J52, Tg(Sp7-cre-ERT2)Hmk53, B6.Cg-Gt(ROSA)26Sortm14
(CAG-tdTomato)HzeJ54,

B6.129P2-Cxcl12<tm2Tng>44

and

C57BL6J-Tg(Vwf-

EGFP)SEJ55.
Antibodies. Supplementary table 1 lists all antibodies tested and optimized in this
study. Each antibody for which data is shown was tested at least three times in full
bone imaging (in single staining and various antibody combinations), see
Supplementary Table 2 for details.
Bone isolation, decalcification and storage. After dissection, femurs were cleaned
of residual muscle tissue and fixed in freshly prepared 4% methanol-free
formaldehyde (Thermo) overnight. Bones were washed twice with PBS and then
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decalcified in 10% EDTA (pH=8) for two weeks. Decalcified bones were washed
again in PBS before stored in PBS containing 0,1% sodium azide at 4oC.
Bone embedding, sectioning and staining. A detailed method for bone processing
and immunostaining can be found in our companion paper. Briefly, decalcified femurs
were embedded in 4% low-melting agarose (Sigma), then sectioned at 300umthickness using a Leica VT1200S vibratome. Sections were blocked in TBS
containing 20% DMSO and 10% donkey serum. Primary antibodies in blocking buffer
were added overnight at room temperature. Sections were washed and secondary
antibodies in block buffer were added overnight at room temperature. Sections were
then cleared in a graded series of 2,2’-thiodiethanol (Sigma Aldrich) and mounted in
100% TDE containing 0.1M N-propyl gallate (NPG, Sigma), pH=8.5. To detect
endogenously expressed fluorescent proteins, chicken anti-GFP antibody (Aves
Labs) was used (along with donkey anti-chicken AlexaFluor 488, Jackson
ImmunoResearch) to amplify GFP and YFP signals although they are not quenched
by TDE. Endogenous tdTomato fluorescence was not amplified by immunostaining.
Confocal microscopy. A detailed description of our acquisition method and settings
has been described (manuscript attached). For image acquisition, we used a Leica
TCS SP5 equipped with three photomultiplier tubes and two HyD detectors. Five laser
lines were used: 405nm blue diode, argon (458, 476, 488, 496 and 514nm), and three
helium neon (543, 594 and 633nm). Acquisition was performed using type F immersion
liquid (RI: 1.518, Leica) and a 20X multiple immersion lens (NA 0.75, FWD 0.680mm).
Analyses. Image analysis and colocalization analysis was performed on Imaris v7.1
or 8.1 (Bitplane) equipped with all modules, on a Dell PC with a 2x 8-cores Intel®
Xenon ® CPU E5-2609 v2 (2.50GHz) with 256GB of RAM, using a Nvidia K4200 GPU
(4GB RAM) and running Windows 7 (64-bit).
Statistics and reproducibility. All markers shown were analyzed in three to 218 full
femur scans (Supplementary Table 2). Quantification was performed on full or partial
scans as specified in figure legends. Experimental details can also be found in the Life
Sciences Reporting Summary attached to this manuscript.
Data availability. All imaging data presented will be freely available to download in .lif
and .ims formats (both readable using Fiji56) from our SFTP server upon request to the
corresponding author.
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2.4 Imaging of breast cancer metastases in the bone
marrow
Breast cancer is one of the most well-known cases of tumour metastases to the bone
marrow (Jonsson and Rundles, 1951; Kang et al., 2003; Nguyen et al., 2009). Indeed,
the main cause of death in breast cancer patients is not the primary tumour, but the
metastases those patients can develop, up to several years after the first diagnosis
(Weigelt et al., 2005). Metastasis are tumours at secondary sites in the body that can
develop from single, or, as recently suggested more effectively, from clusters of
circulating tumour cells shed from the primary tumour at any point during the primary
tumour development (Aceto et al., 2014). Aside from the question when, where and
how cancer cells leave the primary tumour, it is not clearly understood how metastases
develop, from reaching the secondary site (e.g. the bone marrow), over tissue
infiltration to finally colonialization and outgrowth and if growth within the secondary
site is microenvironment dependent or stochastic (Nguyen et al., 2009).
This is because, using standard methods (luminescence or x-ray imaging), only
metastases with over thousands of single cancer cells can be detected i.e. metastases
visualized by these techniques have already grown out. No information is recorded
about where the metastasis initiating cancer cells first arrive in the bone marrow, which
microenvironment they need to survive, where they prefer to home, grow or stay
dormant, if they change their environment during growth, or even if the
microenvironment plays a role or not. In contrast to the above-mentioned standard
techniques, our high-dimensional quantitative in situ imaging pipeline has single cell
sensitivity in whole bone marrow sections. It thus allows detection of single cancer
cells, when they enter the bone marrow and during their development into large
metastases,

while

simultaneously

recording

their

cellular

and

molecular

microenvironment and proliferation status and therefore, in theory, enables us to
investigate how single cancer cells and their microenvironment behave during
metastatic colonialization of the bone marrow.
Besides the microscopy and analysis technique, inducible metastasis models i.e.
model systems in which the kinetics of metastases homing are understood and can be
reproduced reliably are key for answering these questions. Such models are needed
to allow efficient tracking of metastasis development using quantitative 3D imaging in
a time series of metastasis development and finally enable an understanding of the
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microenvironment breast cancer cells prefer during the metastatic process.
Unfortunately, there is no off-the-shelf established model that can reproducibly
generate bone marrow metastases (Simmons et al., 2015) – this is not considering
intraosseous

injections,

which

destroy

the

bone

marrow

and

thus

the

microenvironment we would want to investigate.
Therefore, and in order to find a suitable model for investigating the development of
bone marrow metastases we engaged in several national and international
collaborations with Prof. Cedric Blanpain (University of Brussels), Prof. Mohamed
Bentires-Alj, Prof. Nicola Aceto (both University of Basel, Switzerland) and Prof.
Connie Eaves (Terry Fox Laboratory, Vancouver, Canada).
An important consideration was whether we wanted to use human cancer cells in
immunocompromised mice as hosts, or an all-murine model (murine cancer cells in a
mouse host).
We opted to try an all-murine model first, i.e. a mouse that has an intact immune system
and therefore provides a more natural bone marrow microenvironment. In collaboration
with Prof. Cedric Blanpain, we obtained bones from a mouse model in which breast
cancer was induced by tamoxifen injection and subsequent activation of a Cre
recombinase (CreERT2 model). The Cre recombinase was expressed only in
cytokeratin 8 expressing luminal cells of the mice’ mammary glands. Its activation by
tamoxifen injection, resulted in a p53 knock out, mutant PIK3CAH1047R expression and
YFP expression in these cells. The two first mutations are among the most frequent
mutations found in breast cancer (Van Keymeulen et al., 2015). The mice were injected
with tamoxifen and several months later sacrificed, when primary tumours reached the
size limit as indicated in the animal welfare protocols. While the primary tumour was
investigated on site, I was not able to detect any tumour cells in the bones, neither by
staining for YFP, PIK3CA or epithelial marker such as E-cadherin or Cytokeratin 8. As
there was no prior information as to whether or not these kinds of tumours result in
bone marrow metastases, this observation was a first evidence that at least at this
stage these tumours do not produce bone marrow metastases. In total, I imaged 43
bone sections for this project.
After this first unsuccessful attempt to generate bone marrow metastases, we
reasoned that we needed a model that recapitulates homing and outgrowth with more
defined kinetics. Therefore, we decided to focus on more “metastasis promoting”
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immunocompromised mice and a more aggressive human cancer cell line to be
introduced to these mice (Simmons et al., 2015). More specifically, we set out to
visualize bone marrow metastases of a primary tumour obtained by subcutaneous
growth of human MDA-MB 231 – GFP expressing – breast cancer cells (Cailleau et
al., 1978). The experiment, performed by Dr. Ana Correia from the group of Prof.
Bentires-Alj, was done in NOD scid gamma (NSG) mice that carried the primary
tumour, growing at a constant rate, from 2-5 weeks. In an attempt to visualize the first
tumour cells that arrived in the bone marrow as well as the developing metastases, we
sacrificed the mice in a time series (every week, three animals for 2-5 weeks). I then
performed dissections and subsequent immunostainings. In all animals i.e. in 45 bone
marrow section of femurs and spinal cords. However, I again was not able to find any
GFP positive cells in the bone marrow. This however was not because I was not able
to detect single cancer cells. As a suggested positive control, I imaged the lungs of
these mice, where I could see GFP positive cells (Figure 10).
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Figure 10. Bone marrow and lung samples of NSG mice 28 days after
subcutaneous cancer cell injection. 28 days after subcutaneous injection and
tumour growth of MDA MB 231-GFP cells, GFP positive cells are only detectable as
single cells in the lung. No cells are detectable in bone marrow of the femur or spine
at these or any other time point observed. Scale bars: 1st row 100 um, 2nd and 3rd row
1000 um.

We then collaborated with the group of Prof. Nicola Aceto at the University of Basel.
His group had isolated a human cancer cell line from circulating tumour cells (CTCs),
which is grown in suspension in vitro: “Br16” (Gkountela et al., 2019)). We reasoned
that due to the lower adhesiveness of the cells, an intravenous (i.v.) injection of these
cells could result with a higher probability in systemic distribution of cancer cells and
thus bone marrow metastases. Since we were interested in the early homing
behaviour, we sacrificed the mice (again NSG mice) 1 and 3 days after the injection.
Cinzia Donato from Prof. Nicola Aceto’s group and I carried out the injections, while I
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performed dissections and subsequent processing. Again, the mice showed signal in
the lungs (imaged by fluorescence and luminescence directly after injection), but the
bone marrow was devoid of cancer cells. In total, I imaged bone marrow sections of
37 bones in this project.
Both latter experiments together suggest that even when human cancer cells are
introduced into the murine vasculature, naturally or by direct injection in the venous
system, they are first immobilized in the lung capillaries and do not exit the vasculature
into the bone marrow. To overcome this issue i.e. to produce bone metastases some
groups employ intracardiac injections of cancer cells. We chose not to pursue this,
based on the recommendations of Prof. Nicola Aceto who pointed out technical
difficulties and complications associated with this approach (high fatality rate of mice,
need of many mice, low success rate etc.).
While these attempts on imaging the first occurrence of metastases in the bone marrow
failed, I imaged the organs of mice that were living for 6 months with a primary tumour
derived from Br16 cancer cells. I found large metastases in several organs including
bone marrow (Aceto and colleagues, in preparation) showing the capability of this cell
line to produce metastases. Of note, I furthermore processed and imaged primary
tumours (tumour cells, blood vessels, hypoxia (Pimonidazol), functional vessels
(injected Dextran) and YFP (expression driven by specific promoters) (Donato et al.,
in revision).
In a last attempt to look at the onset of metastases in the bone marrow, we collaborated
with the group of Prof. Connie Eaves from the Terry Fox laboratory in Vancouver. Here,
in a pilot study, carried out by Dr. Sylvain Lefort and Susanna Tan, we injected a very
aggressive cancer cell line i.v. into NOD rag gamma (NRG) immunocompromised
mice. Unfortunately, after the experiments had been completed, sequencing of this
‘novel’ cell line showed it to in fact be MDA MB 231, the same cell lines as used before
in the collaboration with the group of Prof. Bentires-Alj. It had likely been swapped or
contaminated with this line at some point by a previous member of the Eaves group.
Nevertheless, knowing that the cells would first stick to the lung capillaries, we waited
for a few weeks before sacrificing the mice, hoping that we would still be able to see
onset and growth of tumour cells i.e. that the kinetics would be at least reproducible
with a “weekly resolution”. We found that after 4-5 weeks (depending on the animal)
GFP was detectable within bone marrow and in other organs. We thus followed up on
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this pilot study by doing the same experiment with larger numbers of mice. The initial
data from this last experiment however suggests that only at 5 weeks post i.v. injection
there is a strong presence of GFP positive cancer cells in the bone marrow. The
clusters detected at 5 weeks post injection vary in size but can already be very big
(Figure 11). We were not able to see single cancer cells in the bone marrow at 4 weeks
post injection (data not shown), indicating a fast mechanism as compared to a slow
build-up of bone marrow metastases, which is putatively due to the inexistence of an
immune system. This last project again shows the difficulty of model systems to
recapitulate breast cancer bone marrow metastases with defined kinetics. For this last
project, I imaged in total 75 bone marrow sections.
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Figure 11. Representative images of the bone marrow of NRG five weeks post
intravenous injection of MDA MB 231 GFP cells. Confocal images of GFP
expressing MDA MB 231 breast cancer cells in the bone marrow of the lower limb
bones and the lumbar spine of a mouse injected five weeks prior. On the right a
representation of the bones/organs imaged (grey) with an indication of cells and
colonies of breast cancer cells found (green = dispersed cells, orange = small colony,
red = big colony).
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2.5 Imaging inflammatory cytokines in the murine caecum
In a collaboration with Prof. Wolf-Dietrich Hardt from ETH Zurich, I investigated
immune and intestinal epithelial cells (IECs) in the caecum of mice. More specifically,
I investigated how immune cells and IECs react to intravenously injected
lipopolysaccharides (LPS, a component of gram-negative bacteria) and where and by
whom tumour necrosis factor (TNF) is expressed in this situation. Tissue preparation,
immunostaining and analysis followed the pipeline presented in Chapter 2.1. To
visualize TNF, I used the adapted PLA approach described in Chapter 2.2.
First, after the injection and initial dissection in the Hardt laboratory, I looked at the
distribution of Major histocompatibility complex II (MHC II) positive cells in the caecum,
alongside E-cadherin (staining IECs), and p65-GFP (De Lorenzi et al., 2009). The
location of p65-GFP (cytoplasmic or nuclear) allows determining whether a cell has
reacted to LPS or other stimulatory proteins of the p65 pathway, such as TNF. I found
that 40 minutes post injection almost all immune cells of the lamina propria and only
some IECs were showing nuclear GFP localization. At 60 minutes post LPS injection
again, almost all immune cells and now also almost all IECs show GFP translocation
to the nucleus. This result suggests that LPS reaches the immune cells first, and then
reaches the IECs or a second messenger molecule is produced by the immune cells
in response to LPS, activating the IECs a little bit later. To investigate this question, I
stained for TLR4 (the receptor of LPS) and found that TLR4 while expressed on
endothelial and immune cells but is barely expressed on IECs, suggesting that immune
cells produce a second messenger that induces p65 translocation in IECs. This
observation fit well with initial data from the Hardt group, which showed that IECs of
mice with a TLR4-deficieint immune system do not show p65 translocation. Another
hint from the Hardt group was that TNF might be involved in the process.
Therefore, I used the adapted PLA approach (see 2.2) and stained for TNF in the same
situation. While 40 min after LPS injection I could see diffuse TNF, 60 min after LPS
injection I was able to see TNF closely associated with immune cells in the lamina
propria and a generally higher TNF content in the lamina propria compared to the noninjected control. This data also confirmed ELISA data from the Hardt group.
These observations along with more data from the Hardt group are currently prepared
for publication.
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2.6 Imaging and image analysis of bone marrow
distribution of T- and B-ALL cells in immunocompromised
mice
In a collaboration with Prof. Jean Paul Bourquin of the University Hospital Zurich, I
analysed the distribution of T- and B-ALL (acute lymphoid leukemia) cells in the bone
marrow of immunocompromised mice before and after chemotherapy.
The goal was to determine the percentage of cells associated with blood vessels and
bone surfaces for both cell types in the non-treated and post-chemotherapy (of the
mice already injected with ALL cells) setting. After initial proofs of concept in our
laboratory, members of the Bourquin group later performed the imaging. I handled the
subsequent data analysis with the workflow we published before.
Overall, the results suggest that T cell acute lymphoid leukaemia cells (T-ALL) during
early engraftment (non-treated condition) and after chemotherapy reside closer to
bone than B cell acute lymphoid leukaemia cells (B-ALL),
The results are currently being prepared for publication (Bourquin and colleagues in
preparation).
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2.7 Further collaborations
Further collaborations I have worked on during my PhD, which have not yet progressed
to preparation or publication include:
Mapping of metastases in a preclinical breast cancer model in different organs and
imaging with Prof. Nicola Aceto (University of Basel).
PLA based imaging of Interferon gamma in murine cytomegalovirus (MCMV) infected
murine salivary glands in collaboration with Prof. Annette Oxenius (ETH Zurich).
Identification of putative HSC niche structures in human ossicles in collaboration with
Prof. Martin Ehrbar (University hospital Zurich).
Analysis of Neogenin 1 expressing hematopoietic cells in normal and aged bone
marrow in collaboration with Prof. Gerald de Haan (ERIBA, University of Groningen).
Analysis of Listeria monocytogenes, innate immune cells, and T cell localization in the
spleen after Listeria infection and during resolving of the infection with Prof. Carolyn
King (University of Basel).
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2.8 Publications
Multicolor quantitative confocal imaging cytometry. Daniel L. Coutu*, Konstantinos D.
Kokkaliaris*, Leo Kunz* & Timm Schroeder. Nature Methods 15, 39–46 (2018)
Three-dimensional map of nonhematopoietic bone and bone-marrow cells and
molecules. Daniel L. Coutu*, Konstantinos D. Kokkaliaris*, Leo Kunz & Timm
Schroeder. Nature Biotechnology 35, 1202–1210 (2017)
In vitro biomimetic engineering of a human hematopoietic niche with functional
properties. Paul E Bourgine, Thibaut Klein, Anna M Paczulla, Takafumi Shimizu, Leo
Kunz, Konstantinos D Kokkaliaris, Daniel L Coutu, Claudia Lengerke, Radek Skoda,
Timm Schroeder, Ivan Martin. PNAS June 19, 2018 115 (25) E5688-E5695
Multicolor 3D confocal imaging of thick tissue sections. Leo Kunz & Daniel L. Coutu.
Methods in Molecular Biology. accepted

Tissue-wide fluorescence single molecule imaging reveals absence of bone marrow
CXCL12 gradients. Leo Kunz & Timm Schroeder. in revision

Non-preferential localization of adult hematopoietic stem cells in described bone
marrow niches. Konstantinos D. Kokkaliaris, Leo Kunz, Nina Cabesaz-Wallscheid,
Andreas Trumpp, Timm Schroeder. in revision
Hypoxia Triggers the Intravasation of Clustered Circulating Tumor Cells. Cinzia
Donato, Leo Kunz, Francesc Castro-Giner, Aino Paasinen-Sohns, Barbara
Szczerba, Iloma Krol, Ramona Scherrer, Nunzia Di Maggio, Wolf Heusermann,
Oliver Biehlmaier, Christian Beisel, Marcus Vetter, Christoph Rochlitz, Walter Weber,
Andrea Banfi, Timm Schroeder, Nicola Aceto. in revision
Engineering of customized human ossicles. Paul E Bourgine, Kristin Fritsch,
Sebastien Pigeot, Hitoshi Takizawa, Leo Kunz, Konstantinos D Kokkaliaris, Daniel L
Coutu, Markus G Manz, Ivan Martin, Timm Schroeder. in revision
A novel GATA2 protein reporter mouse reveals hematopoietic progenitor cell types.
Nouraiz Ahmed, Leo Kunz, Philipp S. Hoppe, Dirk Loeffler, Martin Etzrodt, German
Camargo Ortega, Oliver Hilsenbeck, Konstantinos Anastassiadis & Timm Schroeder.
under review

Hausmann et al. in preparation
Aceto and colleagues in preparation
Bourquin and colleagues in preparation

* equal contributions
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3 Discussion
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3.1 Technique development
3.1.1 Simple vs highly specialized techniques
In this thesis – Chapter 2.1 – I describe the development of a new pipeline for highly
multiplexed standard immunostainings of difficult to process bone marrow and tissues
in general (Coutu et al., 2017b). My colleagues and I showed that with regular
equipment and careful selection of chemicals and reagents one can achieve low
tissue-autofluorescence and morphological intact samples, which has always been a
difficulty with bone marrow samples. Furthermore, we show how to perform
multiplexed

standard

immunostainings

visualizing

up

to

eight

different

markers/fluorophores in one sample – allowing multiple re-scans of the same sample
with different resolutions – and how to perform three-dimensional quantitative data
analysis of entire femur sections in a new free software. Consequently, our approach
is available to many scientists as it uses only standard material and it is hence able to
democratize tissue immunostaining and therefore be of relevance to the field.
As part of this work, I developed a software package (X-dimensional Image analysis
Toolbox, XiT) that works more efficiently than standard image-quantification software
by omitting the image visualization part. XiT, which has a graphical user interface,
offers flow cytometry-like data analysis approaches, while maintaining the identification
number of each cell, allowing its localization within a tissue (in the visualization and
segmentation software of choice). It also offers some analysis strategies tailor-made
for tissue cytometry and large datasets, such as automated gating analysis, random
dots and spatial heatmaps generation.
While the tissue preparation approach to obtain high-quality bone marrow samples has
not been described before, our method is not at the forefront of highly multidimensional
imaging approaches. Our approach allows for up to eight-color immunostaining, which
is more than the standard four to five colors used in the field. However, within the last
decade various groups have published techniques that allow imaging of tissues with
many more markers than we have shown (more than 40 markers in the same sample).
Among others, these are imaging mass cytometry (Bodenmiller et al., 2012), CODEX
(Goltsev et al., 2018) and 4i (Gut et al., 2018). While these techniques, in comparison
to our approach, are clearly superior in terms of multidimensionality, all techniques
require highly specialized equipment that excludes many scientist of using the
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techniques. All of those techniques are currently being marketed or are already on the
market. However, in comparison to a standard laser scanning confocal microscope
that almost every research institute owns/can invest in, those machine pose a big
investment for a research group or even an institute – to obtain a niche product, in
comparison to a multi-functional tool that is a standard confocal microscope.
Furthermore, all the techniques mentioned above are not able to match our approach
in terms of spatial scanning ability. We routinely scan large tissue sections e.g. an
entire femur section 250 um deep (see Chapter 2.1), or even an entire liver lobe (Aceto
and colleagues in preparation), which is not possible with the aforementioned
techniques that work mainly on cells in vitro, or tissue micro arrays. In contrast, light
sheet microscopy allows scanning of large tissue areas, but especially for fragile bone
sections is difficult to use, usually does not have a spectral detector for efficient
multiplexing and suffers from lower resolution in the z-axis. That being said, light sheet
microscopy is developing very fast and soon will probably take over laser-scanning
confocal microscopy, further boosting the applicability of our approach.
Lastly, these techniques are destructive (imaging mass cytometry) or rely on repeated
imaging, stripping of antibodies and re-staining and imaging. These approaches,
although allowing higher marker dimensionality, take away the possibility of reviewing
a sample e.g. with a higher magnification objective once an overview scan has been
acquired. This ability is an invaluable advantage, as I experienced during my work on
breast cancer metastases (see Chapter 2.4). Here, the confirmation of the presence of
putative breast cancer cells (GFP positivity) in the bone marrow was often needed with
a higher magnification objective and only using this approach, I was able to gather
accurate data.
Overall, I believe that multidimensional imaging is very important for most of the
research being carried out to date and every approach has its advantages and
disadvantages. However, while many new techniques are flashier and create good
results in the laboratories that developed them, little attention has been given to
researchers without the opportunity to afford and use those techniques – a state that
we hope to correct with our approach. Furthermore, since many researchers use many
different protocols for their tissue preparation (frozen sections, paraffin-, plastic
embedding, 5-40 um thick sections, methanol-containing or fresh formaldehyde for
fixation etc.) and imaging, we provide and affordable and easy way for researchers to
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pursue standard high dimensional in situ imaging and image cytometry and hope to
democratize this field of research by making results more comparable.

3.1.2 Considerations of 3D electronic image quantification
Three-dimensional imaging of tissues is invaluable for many reasons. Only a threedimensional image of a tissue section allows accurate interpretation of the results. For
example, a two-dimensional image cannot grasp the entirety of a cell, which in situ is
usually spherical or complex in shape, not flat – as it is mostly in vitro and definitely in
a widefield microscopy image. For example, a murine immature hematopoietic cell (the
smallest cells of the hematopoietic system) extends around five micrometer in every
direction. Thus, correct observations on e.g. polarized cell surface markers are not
possible in the case of two-dimensional imaging, which only catches a small section of
such a cell. Furthermore, assessing the microenvironment of a cell only in two
dimensions in situ is misleading as a structure of interest/importance might very well
be located just below or above a cell. Lastly, in the case of observing concentrations
of secrete molecules in tissues and assessing their density, two-dimensional images
are not able to grasp the actual distribution.
More importantly, when three-dimensional images are compressed, by maximum or
average intensity projection into two-dimensional images, information is not only lost
but even altered (as is the case of published work (Ulvmar et al., 2014; Weber et al.,
2013)). For example, the density of a secreted molecule might be uniform within a
given region of tissue to be imaged. On one side, e.g., a blood vessel is located within
this region but only in the upper half of the image, which by definition is negative space
with respect to the secreted molecule in the tissue. A projection of the 3D image of the
region would report a lower density of the secreted molecule on the side where the
blood vessel passes through the image. This is obviously incorrect, since while the
absolute number of molecules decreases the relative density stays the same, but can
only be grasped by three-dimensional imaging and analysis.
While three-dimensional imaging and analysis are clearly important, there are several
points that need to be taken into consideration, which are often omitted e.g. due to
complexity during implementation in the software or because of incorrect assumptions
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before quantification e.g. the dermis as a tissue is approximately two-dimensional, not
taking passing blood and lymph vessels into account (Weber et al., 2013).
If tissue cytometry is to be carried out on a three-dimensional sample as in Chapter
2.1, the quantification should only be done as deep as the fluorophore with the lowest
tissue penetrance will allow. This means that a fluorophore, which is emitting light at
e.g. 488 nm will be detectable less deep than a fluorophore emitting light at 647 nm
and is mainly due to more pronounced light scattering of shorter wavelength light
(Jacques, 2013). Microscopy companies offer attenuation correction algorithms, which
allow to increase laser power or detector gain with increasing imaging depth, to correct
for this issue. However, one has to note that these adjustments also increase
background signal (non-specific binding, tissue autofluorescence), which makes
quantification deeper into the tissue less accurate and thus is not a good option for
image cytometry.
As stated above in Chapter 2.1, we therefore only quantified as deep as our worst
fluorophore would be detectable – usually the 488/GFP channel. We achieved a
quantitative measure of how deep we can quantify cells’ mean fluorescence intensity
(MFI) faithfully by normalizing the z-coordinates across our – free floating and curved,
and thus not having a constant distance to the objective – samples. Then, we plotted
the MFI of each fluorophore in our segmented cells against the “normalized z”, allowing
an accurate determination of where the signal strength is influenced by imaging depth
and therefore at which depth to stop quantification. I implemented this approach in XiT,
making this the first analysis of its kind. Interestingly, we found that this assessment
reduced the reliable quantification depth by about half compared to the best (far-red)
imaging depth. This concept, although clearly having been thought off (see attenuation
correction algorithms), has not been widely accepted or implemented, but should
always be taken into account when imaging in three dimensions and especially upon
quantification.
Another issue with three-dimensional imaging and image analysis that is often
disregarded is the non-conformity of voxels. While pixels always have the same edge
length, voxels usually differ in edge length along the z-axis. This is due to the fact that
the z resolution is determined by the objective used (more precisely its numerical
aperture) and the pinhole diameter, as compared to the xy-resolution, which is
determined in the best case only by the airy disk i.e. the diffraction limit. This issue has
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clear implications when for example designing computational filters for 3D density
estimates from point clouds, as described in Chapter 2.2. In commercially available
software, three-dimensional filters are most commonly cubic in dimension and thus
alter the raw data in a non-correct way.

3.2 Biological findings
3.2.1 Hematopoietic progenitor cells in the bone marrow (niche)
The first biological question I addressed in this work, together with my colleagues, was
the distribution of hematopoietic stem and progenitor cells (HSPCs) inside the bone
marrow. We used our newly developed pipeline to visualize HSPCs (c-Kit, Sca1
positive and Lineage low/negative), as well as bone surfaces and GFAP+ Schwann
cells. Bone surfaces and neurons (Schwann cells being a representation of nerve
fibres) had previously been suggested to be a niche for HSPCs in the bone marrow
(Yamazaki et al., 2011; Yoshihara et al., 2007).
We found that, although qualitative inspection of the images suggested a bias of
HSPCs towards bone surfaces, quantitative analysis showed no statistically significant
bias of the HSPCs towards bone. At the same time, we found that HSPCs do localize
significantly more often than random dots close to GFAP+ Schwann cells. These
results correct several previous studies (Arai et al., 2004; Calvi et al., 2003; Zhang et
al., 2003) and partly confirm other studies (Nombela-Arrieta et al., 2013; Yamazaki et
al., 2011) and thus show that our technical development allows answering biological
questions at this level.
In addition, it was surprising to me that although the concept of a bone marrow niche
for HSPCs had been postulated before and different to clearly defined niches like in
the hair follicle or the intestine, it was actually not really clear which region or
microenvironment of the bone marrow represents the niche for the HSPCs. This is also
highlighted by the various conflicting reports in literature, describing several different
bone marrow niche structure (Acar et al., 2015; Bruns et al., 2014; Chen et al., 2016;
Kiel et al., 2005; Kunisaki et al., 2013; Mendez-Ferrer et al., 2010; Nombela-Arrieta et
al., 2013; Wilson and Trumpp, 2006; Yamazaki et al., 2011; Yoshihara et al., 2007). In
fact, the HSPC niche in the bone marrow seems to be defined by almost all
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nonhematopoietic cell types of the bone marrow and some hematopoietic cell types as
well.
Therefore, in a first attempt to better understand the bone microenvironment and gain
a better understanding of correlations of marker expression and patterns, we used our
immunostaining pipeline to map the nonhematopoietic cells of the bone marrow. We
found that several of the proposed niche markers are abundantly present throughout
the bone marrow. Indeed, the most abundant nonhematopoietic structures, blood
vessels and stromal cells are found by many studies to be the niche for HSPCs in the
bone marrow (Acar et al., 2015; Chen et al., 2016; Kiel et al., 2005; Mendez-Ferrer et
al., 2010).
However, as I showed in Chapter 2.2 in a quantitative manner (Figure 2F), there is not
a lot of space in the bone marrow that is far away from these structures – only up to
10 um for stromal cells and up to 40 um for blood vessels (with hematopoietic cells
measuring upwards of 10 um in diameter).
This raises the question if there even is a defined niche for HSPCs in the bone marrow,
or if some/many structures are capable of being the niche e.g. by expression of certain
signalling molecules e.g. SCF or CXCL12 (Ding and Morrison, 2013; Ding et al., 2012;
Greenbaum et al., 2013). If that would be the case, the next question would be if niche
cells are expressing SCF and CXCL12 all the time, only in a time dependent manner,
or maybe even only upon stimulation by the HSPCs themselves.
To answer the first question (“Is there a defined niche?”) my colleague Dr. Konstantinos
Kokkaliaris set out to use different reporter models that have been used to visualize
HSPCs in situ before and tested all the suggested niche markers from the literature in
one setup (Kokkaliaris et al. in revision).
I was more interested in what lies beneath the level of cells and structures that have
been suggested to be the niche, and proceeded to develop an in situ staining and
quantification approach for secreted molecules, including for HSPC regulatory factors
such as CXCL12 (Aiuti et al., 1997; Crane et al., 2017; Ding and Morrison, 2013;
Greenbaum et al., 2013).
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3.2.2 CXCL12 distribution in bone marrow
Albeit being arguably very informative to derive mechanisms of action, describe cellular
responses or understand dynamic behaviour of tissues as a whole, the distribution of
secreted proteins in situ is not very well documented, let alone quantified in threedimensional space. This is mainly due to technical limitations, which I was able to
tackle, as described in Chapter 2.2, using the Proximity Ligation Assay and new digital
quantification approaches.
CXCL12 is a chemokine and therefore known for its chemoattractive properties and
arguably a mechanism of action that works via gradients. It has been implicated in
leukocyte recruitment to sites of infection, but also in homing of HSPCs and breast
cancer metastases to the bone marrow (Aiuti et al., 1997; Lo Celso et al., 2009; Price
et al., 2016), as well as homeostatic maintenance and retention of HSPCs in their bone
marrow niche as discussed in Chapter 3.2.1. While these properties of CXCL12 make
it a prime target for a quantitative protein assessment, most studies to date have been
carried out using transcriptional reporter mice, which are knock in mouse models of
GFP or dsRed into the CXCL12 locus of one allele (Ara et al., 2003; Ding and Morrison,
2013). Some immunostainings have also been carried out, which however show only
small areas and lack quantitative assessment (Ara et al., 2003; Dar et al., 2011). Data
derived from the aforementioned transcriptional reporter mice suggest that CXCL12
producing stromal cells are distributed throughout the bone marrow at a constant
density (Gomariz et al., 2018), with enrichment at blood vessels such as sinusoids and
arterioles ((Ara et al., 2003; Ding and Morrison, 2013) & own observation). However,
here I found that CXCL12 protein, although being present uniformly throughout the
bone marrow, is also enriched close to bone surfaces. I was able to extract large
hotspot regions, which spanned along bone surfaces, contradicting the current
assumptions of even distribution of CXCL12 by assessment of CXCL12-GFP/dsRed
cell distribution.
One explanation for this observation is that different CXCL12 expressing cell
combinations are present at bone surfaces. Osteoblasts are known to express
CXCL12, and these regions are particularly well vascularized. Endothelial as well as
perivascular cells – expressing CXCL12 – are therefore also abundantly present. The
presence of multiple CXCL12-producing cells, which however do not all show
GFP/dsRed signal for unknown reason, could lead to the accumulation of secreted
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CXCL12 protein I found. This demonstrates the limited usability of transcriptional
reporters for the analysis of secreted proteins in general and of CXCL12 in particular,
and shows tissue compartmentalization on the level of secreted factors - a concept
new to the field.
Besides the yet to be discovered reasons behind no, low or high transgene expression
in different cell types, another explanation as to why this phenomenon might have been
overlooked is that the available transcriptional reporter mice offer a very strong signal.
This strong and obvious signal leads to disregard of low expressing cells in imaging
approaches (to expose correctly for the bright GFP/dsRed high cells). However,
recently it has been shown that CXCL12-GFP low cells express the same amount of
protein as GFP-high cells (using flow-cytometry with a higher dynamic range to
distinguish the high/low subtypes) (Asada et al., 2017). Therefore, published imaging
approaches using the CXCL12 transcriptional reporter mice are flawed, and using
correct exposure settings and 16 bit recording with high dynamic range would be
required in the future. This however still does not take into account the longevity of
GFP (approx. one day) and dsRed (approx. four to six days) (Turoverov et al., 2003).
Transcriptional reporter mice are therefore not able to report the dynamics of CXCL12
production or secretion.
In addition, the temporal dynamics of CXCL12 production have not been addressed so
far. CXCL12 levels in the bone marrow vary between day and night (Méndez-Ferrer et
al., 2008). However, the fact that single cells might have a time dependent secretion
pattern (e.g. production bursts) has not been taken into account when thinking about
“cytokine producing cells” as potential HSPC niche cells. The transcriptional reporters
do not allow this kind of analysis as GFP or dsRed, as pointed out above, are too stable
to see dynamic production patterns. The approach presented in Chapter 2.2 also relies
only on snapshot data. However, by scanning a large area of the tissue, I was able to
assess cytokine density around a multitude of GFP positive cells. I observed that not
all cell have similar cytokine density profiles around them. While I did not pursue this
line of research further, dynamic production of cytokines should be taken into
consideration when continuing research on cytokine producing cells as niche cells.
Furthermore, due to the use of reporter mice to visualize CXCL12 producing cells,
models of the bone marrow are usually drawn as if CXCL12 would only exist at those
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cell types and not within the marrow space further away from producer cells, a view
that is clearly contradicted by my data.
Overall, transcriptional reporter mice cannot be used to predict CXCL12 protein
distribution and previous conclusions must therefore be re-evaluated. Using PLA and
3D quantification, I could show that CXCL12 protein is present globally and enriched
in larger regions close to bone, which could spur further discoveries with respect to
bone marrow compartmentalization based on cytokine presence.

3.2.3 Intra-tissue gradients of CXCL12
As pointed out in Chapter 3.2.2, CXCL12 protein distribution up to now was not known
on the tissue level and in a quantitative manner. Nevertheless, more than 20 years ago
a concept was proposed that CXCL12 would attract HSPCs via gradients towards their
niches in the bone marrow (Aiuti et al., 1997).
While I already discussed that the concept of the bone marrow niche is not as clear as
it is in other tissues, the fact that CXCL12 gradients in situ would guide HSPCs to the
niche structures is a compelling concept. However, these first concepts were derived
solely from in vitro experiments. The actual concept of a CXCL12 gradient was never
investigated in situ, although being propagated in many review articles and model
drawings (Burger and Kipps, 2006; Richter and Henschler, 2017; Ugarte and Forsberg,
2013).
Using PLA, I decided to look at this concept in more detail and on a quantitative level.
While I was able to find CXCL12 gradients towards bone surfaces on average, looking
at single regions and even single cell migration patterns (on the basis of CXCL12
concentration), i.e. trying to find non-linear gradients, I was not able to find long-range
gradients of CXCL12 in the bone marrow. On the contrary, I found that CXCL12 is
enriched only directly on the basal lamina of blood vessels, on stromal cells, and within
a few micrometres from bone surfaces. As this is the first quantitative description of
CXCL12 in the bone marrow, and the first use of quantitative PLA for secreted proteins
for that matter, there is still room for technical improvements (better secreted protein
antibodies, better fixation strategies etc.). However, biologically and with respect to
other publications, it seems that CXCL12 is rather a local retention than a long-range
attraction factor during homeostasis. Lo Celso et al. showed via intravital imaging in
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the calvarium bone marrow that HSPCs are mostly static once they enter the bone
marrow (Lo Celso et al., 2009). The local enrichment of CXCL12 at blood vessels
would be able to retain the HSPCs at the spot where they enter and there are no
gradients pulling the HSPCs away from the blood vessels. Ding et al. and Greenbaum
et al. furthermore showed that deleting CXCL12 conditionally from endothelial cells
and perivascular cells, results in reduced HSPC numbers in bone marrow (Ding and
Morrison, 2013; Greenbaum et al., 2013). Since I see a CXCL12 enrichment
particularly at those structures, local depletion is likely to have a large effect, as
reported. A putative gradient away from blood vessels would not explain these results.
Lastly, CXCL12 is known to bind to heparan sulfate (Bleul et al., 1996), a proteoglycan
widely expressed throughout the bone marrow and in particular present in the
extracellular matrix layer around blood vessels and the bone surface. A limited radius
of diffusion away from producing cells sitting on the heparan sulfate-rich extracellular
matrix is thus very likely. Retention therefore is our proposed mode of action for
CXCL12 in the bone marrow during homeostasis. This conclusion thus directly affects
reviews, concepts and models of CXCL12 in the bone marrow, which would need to
be revised.

3.2.4 Influence of G-CSF administration on CXCL12 distributions
Granulocyte colony stimulating factor (G-CSF) is a cytokine that stimulates the
proliferation of granulocytes in the bone marrow. It has been shown to be actively
secreted by endothelial cells when there is need for many granulocytes to be produced
e.g. during endotoxin induced sepsis (Boettcher et al., 2014). Recombinant G-CSF is
also used therapeutically to treat neutropenia e.g. after chemotherapy and to mobilize
HSPCs from the bone marrow to the blood, where they then can be harvested for
HSPC transplantations. For my experiments, we used the therapeutically employed
recombinant human G-CSF (Neupogen, Amgen), which is cross-reactive with the
mouse G-CSF receptor. CXCL12 protein levels have previously been measured after
G-CSF treatment, however only in bone marrow supernatant via ELISA. Using this
technique, a reduction in average CXCL12 concentration was shown. Still, there is a
debate in the field about how and where CXCL12 is reduced in the bone marrow. One
side suggests that CXCL12 gets locally depleted (Jin et al., 2008; Kollet et al., 2006),
some argue that CXCL12 gradients are reversed – as had been shown by RNA in situ
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hybridization in a different setting (Niswander et al., 2014) – and other show that
CXCL12 producing cells vanish or reduce their CXCL12 output after G-CSF treatment
(Greenbaum and Link, 2011).
Employing PLA, I could show that in accordance with literature, CXCL12 levels are
reduced 5 days after G-CSF treatment. In addition, I was able to show that the
distribution of CXCL12 protein is similar prior and after G-CSF treatment, strongly
suggesting that CXCL12 is not locally depleted after G-CSF treatment, but that a global
downregulation of CXCL12 production is the most likely scenario. CXCL12 is a
relatively instable protein (half-life of 26.5 min in serum (Takekoshi et al., 2012)) once
secreted and gets degraded by the very abundant and broadly as well as uniformly
expressed MMP9 and DPP4 proteases (Takekoshi et al., 2012). Therefore, a reduced
overall production can result in globally reduced tissue protein levels. Altogether, this
suggests that the concentration difference of CXCL12 and putatively other chemotactic
proteins between bone marrow and blood trigger the migration of HSPCs – and
granulocytes – into the blood, rather than local CXCL12 concentration changes within
the bone marrow.

3.2.5 Breast cancer metastases in the bone marrow
Through all of my attempts of imaging breast cancer metastases in the bone marrow
i.e. through my collaborative projects I noted that it is very difficult to get circulating
breast cancer cells to home into the bone marrow in a defined time frame. Using an
aggressive breast cancer cell line (MDA MB 231), we were not able to see bone
marrow

metastases

even

after

five

weeks

of

strong

tumour

growth

in

immunocompromised mice. We were only able to see some cancer cells in the lungs
of these mice. Interestingly, injecting the same cell line intravenously resulted first in
cancer cell growth in the lungs. In this set of experiments, bone marrow metastases
were then visible after about four to five weeks post injection. This suggests that in the
case of this standard breast cancer cell line, disseminated tumour cells first reach the
lung (active or passive is not yet clear) and only then are able to reach other distant
organs, such as the bone marrow. Similarly, injecting a patient derived (from circulating
tumour cells) breast cancer cell line in large numbers (> 100K cells) did not result in
any bone metastases within the first three days. In other words, while the cells had the
chance to home to bone marrow they did not do so. In the Aceto group, tumours
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generated from this cell line in NSG mice later gave rise to bone marrow (and other
organ) metastases, showing the capacity of the cells to do so.
There are two possible explanations for these observations, a mechanic and a cell
intrinsic one.
Bone tropism has been observed in many cancers and cancer cell lines were also
identified as being tropic to a certain organ such as the bone (Kang et al., 2003;
Nguyen et al., 2009). The idea is that cells have an intrinsic ability to develop
metastases in bone rather than e.g. in the liver. This might be due to a defined
molecular program or need for certain growth factors etc. I think that while the tropism
is a valid argument for the growth of metastases in certain organs from the single cell
forward, the first distribution pattern of cancer cells i.e. the ability to reach the bone
marrow is probably governed by mechanical constraints.
When tumour cells are shed from a primary tumour or are injected i.v. they end up in
the venous circulation and through the heart arrive in the lungs, the first capillary bed
they encounter. The epithelial cells are much larger than normal blood cells and mostly
are getting stuck in the lungs. Here, the cells can grow and shed more cancer cells,
now into the arterial circulation, from where they arrive and get stuck in the capillary
beds of distant organs such as the bone marrow. Tropism could again come into play
now, deciding whether a cell actually survives and thrives in the bone marrow or any
other tissue. While the genetic differences of e.g. bone tropic breast cancer cell lines
have been started to be disentangled (Kang et al., 2003), a simple mechanic
explanation (possibly linked to genetic changes) might also offer cues. Other groups
before have reported on Periostin and Tenascin-c as being important matrix
components needed by tumour cells to survive (Oskarsson et al., 2011; RatajczakWielgomas et al., 2017). We saw that once a metastatic colony is established, large
amounts of extracellular matrix are deposited within the bone marrow making the
matrix much denser than in normal bone marrow. Thus, a straightforward idea would
be that only those cells that are capable of producing large amounts of extracellular
matrix proteins are capable of founding a metastatic colony. While I was not able to
address these findings further in my work, I think that the mind-set of looking for
straightforward mechanisms such as mechanic constraints and matrix deposition to
mimic the tissue of origin can offer similarly important biological cues compared to
complex genetic analyses.
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4 Conclusion
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In the work presented in this thesis, I describe the development of several techniques,
complete imaging pipelines and software development that I developed either alone or
in equal parts with my colleagues. All of the technology is intended to be easy to use,
comparatively affordable and therefore should allow a more widespread use of
quantitative immunostaining on the cellular or molecular level.
These technological developments were driven by biological interest. Our findings
about bone marrow niche cells and structures, the tissue distribution of secreted
molecules, and touching on the bone marrow as part of the vicious cycle in breast
cancer, already sparked new ideas in how to think about old concepts and how to
better understand the bone marrow microenvironment.
Based on the new approaches presented and biological questions answered and
raised in this work, many more studies, new types of questions and further
technological developments are poised to follow up in the fast evolving field of in situ
quantitative imaging.
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AF – Alexa Fluor
ALL – Acute lymphoid leukemia
ADAM17 – Disintegrin and metalloproteinase domain-containing protein 17
AGM – Aorta-gonad-mesonephros
BM – Bone marrow
CD – Cluster of differentiation
CLP – Common lymphoid progenitor
Cre recombinase – a Type I topoisomerase from bacteriophage P1
CreERT2 – Cre recombinase - estrogen receptor T2 (mutated estrogen receptor)
CXCL12 – C-X-C motif ligand 12
DAB – Diaminobenzidine
DNA – Deoxyribonucleic acid
DPC – Days post conception
Dr. – Doctor in the natural/life sciences/PhD
E – Embryonic day of live
ERIBA – European Research Institute for the Biology of Ageing
ETH – Eidgenössisch technische Hochschule / Federal Institute of Technology
eYFP – Enhanced yellow fluorescent protein
ELISA – Enzyme-linked immunosorbent assay
G-CSF – Granulocyte colony stimulating factor
GFAP – Glial fibrillary acidic protein
GFP – Green fluorescent protein
GMP – Granulocyte-macrophage progenitor
HSC – Hematopoietic stem cell
HSPC – Hematopoietic stem and progenitor cell
i.v. – intravenous
LCMV - Lymphocytic choriomeningitis virus
LPS – Lipopolysaccharides
MCMV - Murine cytomegalovirus
MEP – Megakaryocyte-Erythrocyte Progenitor
MFI – Mean fluorescence intensity
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MHC II – Major histocompatibility complex II
MPP – Multipotent progenitors
NOS – Non-obese diabetic
NRG – NOD Rag gamma
NSG – NOD scid gamma
OVA - Ovalbumin
PALM – Photo-activated localization microscopy
PIK3CA – Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha
isoform
Prof. – Professor
PLA – Proximity Ligation Assay
RAG1 – Recombination activating gene 1
RNA – Ribonucleic acid
SA – Streptavidin
s.c. – subcutaneous
SCF – Stem cell factor
scid – Severe combined immunodeficiency
STED – Stimulated emission depletion microscopy
STORM – Stochastic optical reconstruction microscopy
TEM – Transmission electron microscopy
TFH – T-follicular helper cell
TIRF – Total internal reflection fluorescence
TNFa – Tumor necrosis factor alpha
UV – Ultra violet
VSV - Vesicular stomatitis virus
YFP – Yellow fluorescent protein
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Supplementary data of Chapter 2.1 “Multicolor quantitative
confocal imaging cytometry”

Supplementary Figure 1. Experimental workflow for bone imaging. Processing of
individual samples from dissection to imaging can take up to 30 days, depending on
the complexity of the immunostaining. However, a single user can easily process 1020 samples simultaneously until imaging, which is the limiting step. The authors
routinely use 0.5-1x104h of imaging time per year using two microscopes.

160

Supplementary Figure 2. Confirmation of specific signal using the anti-IGF2
antibody. Sections were stained with rabbit anti-IGF2 antibody (Fig.1d) or rabbit whole
IgGs (above), then detected using donkey anti-rabbit AlexaFluor 555. The signal
observed near cortical bone (CB) in Fig.1d is not detectable in the isotype control.
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Supplementary Figure 3. Eight colors immunostaining validation. Acquisition
setup and snapshots from the full bone scan shown in Figure 3. The table should be
read by rows and shows that the white arrowheads only points at a specific structure
in the channel dedicated to this marker/fluorophore (red box). Snapshots from the other
channels show lack of bleed-through between channels. When markers are highly
correlated, and detected using spectrally similar fluorophores and/or detected
simultaneously (e.g. of CD105 and Sca1, magenta box), appearance of bleed-through
can be misleading. However, the lack of bleed-through of AlexaFluor 555 into the
CF633 channel (Ch7) is confirmed previously (green box). Of note, in the settings for
acquisition scan 2 we also illustrate the excitation and emission spectra of Qdot655.
As can be seen, the 488nm laser can excite Qdot655 and lead to significant bleedthrough into the Chromeo494 channel (Ch4). Hence, the detection settings for
Chromeo494 have to be selected carefully.
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Supplementary Figure 4. Strategies used for complex, indirect
immunofluorescent staining using primary antibodies of the same species. a)
Normal indirect immunofluorescent staining is followed by sequential blocking with
IgGs and monovalent F(ab)s, and then a second round of immunostaining. b)
Alternatively, detection of the primary antibody is directly performed with conjugated
monovalent F(ab)s, before a second round of immunostaining (c).
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Supplementary Figure 5. Workflow for optimization of complex
immunofluorescence staining. Perfect imaging quality is required for quantification.
Thus, if FMO and other controls are not satisfactory repeat the process. When working
with well-known antibodies, two to three iterations are typically enough to obtain a
satisfactory staining/imaging quality. When working with poorly validated antibodies or
for staining with more than five to six colors, up to 10 iterations might be required.
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Supplementary Figure 6. Image preprocessing using third party software. Image
processing example for measuring HSPC to bone and neuron distance. a, b) Femur
stained for c-Kit, Sca1, lineage markers, collagen 1 and GFAP in four replicates. c, d)
c-Kit is used for the initial segmentation (iso). Adjacent cells are often split accurately
(white arrows) but splitting errors can occur (white arrowhead). e) After segmentation
of collagen 1 and GFAP (not shown), distance transformation (DT) generates a
channel representing distances (distance to collagen 1 shown). Statistics of the
segmented cells are then exported for analysis with XiT. Typically, 3 - 5 x 104 c-Kit+
cells are segmented per 250um section. f) A typical image acquisition consists of
1024x1024 pixels fields of view acquired for 4-8 channels at each of 150 or more z
planes. To cover the whole organ, 100 to 150 xy positions are acquired. In the example
shown, a full femur imaged with four channels consists of 6x105 individual image
frames at 1024x1024 resolution. Imaris significantly reduces the size of raw data but
segmentation of 2-3 cell types or structures increases file size drastically. Saving
segmentation results as a XiT workspace renders data more manageable for fast
computational analyses.
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Supplementary Figure 7. Validation of XiT gating performed using Imaris. The
Imaris Vantage module was used to display 100 randomly chosen cells from each of
four quadrants (Sca1+Lin-, Sca1+Lin+, Sca1-Lin+, Sca1-Lin-). The Vantage module is
useful for quick screening of cells and to exclude artefacts.
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Supplementary Figure 8. Export function of XiT. a) The distance between any
segmented objects can be measured (here minimum and mean distance of GFAP+
glial cells and collagen 1+ bone matrix). b) Quantifying very large datasets such as 8
color scans presented in Figure 3 is greatly facilitated by XiT.
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Supplementary note 1

Technical hints:
1. Using exactly the protocol described here, the endogenous fluorescence of GFP
and tdTomato is not quenched but mCHERRY is. However, for weak GFP signal,
antibody staining is required.
2. To our experience, autofluorescence typically occurs because of the use of alcohols
and other solvents during sample processing and not because of the cross-linking
fixative. Our method only results in sections with minimal autofluorescence (except
sometimes in adipocytes – depending on the mouse line used - and in the 488
channels). This background is much weaker than actual signal and can be managed
using appropriate controls and acquisition settings).
3. Our fixation time was optimized to allow many primary antibodies to bind without
antigen retrieval while maintaining the integrity of the tissue sample during sectioning
and staining. Our method was also developed to be used without the expensive
equipment and advance technical skills required to perform frozen sections of nondecalcified bone using diamond or tungsten-carbide blades. As with any other
approaches, primary antibodies need to be carefuly optimized and those that worked
using this technique mainly recapitulated previously published data.
4. We tried using a shorter fixation and stained non-decalcified, bisected femurs with
a panel of 12 primary antibodies. Antibodies that work routinely well with our method
were either not detectable or produced staining artefacts confirming that our fixation
and decalcification time were optimal for epitope recognition and signal detection. Only
two primary antibodies showed positive signal only on non-decalcified tissue.
5. Our experience is that tissue architecture is well preserved in thin paraffin sections
but only on a very small anatomical scale. The use of solvents and dehydration often
causes the marrow to detach from the bone and wrinkle, adipocytes are completely
lost, and holes appear in the marrow. For these reasons, imaging of full adult mouse
femurs is difficult. Our technique produces 2-3 sections (250um thick) per femur from
a 12 weeks old mouse, perfectly suited for imaging and quantification, in >95% of the
cases.
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Supplementary Table 1. Details of mounting media and clearing agents tested
for this study.

Mounting medium

Provider

Type

Storage

Anti‐fade

Curing time

Pros

Cons

Bone
Clearing

Refractive
index

Immersion
medium

Permanent
mounting

Prolong Gold Antifade

ThermoFisher
Scientific

Glycerol‐based

‐20

Probably PPD

Overnight

Very good for most
AlexaFluor dyes

Quenches other organic dyes and
fluorescent proteins, not compatible
with Qdots (Note: Prolong Diamond now
available)

No

1.455

Glycerol

Yes

Vectashield

Vector Labs

Glycerol‐based

4

Probably PPD

Available in hardening
format or not

Works with most
AlexaFluor dyes (not
647) and Qdots

Quenches cyanine dyes, fast bleaching
of AlexaFluor647, blue‐green
autofluorescence

No

1.458

Glycerol

Yes, for the
hardening
format

Cytoseal 60

Thermo Scientific

Toluene‐based

RT

Unknown

None

Cheap, comes in low or Samples require complete dehydration
high viscosity
before mounting

No

1.5

Oil

Not tested
Not tested

FocusClear/
ClearMount

Cell Explorer Labs

Water‐based?

4

Unknown

None

?

Low

1.451

Immersion
solution M

No

1.377

Water

No

No

1.377

Water

No

Not compatible with most organic dyes
and fluorescent proteins, requires
sample dehydration, distortion of bone
sections (Note: product discontinued)

No

1.5

Oil

Yes

Lot‐to‐lot variability? Better sample
preservation with graded glycerol
series

No

1.455

Glycerol

No

Quenches fluorescent proteins,
requires graded DMSO series

Low

1.468

Glycerol

No

1.378

Water‐glycerol
mix

No

1.439

Glycerol

No

1.588

Oil

No

o

Requires warming at +55 C before use

Polyvinyl‐alcohol

Sigma

Water‐based

4

DABCO

Overnight

o
Works with most
Requires warming at +55 C before use,
AlexaFluor dyes and Q‐ no photobleaching resistance for TOPRO‐
dots
3

Mowiol 4‐88

Self‐made

Water‐based

4

PDD, NPG or
DABCO

Overnight

o
Works with most
Requires warming at +55 C before use
AlexaFluor dyes and Q‐
(use of NPG or PDD prevents
dots
photobleaching of TOPRO‐3)

Q‐Mount

ThermoFisher
Scientific

Toluene‐based?

‐20

Unknown

12h

90% Glycerol

Self‐made

Glycerol‐based

‐20, +4

NPG, PPD

None

90% DMSO

Self‐made

DMSO/Tris‐based

‐20, +4

NPG, PPD

None

Sca/eA2

Self‐made

Sca/eS (AbSca/e)

Self‐made

BABB

Self‐made

TDE

Ethylcinnamate

Glycerol/Urea‐
based
Glycerol/Urea/Sor
bitol‐based

Very good for Q‐dots

Excellent fluorescence
intensity for most
organic dyes and Q‐
dots
Good fluorescence
intensity for most
organic dyes

+4, RT

None

None

?

RT

None

None

?

Benzyl alcohol,
benzyl benzoate

RT

None

None

Good fluorescence
intensity for most
AlexaFluor dyes

Self‐made

TDE/Tris

RT

NPG, PPD

None

Sigma

Pure

RT

None

None

High background, low fluorescence
Low
intensity for all fluorophores tested
High background, low fluorescence
Low
intensity for all fluorophores tested
Not compatible with Q‐dots, fluorescent
proteins and unstable fluorophores,
Very good
requires sample dehydration,
morphology disruption

Excellent fluorescence
intensity for all
Requires long graded TDE series, final
fluorophores tested, mounting solution should be prepared
good preservation of
fresh at least weekly
morphology

Good

1.518
(adjustable)

Oil

No

Requires sample dehydration, high
background fluorescence and staining
artefacts, massive tissue distortion and
shrinkage

Good

1.558

Oil

Yes

Efficient bone and
marrow clearing
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Supplementary Table 2. Troubleshooting immunofluorescent tissue staining
Problem
Primary antibody does not bind

Non-specific binding

Signal is weak

Sample integrity is not well
preserved

Presence of salt and pepper type
background or bright
autofluorescent
dots/precipitates/artefacts
Cross-reactivity between
antibodies

Solution(s)
 Decrease fixation time
 Lower incubation temperature
 Make sure you buffers have a neutral pH
 Decrease ionic strength of buffers
 Use TBS instead of PBS
 Consider enzymatic-, chemical- or heat-induced
antigen retrieval
 Dilute primary/secondary antibody
 Increase serum concentration in blocking buffer
 Don’t use BSA for blocking if goat antibodies are
used (or use IgG-depleted BSA)
 Increase washing after fixation/consider quenching
formaldehyde with glycine
 Increase incubation temperature
 Reduce surface tension of buffers
 Increase ionic strength of buffers
 Increase pH of buffer
 Use a brighter fluorophore
 Use biotin-streptavidin amplification
 Use TSA amplification or other
 Increase decalcification time
 Increase fixation time
 Lower embedding temperature
 Manipulate sections very carefully
 Lower incubation temperature
 Make sure you do all buffer/solution exchanges
gradually on the sections (e.g. from PBS to TBS) –
always use graded series
 Avoid detergents in the clearing steps
 Use primary antibodies of different species
 Use secondary antibodies of the same species that
is not used as a primary antibody
 Use highly cross-adsorbed secondary antibodies
(with minimal cross-reactivity against other species
used)
 Don’t use goat and sheep antibodies together –
secondary antibodies will cross-react
 If using primaries of the same species: increase
concentration of blocking reagents (IgG’s and
monovalent F(ab)’s); use conjugated monovalent
F(ab)’s in the first staining round
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Supplementary Table 3. Pros and cons of classical methods for bone analyses.
Method

Paraffin embedding

Plastic/methyl
methacrylate embedding

Yes
H&E, TRAP, ALP
With antigen retrieval

No
Von Kossa
No

High

High

Average

Average

5-10um

5-10um

Example

Decalcification
Uses
Antigens
preservation
Autofluorescen
ce
Morphology
preservation
Section
thickness
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creating
plots

explore
dataset

General
operations
3 h 30 min Calculation time + Operating time

2 h 50 min to .ims file Calculation time

40 min (.lif file 85 GB) / 39 min 13 sec
(recommended storage type .ims file 45 GB)
Calculation time

52 min Calculation time for ca 30000 cells

8 ‐ 12 min Calculation time + Operating time
Vantage module could not be accessed

Vantage module could not be accessed

50 min Calculation time + Operating time
5 h 40 min Calculation time + Operating time
(rectangle gate only)
(rectangle gate only)
2 h 8 min Calculation time (java heap memory terminated after being 6h non‐responsive
needed to be increased (348 MB standard to (java heap memory needed to be increased
(128 MB standard to 4 GB) for XT to work)
16 GB) for XT to work)
60 sec Calculation time
1 min 5 sec Calculation time
5 min 30 sec Calculation time + Operating
2 min Calculation time + Operating time
time
Error: Imaris is out of memory and will exit
11 min Calculation time
now

50 min Calculation time + Operating time

40 min to .ims file Calculation time

10 min 51sec (.lif file 85 GB) / 9 min 30 sec
(recommended storage type .ims file 45 GB)
Calculation time

< 1 sec Calculation time / from 15 sec Operating time

< 1 sec Calculation time / from 15 sec Operating time

‐
30 sec Operating time (change axis labels, font size, save
to a specified location)
3min 40 sec Calculation time for ca 30000 cells; 1 min
Calculation time for 7000 cells / 10 sec Operating time

‐
30 sec Operating time (change axis labels, font size,
save to a specified location)
2min 40 sec Calculation time for ca 30000 cells; 45 sec
Calculation time for 7000 cells / 10 sec Operating time

‐
< 1 sec Calculation time / from 3 sec Operating time
(depends on gating operation)

43 sec (imaris export folder 47 MB) / 1.5 sec
(recommended storage type .mat file 39 MB) Calculation
time
2.5 sec Calculation time / 4 sec Operating time (for
recommended storage type (workspace = .mat file))
< 1 sec Operating time (by loading multiple workspaces
and choosign from dropdown menu)
1min 20 sec Operating time (crop once in XY, once in XZ to
have completely curated dataset)

43 sec (imaris export folder 47 MB) / 1.5 sec
(recommended storage type .mat file 39 MB)
Calculation time
1 sec Calculation time / 4 sec Operating time (for
recommended storage type (workspace = .mat file))
< 1 sec Operating time (by loading multiple
workspaces and choosign from dropdown menu)
1min 20 sec Operating time (crop once in XY, once in
XZ to have completely curated dataset)

‐
< 1 sec Calculation time / from 3 sec Operating time
(depends on gating operation)

XiT (Windows7 PC with 4GB RAM; Intel Corei5 4 cores)

XiT (Windows7 PC with 8GB RAM; Corei7 3.4 Ghz)

Calculation time / Operation time where applies (2)
Imaris (Windows7 PC 128 GB RAM (100 GB
Imaris (Windows7 PC 16 GB RAM (14 GB
dedicated to Imaris), Xeon 12 cores, 2 TB SSD) dedicated to Imaris), Xeon 12 cores, 2 TB SSD)

* switching between datasets implies saving the progress made on one dataset and loading the next one
** In Imaris only the build in 3D cropping function has been employed. This function with respect to quality is not comparable with the adaptive xyz cropping in XiT but due to lack of other comparative approaches has been used here. Autocrop Imaris Xtension from Bitplane has been tested and does not
work on our datasets (application freezes)
*** The channels arithmetics Imaris Xtension by Bitplane was used in Imaris; The Channel Calculator Imaris Xtension crashed on both high‐end computers after 12 min of calculation
**** The sortomato Imaris Xtension (described to do similar operations) has been extensively tested but never worked (error messages appeared on startup of Xtension; suggested is that more recent Matlab versions are not supported since the Xtension is using the full version of Matlab)

(1) Only operations possible in both software have been compared
(2) Speed of Imaris operations heavily depends on the availability of memory and the connection to the SSD/HDD for creating Cache files. The times shown were, where posssible (some Xtension needed a free cache i.e. a rebooted system), created acting like a normal user. All XiT operations where
carried out in one setting.

10 min Calculation time for ca 30000 cells

save rotating 4D plots (Vantage/4D Viewer)

10 min Calculation time

Open vantage module

5 ‐ 10 min Calculation time + Operating time

1 min 5 sec Calculation time + Operating time

Apply filter/gating operation****

Create one 2D plot

1 h 5 min Calculation time

1 min 45 sec Calculation time

Read statistics

20 min Calculation time + Operating time
(rectangle gate only)

xyz crop/Spatial gating**

Channel arithmetics***

35 minutes Calculation time + Operating time

23 min 20 sec to .ims file Calculation time

Imaris (Windows10 PC 256 GB RAM (180 GB
dedicated to Imaris), Xeon 2x10 cores, 1.8 TB
SSD)
10 min 45 sec (.lif file 85 GB) / 11 min 20 sec
(recommended storage type .ims file 45 GB)
Calculation time

Switch between datasets*

Save file

Open file (locally stored on SSD)

Operation (1)

Supplementary Table 4. Comparison of data analysis time using Imaris and XiT
on various computers.
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Supplementary Table 5. All antibodies tested in this study.

Target

Alternative
names

Acetyl‐alpha‐
tubulin
(Lys40)
ADFP

perilipin 2

Alkaline
phosphatase

tissue non‐
specific
alkaline
phosphatase,
ALP, MSC1,
bone alkaline
phosphatase

Ang1

Angiopoietin

Ang1
aSMA
ATM

Angiopoietin
alpha smooth
muscle actin
ataxia
telangiectasia
mutated

Axl
B220

CD45R

beta III
tubulin

Clone

Company

Catalog
number

Target Species

Host
Species

Workin
g

Requires
streptavidin
amplificatio
n

D20G3

Cell Signaling
technology

5335

human, mouse, rat, monkey

rabbit

YES

Yes

poly

Abcam

ab37516

mouse

chicken

no

poly

R&D

AF2910

mouse (claimed 60%
crossreact with Hu)

goat

YES

no

EPR4477

novus Biologicals

NBP1‐
95392

mouse, rat, human

rabbit

YES

no

H‐123

SantaCruz

sc‐9044

mouse

rabbit

no

poly

Alpha Diagnostics
Inc

ANG11‐A

mouse

rabbit

YES

Yes

poly

Abcam

ab5694

mouse

rabbit

YES

no

poly

novus Biologicals

NB100‐271

mouse

goat

no

poly C‐20

SantaCruz

sc‐1096

mouse

goat

no

RA3‐6B2

eBioscience

14‐0452‐82

mouse

rat

YES

poly

Abcam

ab18207

mouse, rat, human, pig

rabbit

no

poly

Aves Labs

TUJ

mouse

chicken

no

TuJ‐1

R&D

MAB1195

pan‐species

mouse

no

poly

Thermo

PA1‐46430

mouse, human

rabbit

no

poly

Abcam

ab49701

mouse, rat, human

rabbit

no

poly

Epitomics

S1040

human, mouse

rabbit

YES

poly

Thermo

PA5‐20223

human, mouse, rat

rabbit

no

poly E‐16

SantaCruz

sc‐5676

mouse, human

goat

no

no

Biglycan

BMI‐1

BMPR‐IA

Calcitonin
Gene related
peptide

CD105

CD106

bone
morphogenic
protein
receptor 1A

CGRP

poly

Thermo

PA1‐85250

mouse, rat

goat

no

EPR9670(B
)

Abcam

AB139264

mouse, rat, human

rabbit

no

poly

Santa Cruz

sc‐8856

mouse, rat, human

goat

no

poly

Santa Cruz

sc‐28920

mouse, rat, human

rabbit

YES

M‐20

SantaCruz

sc‐19793

mouse

goat

no

E9

novus Biologicals

NBP1‐
42383

mouse

mouse

no

MJ7/18

eBio

14‐1051‐82

mouse

rat

YES

no

poly

R&D

AF1320

mouse

goat

YES

no

H‐276

SantaCruz

sc‐8304

mouse

rabbit

no

429

novus Biologicals

NB100‐
77474

mouse

rat

YES

no

429

eBio

14‐1061‐82

mouse

rat

YES

no

Endoglin

VCAM1

Yes

CD11b

Mac1, ITGAM

poly

novus Biologicals

NB110‐
40766

mouse, rat, human

rabbit

no

CD11b

Mac‐1 alpha,
Integrin alpha
M, ITGAM,
complement
receptor 3
alpha (CR3A)

M1/70

eBioscience

14‐0112‐82

mouse

rat

YES

CD133

prominin‐1

13A4

eBio

16‐1331‐81

mouse

rat

no

Yes

no
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951
CD140a

CD140b

CD144

CD146

CD150

SantaCruz

sc‐431

mouse

rabbit

no

poly

novus Biologicals

NBP1‐
67666

mouse

rabbit

YES

958

SantaCruz

sc‐432

mouse

rabbit

no

APB5

eBio

13‐1402‐82

mouse

rat

YES

eBioBV13

eBio

14‐1441‐82

mouse

rat

no

eBioBV14

eBio

14‐1442‐82

mouse

rat

no

P1H12

eBio

14‐1469‐82

mouse, human, canine

mouse

no

EPR3208

Abcam

ab75769

mouse, rat, human

rabbit

no

EPR3208

Millipore

04‐1147

mouse

rabbit

YES

PDGFRa

Yes

PDGFRb

VE cadherin,
Cadherin 5

MCAM

SLAM

CD16/32

Fc gamma
receptor

CD166

ALCAM

poly

Abcam

ab156288

mouse

rabbit

no

TC15‐
12F12.2

Biolegend

115902

mouse

rat

no

93

Antibodies ‐online

ABIN13519
7

mouse

rat

YES

eBioALC48

eBio

14‐1661‐82

mouse

rat

no

poly

R&D

AF1172

mouse, rat, canine

goat

YES

poly

Thermo

MA1‐10128

mouse

rat

no

Yes

Yes

no

Yes

CD19
eBio1D3

eBioscience

16‐0193‐81

mouse

rat

no

CD24

Small Cell Lung
Carcinoma
Cluster 4
Antigen

poly

novus

NBP1‐
46390

mouse, human

rabbit

YES

no

CD271

p75 LNGF

poly

Abcam

ab8874

mouse, rat, human

rabbit

YES

no

CD29

arm.hamste
r
arm.hamste
r

HMb1‐1

BD

553837

mouse, rat

HMb1‐1

Biolegend

102218

mouse, rat

poly

BD

550531

mouse

rat

no
YES

b1 integrin

no
no

HMb1‐1

Biolegend

162212

mouse, rat

arm.hamste
r

ER‐MP12

Santa‐Cruz

sc‐52713

mouse

rat

no

poly

novus

mouse, human

rabbit

no

poly

novus Biologicals

mouse, human

rabbit

no

SP38

Thermo

MA5‐16337

mouse, rat, human

rabbit

no

poly

R&D

AF3628

mouse

goat

YES

EPR4423

EMD Millipore

MABN1111

human

rabbit

no

MEC 14.7

novus Biologicals

NB600‐
1071

mouse, human

rat

no

RAM34

eBio

16‐0341‐85

mouse

rat

YES

Yes

poly

R&D

AF7227

human

sheep

YES

Yes

1G7F4

novus biologicals

NBP2‐
25265B

human, mouse

mouse

no

HIT2

eBio

13‐0389‐82

human

mouse

YES

no

IB6

Milteny

130‐099‐
702

human

mouse

YES

no

CD3e

17A2

eBioscience

14‐0032‐82

mouse

rat

YES

no

CD4

GK1.5

eBioscience

14‐0041‐82

mouse

rat

YES

no

8E2F3

Thermo Scientific

MA515462

mouse

mouse

no

IM7

eBio

14‐0441‐82

mouse

rat

YES

no

30‐F11

eBio

13‐0451

mouse

rat

YES

no

MEM‐56

Cedarlane

CLX49B

human

mouse

YES

Yes

HI100

ebiosciences

13‐0458‐82

human

mouse

YES

Yes

CD31

CD33

PECAM1

Siglec‐3

CD34

CD38

CD44

CD45

hyaluronic acid
receptor
Ly5, LCA

NB100‐
2284
NB100‐
2284

Yes

no

CD45RA
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CD48

CD49b

CD51

HM48‐1

eBio

13‐0481‐85

mouse

hamster

no

5‐4.8

SantaCruz

sc‐8400

mouse

mouse

no

poly

Bioss

bs‐2497R

mouse

rabbit

no

poly

R&D

AF3327

mouse

goat

YES

C‐9

SantaCruz

sc‐74466

mouse

mouse

no

RMV‐7

BioLegend

104104

mouse

rat

YES

SLAMF2

integrin alpha
2
alpha v
integrin,
vitronectin
receptor

CD62L

L‐selectin

poly

eBio

16‐0621‐85

mouse

rat

no

CD71

transferrin
receptor

YTA74.4

Thermo Scientific

MA1‐80015

mouse

rat

YES

poly

Thermo

PA5‐11871

human, mouse

rabbit

no

CD73

NT5E, ecto‐5'‐
nucleotidase

D7F9A

Cell Signaling
Technology

13160

human, mouse, rat

rabbit

no

ebioTy/11.
8

eBio

13‐0731‐82

mouse

rat

YES

OX8

eBioscience

14‐0084‐82

rat

mouse

no

2.43

Thermo Scientific

MA1‐145

mouse

rat

no

poly

Thermo Scientific

PA5‐11917

human

rabbit

no

poly

santa cruz

sc‐6071

rat, mouse, human

goat

no

poly

R&D systems

AF2067

human

sheep

YES

G7

eBio

14‐0901‐82

mouse

rat

no

N‐17

SantaCruz

sc‐46841

mouse

goat

no

E‐19

SantaCruz

sc‐46839

mouse

goat

no

M‐125

SantaCruz

sc‐99198

mouse

rabbit

no

rabbit

no

Yes

Yes

no

no

CD8

CD90

CD90.2

CELSR1

Thy1

Thy‐1.2

flamingo

no

poly

Merck Millipore

ABT119

rat (human, mouse based on
homology)

poly

Abnova

PAB17503

human, mouse, rat

rabbit

no

poly

novus Biologicals

NBP1‐
19865

mouse

rabbit

no

ACK2

eBioscience

14‐1172‐82

mouse

rat

YES

no

Biolegend

105801

mouse

rat

YES

no

poly

R&D

BAF1356

mouse

goat

YES

no

poly

R&D

AF1356

mouse

goat

YES

no

poly

SantaCruz

sc‐13187

mouse

goat

no

Collagen 1

poly

Cedarlane

CL50151AP

mouse

rabbit

YES

Collagen 2

poly

Abbiotec

250484

mouse

rabbit

no

poly

Abcam

ab24823

mouse, human

goat

YES

poly

Abcam

ab19808

mouse, rat

rabbit

no

cKit

c‐Mpl

Collagen III

SCF‐R, CD117

TPO receptor,
CD110

Col III

Collagen IV

no

no

Collagen IV

Col IV

poly

ABDserotec

2150‐1470

mouse

rabbit

YES

COX‐2

cyclooxygenas
e

no

poly H‐62

SantaCruz

sc‐7951

mouse

rabbit

no

Cxcl12

SDF‐1

poly

Thermo

PA1‐29029

mouse, rat

rabbit

no

CXCR4

CD184, fusin

poly C‐20

SantaCruz

sc‐6190

mouse, human

goat

no

161026

R&D

MAB1060

mouse

rat

no

poly

Abcam

ab175404

mouse, rat, human

rabbit

no

poly

R&D

AF1765

mouse

goat

YES

no

259631

R&D

MAB1765

mouse

rat

YES

Yes

ab18723

mouse, rat, chicken, human,
monkey

rabbit

no

Decorin

Dkk‐1

Doublecortin

Dickkopf
homolog 1

poly

Abcam
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SantaCruz

sc‐160280

mouse

goat

no

poly

Proteintech

10537‐1‐AP

mouse, human, rat

rabbit

no

poly

R&D

AF748

mouse

goat

no

V.7C7

Santa Cruz

SC‐65495

mouse

rat

YES

no

poly

R&D

AF2749

mouse

goat

YES

Yes

H‐300

SantaCruz

sc‐14011

mouse

rabbit

no

RMO

novus Biologicals

NB110‐
85473

mouse

rat

no

poly

Cell Signalling
Technology

3285

mouse

rabbit

no

poly

abcam

ab28244

mouse

rabbit

no

FGF‐18

poly C‐16

Santa‐Cruz

sc‐16830

mouse

goat

no

FGF‐2

poly

R&D

AF‐233‐NA

mouse

goat

no

FGF‐8

poly N‐19

Santa‐Cruz

sc‐6958

mouse

goat

no

S16

SantaCruz

sc‐31169

mouse

goat

no

poly

SantaCruz

sc‐121

mouse

rabbit

no

mouse

rabbit

YES

Yes

mouse

rabbit

YES

Yes

Dpt

dermatoponti
n

E‐Cadherin
Endomucin

EPCR

Ccca; Epcr;
Ccd41;
AI325044;
CD201

e‐selectin

FAK
FAP

FGFR1

focal adhesion
kinase
Fibroblast
activation
protein

Flg‐1

FGFR2

NBP1‐
20067
NB100‐
91766

poly

novus Biologicals

poly

novus Biologicals

P‐17

SantaCruz

sc‐31166

mouse

goat

no

poly

SantaCruz

sc‐20735

mouse

rabbit

no

133706

R&D

MAB716

mouse

rat

YES

mouse

rabbit

no

mouse

rabbit

YES

Bek

FGFR2(IIIc)

NB100‐
91767
ab‐23750‐
100

Yes

FGFR3

poly

novus Biologicals

Fibronectin

poly

Abcam

Foxo3a

poly

Millipore

07‐1719

mouse

rabbit

no

6C5

SantaCruz

sc‐32233

mouse

mouse

no

FL335

SantaCruz

sc‐25778

mouse

rabbit

no

poly

Aves Labs

GFAP

mouse

chicken

no

rabbit

YES

no
no

no

GAPDH

GFAP

Glial fibrillary
acidic protein

‐

Thermo

PA1‐10019

bovine, chicken, equine,
human, mouse, porcine, rat

GFP

poly

Aves

GFP‐1020

mouse

Chicken

YES

Gli1

poly

R&D

AF3455

mouse, human

goat

no

Glycophorin
A

poly I‐20

SantaCruz

sc‐19453

mouse

goat

no

RB6‐8C5

eBioscience

14‐5931‐82

mouse

rat

YES

poly

R&D

AF3184

mouse, human

goat

no

poly

Abcam

ab11973

mouse

rabbit

no

poly

BD

556003

human

mouse

no

G‐5

SantaCruz

sc‐8439

mouse, human

mouse

no

poly C‐20

SantaCruz

sc‐713

mouse

rabbit

no

Abcam

ab63984

mouse (predicted: rat,
human)

rabbit

YES

Yes

II/41

eBio

14‐5790‐82

mouse

rat

YES

no

poly

R&D

AF771

mouse

goat

YES

no

Gr1

HMGA2

Hmgb2

Ly‐6G
High mobility
group protein
A2 (may vross‐
react with
HMGB1)
High mobility
group protein
B2

human Ki67
ICAM‐1

CD54

IGF‐1Rb
IGF‐2
IgM
IL‐1 R1

interleukin 1
receptor 1,
CD121a,

no
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interleukin 1
receptor type
I, IL1RI
Il‐7
Integrin alpha
4
Integrin beta‐
8

VLA‐4

poly

R&D

AB‐407‐NA

mouse

goat

no

A‐7

SantaCruz

sc‐365209

mouse, human

mouse

no

poly H‐160

SantaCruz

sc‐25714

mouse, human

rabbit

no

poly H‐114

SantaCruz

sc‐8303

mouse

rabbit

no

Abcam

ab7771

mouse, human (predicted:
rat)

rabbit

no

TEC.3

DAKO

M7249

mouse

rat

YES

no

SolA15

eBio

14‐5698‐82

mouse

rat

YES

Yes

SP6

Abcam

ab16667

mouse

rabbit

YES

Yes

poly

Abcam

ab4782‐2

mouse

mouse

no

poly

Abcam

ab‐16048‐
100

mouse

rabbit

no

Jagged‐1

Ki67

Lamin A/C
Lamin B1
Laminin

LAMA1

poly

novus Biologicals

NB300‐144

human, mouse, rat, rabbit,
sheep

rabbit

YES

no

Laminin beta
1

CLM, LAM B1

LT3

Abcam

44941

mouse, hamster, human, Pig

rat

YES

no

Leptin
receptor,
CD295

poly

LifeSpan

LS‐C414299

mouse

rabbit

no

LepR

R&D

AF497

mouse

goat

YES

Yes

GPR49

803420

R&D

MAB8240

mouse

rat

YES

no

poly C‐20

SantaCruz

sc‐21390

mouse, human

goat

no

C‐10

SantaCruz

sc‐25317

mouse, human

mouse

no

poly

Abcam

ab134146

mouse, rat, human

rabbit

no

2125‐LY

R&D

AF2125

mouse

goat

YES

no

Abcam

ab167453

‐

rabbit

YES

no

poly

R&D

AF1244

mouse

rabbit

no

MECA‐32

BioLegend

120501

mouse

rat

no

MECA‐32

BioLegend

120503

mouse

rat

no

8C11

eBioscience

14‐3259‐82

human

mouse

no

Abcam

ab76057

mouse, sheep, human
(predicted: rat, chicken,
chimp)

rabbit

no

poly

Aves Labs

NES

mouse

chicken

no

poly G‐20

SantaCruz

sc‐21248

mouse

goat

no

2Q178

Abcam

ab6142

mouse

mouse

no

poly

LifeSpan
BioSciences

LS‐B656

mouse

rabbit

no

rabbit

YES

Lgr5

LRP5

LRP6

low density
lipoprotein
related protein
5
low density
lipoprotein
related protein
6

LYVE‐1
mCherry
MDM2

MECA‐32

N‐cadherin

Panendothelial
Cell Antigen

CD325

nestin

Neurofilamen
t
NG2

chondroitin
sulfate
proteoglycan

noS

poly

Thermo

PA3‐16721

mouse, human, bovine,
porcine, rat

poly

novus Biologicals

NBP‐46332

mouse

goat

no

poly

Millipore

AB5320

human, mouse, rat, monkey

rabbit

YES

poly M‐19

SantaCruz

sc‐650

mouse

rabbit

no

poly

Abcam

ab65297

mouse, human

rabbit

no

mN1A

eBio

14‐5785‐82

mouse, human

mouse

no

poly

LifeSpan
BioSciences

LS‐C126048

mouse

sheep

no

poly

Abcam

ab65297

mouse, human

rabbit

no

mouse, rat, human

rabbit

no

mouse

goat

YES

notch 1

Opn

osteopontin

poly

Abcam

ab‐63856‐
100

Opn

osteopontin

poly

R&D

AF808

no

Yes

no

177

Osteocalcin

bone Gla
protein

poly

AbDserotec

7060‐1815

mouse (claimed no
human/rat crossreactivity)

goat

YES

Osx

osterix

poly

Bioss

bs‐1110R

mouse

rabbit

no

p19/ARF

poly

Novus Biologicals

NB200‐106

mouse

rabbit

no

p53

PAB 240

Abcam

ab26‐100

mouse

mouse

no

poly

Thermo

PA1‐46222

mouse, rat, human

rabbit

no

PAX7

poly

Thermo

PA1‐117

mouse, human

rabbit

no

Perilipin A

poly

Abcam

ab61682

mouse

goat

YES

Yes

poly

R&D

AF2955

mouse

goat

YES

no

poly

Biolegend/Covanc
e

PRB‐576C

mouse, human, rat, rabbit,
cat

rabbit

YES

no

A7L6

novus

NB600‐583

human, mouse, Prcine,
bovine

rat

YES

no

poly

Cell Signaling
Technology

3281

mouse

rabbit

no

Patched 1

Periostin
Peripherin

Perlecan

phospho‐FAK

Ptc1

osteoblast‐
specific factor
2
neurofilament
4
Endorepellin,
Heparan
Sulfate
Proteoglycan
focal adhesion
kinase

no

phospho‐
myosin light
chain

pMLC

poly

Cell Signaling
Technology

3671

mouse

rabbit

no

PPARg

peroxisome
proliferator‐
activated
receptor

poly

AbDserotec

AHP1459

mouse

rabbit

no

poly C‐17

SantaCruz

sc‐27027

mouse

goat

no

poly

Bioss

discontinue
d

mouse

rabbit

no

poly N‐19

Santa‐Cruz

sc‐9680

mouse

goat

no

poly K‐15

SantaCruz

sc‐12778

mouse

goat

no

poly

abcam

ab62341

mouse

rabbit

no

Rho(A, B, C)

55

Millipore

05‐778

mouse

mouse

no

RhoA

poly C‐15

SantaCruz

sc‐32039

mouse

goat

no

Runx2

poly C‐19

Santa‐Cruz

sc‐8566

mouse

goat

no

S100 beta

poly

Abcam

ab14688

mouse, human, rat

rabbit

no

poly

Abcam

ab198852

mouse

rabbit

no

177228

R&D

MAB1226

mouse

rat

YES

no

poly

R&D

AF1226

mouse

goat

YES

no

D7

eBio

14‐5981‐85

mouse

rat

YES

no

poly M‐86

SantaCruz

sc‐134474

mouse

rabbit

no

H‐189

SantaCruz

sc‐9132

mouse

rabbit

no

29X‐1

SantaCruz

sc‐74265

mouse

rat

YES

79018

R&D

MAB350

mouse

mouse

no

FL‐93

SantaCruz

sc‐28876

mouse

rabbit

no

poly

eBio

14‐7992‐81

mouse

rabbit

YES

Yes

poly

Abcam

ab14106

mouse

rabbit

YES

no

poly P‐20

SantaCruz

sc‐17340

mouse

goat

no

rabbit

no

rat

YES

Protein S
Prx‐1

PTHrP

PTHrP‐R

RFP

Sca1

SCF

SDF‐1

SM22

Prrx‐1
parathyroid
hormone
related
peptide
parathyroid
hormone
related
peptide
receptor
predicted to
react with
tdTomato

Ly6A/E

stem cell
factor

CXCL12

aplha smooth
muscle 22

Sox9
Sox9
Ter119

Ly76

poly

Thermo

PA5‐23383

canine, feline, goat, human,
mouse, non‐human
primates, rat

Ter119

eBio

13‐5921

mouse

Yes

no
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TGF‐b

TGF‐b RII

Tie2

transforming
growth factor
beta
transforming
growth factor
beta receptor
II

poly

R&D

AF‐246‐NA

mouse

goat

no

D‐2

SantaCruz

sc‐17799

mouse, human

mouse

no

TEK4

eBioscience

14‐5987‐82

mouse

rat

no

TEK4

Biolegend

124001

mouse

rat

no

poly

Abcam

ab111119

mouse

rabbit

no

poly

R&D

AF‐488‐NA

mouse

goat

no

CD202b

TNFRSF1a

TPO

THPO,
thrombopoieti
n

F‐3

SantaCruz

sc‐374045

mouse

mouse

no

TRAIL

TNF‐related
apoptosis‐
inducing ligand

poly

Bioss

bs‐1214R

mouse

rabbit

no

Tyrosine
Hydroxylase

TH

poly

EMD Millipore

AB152

human, mouse, rat, feline,
etc.

rabbit

YES

VEGFR3

FLT4

poly

Abcam

ab27278

mouse, rat, human

rabbit

no

rabbit

no

no

Vitamin D
receptor

poly

Abcam

ab3508

mouse, rat, chicken, human,
monkey

Vitronectin

347317

R&D

MAB38751

mouse

rat

YES

no

poly

Neomarkers

RB‐281‐A

mouse

rabbit

YES

no

poly Y‐15

SantaCruz

sc‐5212

mouse

goat

no

von
Willebrand
Factor
Wnt3a

vWF
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Supplementary Table 6. List and details of all antibodies used in this study.
Primary antibodies
Used in
Antigen

Company

Catalog number

Reactivity

Species*

Figure 1

Acetylated alpha
tubulin

Cell Signaling
technology

5335

Mouse

Rabbit

x

B220

eBioscience

14‐0452‐85

Mouse

Rat

CD105

eBioscience

14‐1051‐82

Mouse

Rat

CD11b

eBioscience

14‐0112‐85

Mouse

Rat

CD3

eBioscience

14‐0032‐85

Mouse

Rat

Figure 2

Figure 3

Figure 5

x
x
x

x
x

CD31

R&D

AF3628

Mouse

Goat

CD4

eBioscience

14‐0041‐85

Mouse

Rat

x

c‐Kit

R&D

AF1356

Mouse

Goat

Collagen 1

Cedarlane

CL50151AP

Mouse

Rabbit

Fibronectin

Abcam

ab‐23750‐100

Mouse

Rabbit

x

GFAP

Thermo Scientific

PA1‐10019

Mouse

Rabbit

GFP

Aves

GFP‐1020

Mouse

Chicken

GP1Bbeta

emfret ANALYTICS

M050‐0

Mouse

Rat

GR1

eBioscience

14‐5931‐85

Mouse

Rat

IGF2

Abcam

ab63984

Mouse

Rabbit

x
x

x

x

x

x

x

x

x

x

x

x

x

x
x
x

IL1R1

R&D

AF771

Mouse

Goat

Ki67

eBioscience

14‐5698‐82

Mouse

Rat

x

x

Osteocalcin

AbD serotec

7060‐1815

Mouse

Goat

x

Sca1

eBioscience

14‐5981‐85

Mouse

Rat

Sca1

R&D

AF1226

Mouse

Goat

x
x

Secondary antibodies, Streptavidin conjugates and dyes
Used in
Conjugate

Company

Catalog number

Reactivity

Species*

Figure 1

Alexa Fluor 488

Jackson
ImmunoResearch

703‐545‐155

Chicken

Donkey

Alexa Fluor 488

Thermo Scientific

A‐21206

Rabbit

Donkey

Alexa Fluor 488

Thermo Scientific

A‐21208

Rat

Donkey

Alexa Fluor 555

Abcam

ab150154

Rat

Donkey

Alexa Fluor 555

Thermo Scientific

A‐21432

Goat

Donkey

Alexa Fluor 555

Thermo Scientific

A‐31572

Rabbit

Donkey

Alexa Fluor 555

Thermo Scientific

S32355

Biotin

Streptavidin

Alexa Fluor 594

Thermo Scientific

A‐21209

Rat

Donkey

Alexa Fluor 594

Thermo Scientific

A‐11058

Goat

Donkey

x

Alexa Fluor 680

Thermo Scientific

A10043

Rabbit

Donkey

x

Atto 490 LS

Atto‐Tec

AD 490LS‐61

Biotin

Streptavidin

x

Biotin

Jackson
ImmunoResearch

711‐065‐152

rabbit

Donkey

Biotin

Jackson
ImmunoResearch

705‐065‐147

goat

Donkey

x

CF 633

Biotium

20137

Rat

Donkey

x

CF 633

Biotium

20127

Goat

Donkey

x

Figure 2

Figure 3

Figure 5

x
x
x
x

x
x

x

x
x
x

x

x

x

x
x
x
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Chromeo 494

Active Motif SA

15113

Biotin

Streptavidin

DAPI

‐

‐

‐

‐

Dylight 550

Abcam

ab96932

Goat

Donkey

x

x
x

x

Dylight 594

Abcam

ab96937

Goat

Donkey

Northern light 557

R&D

NL001

Goat

Donkey

x

x

PromoFluor‐520LSS

PromoKine

PF520LSS‐5‐01‐PRO

Biotin

Streptavidin

x

Qdot 605

Thermo Scientific

Q22081

Goat

Donkey

x

Qdot 655

Thermo Scientific

Q22087

Goat

Donkey

x

Blocking antibodies
Used in
Conjugate

Company

Catalog number

Reactivity

Species*

Figure 1

Figure 2

Figure 3

Figure 5

‐

Jackson
ImmunoResearch

712‐007‐003

Rat

AffiniPure Fab
Fragment
Donkey

x

‐

Jackson
ImmunoResearch

711‐007‐003

Rabbit

AffiniPure Fab
Fragment
Donkey

x

x

‐

Jackson
ImmunoResearch

705‐007‐003

Goat

AffiniPure Fab
Fragment
Donkey

x

x

‐

Jackson
ImmunoResearch

012‐000‐003

‐

Rat

x

‐

Jackson
ImmunoResearch

011‐000‐003

‐

Rabbit

x

x

‐

Jackson
ImmunoResearch

005‐000‐003

‐

Goat

x

x

* if not stated differently antibodies are whole IgG moelcules
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Appendix B

182

183

Supplementary data of Chapter 2.2 “Tissue-wide in situ
single molecule imaging reveals an absence of CXCL12
gradients in bone marrow”

184

Figure S1: Proximity Ligation Assay (PLA) detection of CCL21 in an entire lymph
node section, and the importance of 3D quantification.
(A), A schematic showing the PLA (Fredriksson et al., 2002) principle adapted in this
study. Not drawn to scale. (B) PLA for CCL21 in a whole lymph node section. CCL21
PLA only, and with CD3e, Lyve 1 (Scale bar: 300 um) and/or DAPI costainings. (C)
Explanation how quantification of 3D data is inaccurate when carried out on 2D
projections. Blood vessels, Lymph vessels, bone trabeculae and many other structures
that are not part of the tissue analysed can reduce the perceived density when zprojections are used to quantify density. 3D density quantification is unbiased and can
quantify the correct density value within the tissue.
See also Figure 1 in Chapter 2.2.

185

186

Figure S2 Unspecific background of the Proximity Ligation Assay in various
tissues.
(A) Close up view of BM stained only with fluorescently labeled FISH probes
(oligonucleotides) from the PLA kit shows background signal with nuclear association
/ intracellular localization. The signal therefore is likely of cellular nature. DAPI nuclear
stain. (B) Without ODN 1826 blocking, TLR9 (cyan) and CXCL12 PLA signals
(magenta), overlap. (C) Standard and ODN based blocking scheme for usage of PLA
in situ. (D) GFP fluorescence and PLA for GFP in the lymph node without and with
ODN blocking. Black arrowheads point to staining artifacts. White arrowheads point
towards correct staining of GFP as determined by overlap with GFP fluorescence
(yellow). (F) GFP fluorescence and PLA for GFP in the spleen without and with ODN
blocking. Black arrowheads point to staining artifacts. White arrowheads point towards
correct staining of GFP as determined by overlap with GFP fluorescence (yellow). (F)
PLA signals with standard blocking in the small intestine shows artifact cells in the
Lamina propria. DAPI nuclear stain.
Scale bars are all 10 um unless indicated otherwise. See also Figure 2 in Chapter 2.2.
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188

Figure S3: CXCL12 distribution in meta- and diaphysis, a 3D heatmap from a
simulated uniform random distribution in bone marrow, and heparin sulfate and
CXCR4 distribution in bone marrow
(A) 3D confocal scan of a femoral diaphysis (1 of 3 biological replicates) and a femoral
metaphysis (1 of 4 biological replicates) showing comparable CXCL12 localization. (B)
Heatmap computationally generated on randomly distributed data points, in
comparison to Figure 2 a. Number of data points are the same as for PLA signals in
Figure 3A just the coordinates inside the bone marrow tissue space were randomly
assigned. Heatmap intensity values were adjusted to match intensity values in Figure
2 a. Scale bars: 100 um.(C) 3D confocal scan of a femoral metaphysis stained for
heparin sulfate and two zoom-in views.(D) Two representative field of views of a 3D
confocal scan of a femoral metaphysis stained for CXCR4.
Black areas within bone marrow that correspond to blood vessel lumen are labeled by
“bv”. Scale bars are all 100 um unless indicated otherwise. See also Figure 3 in
Chapter 2.2.
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Figure S4: aMMP9 and CD26 proteases do not locally accumulate in bone
marrow after G-CSF treatment
(A) Expression patterns of active MMP9 and CD26 (and Laminin for orientation),
detected by standard IF, in bone marrow of Bl6 mice before and after treatment with
G-CSF. Mice were injected s.c. with G-CSF once a day for 5 days. Bones were
harvested 4 hours after the last injection, as described in the method details. White
arrowheads point towards active MMP9 expression on cell surfaces, which is reduced
after G-CSF treatment. In contrast, widespread active MMP9 presence on ECM is
more prevalent after G-CSF treatment.
Scale bars are all 10 um. See also Figure 4 in Chapter 2.2.
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Table S1: Table of bone marrow section treatments to reduce unspecific PLA
signal in situ related to Figure 2 in Chapter 2.2.

Treatment

Reason to use

Outcome

Filter all buffers

precipitates might be the reason
for artifacts

unwanted binding still present

RNAse pre treatment

RNA binding of oligos could be
the reason
HCL destroys DNA binding and
other interactions for oligos

unwanted binding still present

remove DNAs present on
membrane
could block endogenous DNA
residues on cells

unwanted binding still present

could block endogenous DNA
residues on cells

unwanted binding still present

artifacts might be only oligo or
also polymerase specific and
dependent on polymerase
concentration
artifacts may occur due to
aggregates
artefacts might be washed away

unwanted binding still present

DNAse pre treatment
overnight

remove DNAs present on
membrane or in cytoplasm

less unwanted binding, less actual
signal, signal in nuclei

1, 0.5, 0.02, 0.002x SSC
washes after
amplification
HCL pre treatment 15
min at 37C

reduction of signal as proteinDNA/DNA-DNA interactions are
disturbed
faster and stronger HCL might
get rid of the signal without
destroying too much other signal

unwanted binding still present

H202 pre treatment

induce DNA breakage and thus
less/no interaction

destroyed tissue section

anti ssDNA-antibody in
blocking buffer

blocking ssDNAs putatively
present on cells that are
recognized by oligos
if artifacts are in cell than I should
not get them

unwanted binding still present

change pH of buffer

could convert + in - charges and
thus avoid "stickyness" of oligos

unwanted binding still present

increase temp to 50oC
in hybridization buffer

thus unbind the maybe less
strong artifact binding

unwanted binding still present

HCL pre treatmet 1h at
RT
DNAse pre treatment
30min
oligo dT blocking (2.5ug
p section) (2h + B/P at
37)
hexamer blocking (2.5ug
p section) (2h + B/P at
37)
reduce polymerase by
half
spin down oligo stock
Wash much longer after
amplification

not permeabilizing

unwanted binding still present + less
specific signal

unwanted binding still present

unwanted binding still present
unwanted binding still present

less unwanted binding, variable
amount of actual signal, no signal in
nuclei

unwanted binding still present
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KEY RESOURCES TABLE (Format provided by Cell Press)
REAGENT or RESOURCE
Antibodies
Rabbit polyclonal anti-GFP

SOURCE

IDENTIFIER

Novus Biologicals

Chicken polyclonal anti-GFP

Aves

Rabbit polyclonal anti-CXCL12

Abcam

Goat polyclonal anti-Collagen 1

Southern Biotech

Rabbit polyclonal anti-Laminin AF647

Novus Biologicals

Goat polyclonal anti-CCL21

R&D

Goat polyclonal anti-CCL19

R&D

Goat polyclonal anti-CXCL13

R&D

Rabbit polyclonal anti-Lyve-1

Abcam

Rat monoclonal anti-TLR9 (1138D)

R&D

Rat monoclonal anti-Heparan Sulfate (not specified)

LsBio

Rabbit polyclonal anti-CXCR4

Novus Biologicals

Mouse monoclonal anti-active MMP9 (4A3)
Goat polyclonal anti-DPPIV/CD26

Merck
R&D

Donkey polyclonal anti-rabbit IgG (H+L)

Merck

Donkey polyclonal anti-rabbit IgG (H+L)

Merck

Donkey polyclonal anti-goat IgG (H+L)

Merck

Donkey polyclonal anti-goat IgG (H+L)

Merck

Donkey polyclonal anti-goat IgG (H+L) AF488

Thermo Scientific

Donkey polyclonal anti-rabbit IgG (H+L) AF488

Thermo Scientific

Donkey polyclonal anti-rabbit IgG (H+L) AF555

Thermo Scientific

Donkey polyclonal anti-rat IgG AF488

Thermo Scientific

Donkey polyclonal anti-mouse IgG AF647

Thermo Scientific

Donkey polyclonal anti-chicken IgY AF488

Jackson
ImmunoResearch

Cat# NB600-308;
RRID: AB_10003058
Cat# GFP-1020;
RRID: AB_10000240
Cat# ab9797; RRID:
AB_296627
Cat# 1310-01; RRID:
AB_2753206
Cat# NB300144AF647; RRID:
AB_10001146
Cat# AF457; RRID:
AB_2072083
Cat# AF880; RRID:
AB_2071545
Cat# AF801; RRID:
AB_355613
Cat# AB14917;
RRID: AB_301509
Cat# MAB7960;
RRID: AB_10679112
Cat# LS-B5244;
RRID: AB_10863829
Cat# NBP1-76480;
RRID: AB_11059642
Cat# MABT171
Cat# AF954; RRID:
AB_355739
Cat# DUO92005100RXN
Cat# DUO92002100RXN
Cat# DUO92006100RXN
Cat# DUO92003100RXN
Cat# A-11055;
RRID: AB_2534102
Cat# A-21206;
RRID: AB_141708
Cat# A-31572;
RRID: AB_162543
Cat# A-21208;
RRID:AB_2535794
Cat# A-31571;
RRID:AB_162542
Cat# 703-545-155;
RRID:AB_2340375

Thermo Scientific
BioSolve
Merck
Merck
Merck
PanReac AppliChem

Cat# 28906
Cat# 0005142391BS
Cat# A0169
Cat# 41640
Cat# P9416
Cat# A1388

Chemicals, Peptides, and Recombinant Proteins
16% Formaldehyde Soultion (w/v), Methanol-free
EDTA Disodium salt dihydrate
Agarose
DMSO
Tween 20
Triton X-100 BioChemica
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Donkey Serum
4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)
Glycerol anhydrous BioChemica
Propyl gallate
Critical Commercial Assays
Duolink In Situ Detection Reagents Orange
Experimental Models: Organisms/Strains
Mouse: C57Bl/6JRj
Mouse: B6.129P2-Cxcl12<tm2Tng>
Oligonucleotides
ODN 1826
Software and Algorithms
Imaris Bitplane V9
DDD
XiT
Graphpad Prism v.7
Other
Grace Bio-Labs SecureSeal™ adhesive sheets

Jackson
ImmunoResearch
Merck
PanReac AppliChem
Merck

Cat# 017-000-121
Cat# D9542
Cat# A1123
Cat# 02370

Merck

Cat# Duo92007100RXN

Janvier
(Ara et al., 2003)

C57Bl/6JRj
N/A

InvivoGen

tlrl-1826-1

Bitplane
This paper
(Coutu et al., 2017)
Graphpad

N/A
N/A
N/A
N/A

Merck

GBL620003
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Appendix C
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Supplementary data of Chapter 2.3: “Three-dimensional
map of nonhematopoietic bone and bone-marrow cells and
molecules”

Supplementary Figure 1. Display of colocalization analyses results. The Coloc
module of Imaris was used for voxel colocalization analyses. The software tools were
used to select thresholds for two given markers (marker A and B here), which are
indicated by the red box. The value given by x represents the percentage of voxels
with a fluorescence intensity for marker A above the threshold that also have a
fluorescence intensity for marker B above threshold. Inversely, the value given by y
represents the percentage of voxels with a fluorescence intensity for marker B above
the threshold that also have a fluorescence intensity for marker A above threshold. The
colocalization data presented is derived from the full or partial image (see figure
legends for details) shown in the same figure panel.

196

Supplementary Figure 2. Identification of distinct anatomical locations and cell
types in adult mouse femurs without landmark stainings. a) Examples showing
how to identify trabecular (i) and cortical (ii) bone surfaces, as well as growth plate (iii)
and articular (iv) cartilage using only a vascular marker (collagen 1 is here shown to
validate proper identification). i) Trabecular bone in the metaphyseal area can be
identified by the complete absence of vascular sinusoids (dotted lines) although it can
be irrigated by rare arterioles or capillaries (arrowheads). ii) Similarly, cortical bone
shows a complete absence of sinusoids but is traversed by some arterioles (not
shown). At the bone surface (dotted line), vasculature consists of capillaries running
parallel to the long axis of the bone (arrowheads), as opposed to the central marrow
where mainly sinusoids are present and radiate axially from the center of the marrow
cavity. iii, iv) Growth plate and articular cartilage show a complete absence of
vasculature and are located in very specific anatomical locations. b) Adipocytes and
megakaryocytes can be difficult to distinguish by inexperienced researchers without
specific staining. However, adipocytes are typically bigger and rounder than
megakaryocytes. Also, a cytoplasmic staining in adipocytes clearly shows a lack of
staining in the large lipid droplet (upper left) whereas a lipid droplet staining shows a
smaller spherical staining (lower left). Cytoplasmic (upper right) or membrane (lower
right) stainings in megakaryocytes shows cells with irregular shapes, in many of which
we can observe multiple/complex nuclei (arrowheads).
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Supplementary Figure 3. Some Nes-GFP expressing cells are ALP+CD31osteoblastic cells. Images show a zoom of data presented in Figure 2b and only four
optical sections (total thickness 9.96um). Near the distal growth plate of the femur,
Nes-GFP expressing cells (green, white arrowheads) are closely associated with
CD31+ blood vessels (red), but are osteoblastic cells expressing ALP (grey). Scale
bars: 20um
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Supplementary Figure 4. Osx-CreERT (tdTomato) reporter shows a similar
expression pattern as the Osx-GFP reporter. 7 weeks old female Osx-CreERT mice
received 2mg 4-hydroxytamoxifen intraperitoneally and femurs were harvested three
days later. Expression of the tdTomato reporter at day 3 post-4OHT recapitulates that
of the Osx-GFP reporter (see Figure 2c).
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Supplementary Figure 5. Antibody staining for osteocalcin partially overlaps
with osteocalcin-YFP expression. Images show a zoom of data presented in Figure
2e and only four optical sections (total thickness 9.96um). Near the distal growth plate
of the femur, OC-YFP expressing cells (green, white arrowheads) line collagen 1+
(grey) trabecular bone surfaces and stain positive for osteocalcin antibody (red).
Osteocalcin antibody also detects OC+ matrix away from YFP+ cells in trabecular bone
and adjacent to the growth plate (black arrowheads). Scale bars: 30um
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Supplementary Figure 6. Expression of mesenchymal progenitor cell markers
near the distal growth plate. Images show a zoom of data presented in Figure 2f and
only four optical sections (total thickness 9.96um). We can observe CD140a+Sca1+
cells lining CD31+ blood vessels (white arrowheads), whereas bone lining cells are
either FGFR2+ (black arrowheads) or FGFR2+CD140a+ (white arrows).
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Supplementary Figure 7. CD105 is not a pan-endothelial marker. (i) Some
arterioles do not express CD105, but only CD31 and Sca1 (white arrowheads)
potentially mark distinct arteriolar sub-types. (ii) Diaphyseal arteries marked by SM22
expression are CD105-CD31+Sca1+. (iii) Strong CD105 expression in the endothelial
wall of the central sinus.
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Supplementary Table 1. Antibodies tested and optimized in this study.
Antibody

Alternative
names

Clone

Speci
es

Company

Catalog
number

Worki
ng

Requires streptavidin
amplification

Osteocalcin

Ocn, bone
Gla protein

poly

goat

AbD serotec

7060‐1815

Yes

No

CD271

p75 LNGF

poly

rabbit

Abcam

ab8874

Yes

No

poly

goat

R&D systems

AF1356

Yes

No

ACK2

rat

eBioscience

14‐1172‐82

Yes

No

poly

rabbit

Novus Biologicals

NBP1‐19865

No

Not applicable

MJ7/18

rat

eBioscience

14‐1051‐82

Yes

No

poly

goat

R&D systems

AF1320

Yes

No

M‐20

goat

Santa Cruz

sc‐19793

No

Not applicable

poly

rabbit

Thermo Scientific

PA1‐10019

Yes

No

poly

chicke
n

Aves Labs

GFAP

No

Not applicable

IM7

rat

eBioscience

14‐0441‐82

Yes

No

poly

goat

R&D systems

AF2910

Yes

No

EPR4477

rabbit

Novus Biologicals

NBP1‐95392

Yes

Yes

poly

rabbit

Cedarlane

CL50151AP

Yes

No

poly

goat

R&D systems

AF3628

Yes

No

ER‐MP12

rat

Santa Cruz

sc‐52713

No

Not applicable

poly

rabbit

Novus Biologicals

NB100‐2284

No

Not applicable

SP38

rabbit

Thermo Scientific

MA5‐16337

No

Not applicable

poly

rabbit

EMD Millipore

AB5320

Yes

Yes

poly

goat

Novus Biologicals

NBP‐46332

No

Not applicable

ebioTy/1
1.8

rat

eBioscience

14‐0731‐82

Yes

No

poly

rabbit

Thermo Scientific

PA5‐11871

No

Not applicable

D7F9A

rabbit

Cell Signaling
Technology

13160

No

Not applicable

poly

rabbit

Novus Biologicals

NBP1‐67666

Yes

Yes

951

rabbit

Santa Cruz

sc‐431

No

Not applicable

958

rabbit

Santa Cruz

sc‐432

No

Not applicable

D7

rat

eBioscience

14‐5981‐85

Yes

No

177228

rat

R&D systems

MAB1226

Yes

No

c‐Kit

CD105

GFAP

CD44

CD117, SCF‐
R

Endoglin

Glial
fibrillary
acidic
protein
hyaluronic
acid
receptor

Alkaline
phosphatas
e

ALP

Collagen 1

Col.1

CD31

PECAM1

NG2

chondroitin
sulfate
proteoglyca
n

CD73

NT5E, ecto‐
5'‐
nucleotidas
e

CD140a

Sca1

PDGFRa

Ly6A/E

poly

goat

R&D systems

AF1226

Yes

No

M‐86

rabbit

Santa Cruz

sc‐134474

No

Not applicable

aplha
smooth
muscle 22

poly

rabbit

Abcam

ab14106

Yes

Yes

CD34

‐

RAM34

rat

eBioscience

16‐0341‐85

Yes

Yes

vWF

von
Willebrand
Factor

poly

rabbit

Neomarkers

RB‐281‐A

Yes

No

429

rat

eBioscience

14‐1061‐82

Yes

No

H‐276

rabbit

SantaCruz

sc‐8304

Yes

No

429

rat

Novus Biologicals

NB100‐
77474

Yes

No

V.7C7

rat

Santa Cruz

SC‐65495

Yes

No

SM22

Vcam1

Endomucin

CD116

‐
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poly

sheep

R&D systems

AF2067

Yes

No

poly

rabbit

Thermo Scientific

PA5‐11917

No

Not applicable

poly

rabbit

Biolegend/Covance

PRB‐576C

Yes

No

TH

poly

rabbit

EMD Millipore

AB152

Yes

No

Neurofilam
ent

‐

poly

rabbit

Thermo Scientific

PA3‐16721

Yes

No

Fibronectin

‐

poly

rabbit

Abcam

ab‐23750‐
100

Yes

No

Laminin

LAMA1

poly

rabbit

Novus Biologicals

NB300‐144

Yes

No

Vitronectin

‐

347317

rat

R&D systems

MAB38751

Yes

No

Col.III

‐

poly

goat

Abcam

ab24823

Yes

No

poly

rabbit

ABDserotec

2150‐1470

No

Not applicable

poly

rabbit

Abcam

ab19808

Yes

No

poly

goat

R&D systems

AF808

Yes

No

No

Not applicable

CD90

Thy1

Peripherin

neurofilame
nt 4

Tyrosine
Hydroxylase

Col.IV

Osteoponti
n

Perlecan

Periostin

LepR

alpha‐
smooth
muscle
actin

beta‐III
tubulin

VE cadherin
GFP

‐
Opn
‐
Endorepellin
, Heparan
Sulfate
Proteoglyca
n
osteoblast‐
specific
factor 2
Leptin
receptor,
CD295

aSMA

‐

CD144
‐

poly

rabbit

Abcam

ab‐63856‐
100

A7L6

rat

Novus Biologicals

NB600‐583

Yes

No

poly

goat

R&D systems

AF2955

Yes

No

poly

goat

R&D systems

AF497

Yes

No

poly

rabbit

Life Span

LS‐C385018

No

Not applicable

No

Not applicable

poly

rabbit

Bioss

bs‐0109R‐
A488

poly

rabbit

Abcam

ab5694

No

Not applicable

poly

chicke
n

Aves Labs

TUJ

No

Not applicable

poly

rabbit

Abcam

ab18207

No

Not applicable

poly

rabbit

Thermo Scientific

PA1‐46430

No

Not applicable

rat

eBioscience

14‐1441‐82

No

Not applicable

Aves Labs

GFP‐1020

Yes

No

Aves Labs

NES

No

Not applicable

eBioBV13
poly
poly

nestin

‐

chicke
n
chicke
n

poly G‐20

goat

Santa Cruz

sc‐21248

No

Not applicable

poly

rabbit

LifeSpan BioSciences

LS‐B656

No

Not applicable

S100 beta

‐

poly

rabbit

Abcam

ab14688

No

Not applicable

Doublecorti
n

‐

poly

rabbit

Abcam

ab18723

No

Not applicable

MECA‐32

Panendothe
lial Cell
Antigen

MECA‐32

rat

Biolegend

120501

No

Not applicable
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Supplementary Table 2. Details of the full bone scans available to the
community.
Figure & panel

Fig.2a

Markers

.lif file size (KB)

.ims file size (KB)

Total samples analyzed
for each marker

OC‐YFP

72 423 340

7 861 110

26

CD44

3

ALP

92

Col.1

56

Osx‐GFP
Fig.2c

CD105

163

Col.1

56
46 239 342

10 970 778

11

CD73

12

CD31

218
61 955 683

9 560 231

OC‐YFP

26
48

CD105*

163
18 967 505

1 487 583

218

CD140a

10

218

SM22

27
80 348 571

4 578 352

9

CD31

218

FGFR2‐YFP*

19

Laminin*

98
59 522 632

17 348 505

CD31

16
218

Col.IV*

4

Cxcl12‐GFP*

53
46 191 630

12 657 026

10

CD31

218

Col.1

56

vWF

43 040 065

6 557 380

16

Sca1

192

CD31

218

Nes‐GFP
Fig.3f

163

CD31

CD34

Fig.3e

6 331 948

192

Endomucin

Fig.3d

192
78 325 924

Sca1

VCAM1

Fig.3c

19

CD31

Sca1

Fig.3b

56

Oc(antibody)

CD105
Fig.3a

19

NG2

FGFR2‐YFP
Fig.2f

14
92

Col.1
Fig.2e

4 884 944

ALP

FGFR2‐YFP
Fig.2d

60 397 117

60 377 292

9 723 916

39

Sca1

192

CD90

22

SM22**

27
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GFAP
Fig.4a

Fig.5a

192
218

TH

10
6 033 094

CD31

218

OC

35 748 863

2 749 095

Fibronectin
54 379 213

9 507 438

163

OC*

48
42 284 586

8 914 924

8

Col.III

4

Fn

11
59 522 632

17 348 505

218

Cxcl12‐GFP*

53

11 079 527

53
163

Col.1

56

OPN

9
38 946 822

8 446 520

3

Periostin

3

Col.I*

56
64 783 309

7 197 368

39

CD271

35

ALP

92

VCAM1**

9
80 348 571

4 579 352

19

CD31

218

Laminin*

98

VCAM1*

9

BODIPY

55 136 504

20 341 492

4

CD31

218

B220*

77

DAPI*

‐

Cxcl12‐GFP
Fig.6d

16
44 026 791

CD105

FGFR2‐YFP

Fig.6c

4

CD31

Nes‐GFP

Fig.6b

53

Vitronectin

Perlecan

Fig.6a

98

CD105

Cxcl12‐GFP

Fig.5f

48
11

Endomucin*

Fig.5e

4
192

Col.IV
Fig.5d

29 053 651

Sca1

Cxcl12‐GFP*
Fig.5c

107

Sca1

Laminin
Fig.5b

15 239 660

CD31

NF
Fig.4c

80 808 235

50 798 977

13 231 698

53

LepR

20

Col.1

56

CD105

163

*: Not shown in article; **: immunostaining not working
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Supplementary Table 3. Location of stromal cell markers in adult mouse femurs
and expression in cellular subtypes.
Mark
er

Epiph
ysis

Metap
hysis

Diaph
ysis

Stro
ma

Osteoblasts/o
steocytes

Periart
eriolar

Perisinu
soidal

Endoth
elium

Adipo
cytes

CD271
FGFR2
Bopidy
Cxcl12
-GFP
LepR
ALP

Low
Low
High

Low
High
High

High
Low
Low

Yes
Yes
No

No
Yes
No

No
No
No

No
Yes
No

No
No
No

No
Yes
Yes

High

High

High

Yes

No

Yes

Yes

No

No

High
Low

High
High

High
Low

Yes
Yes

No
Osteoblasts

Yes
No

Yes
No

No
No

NestinGFP

Low

High

Mediu
m

No

Osteoblasts

No
No
Yes,
enriched
in
metaphysi
s

No

Yes

No

CD105

High

High

High

No

No

No

No

CD73
Osteoc
alcinYFP

Low

Low

No

No

Chondrocytes

No

No

Sinusoids
only
No

No

Low

High

Low

No

Osteoblasts

No

No

No

No

No

No

No

No

Low

No

No

No

No

No

No

No

CD140
a

Low

Medium

Low

No

Osteoblasts

Sca1

Low

Medium

High

No

Putative preosteoblasts

CD90

Low

High

Mediu
m

No

Putative preosteoblasts

Osterix
-GFP

Low

High

Low

No

Osteoblasts

Yes,
enriched
in
metaphysi
s
Yes,
throughou
t bone
marrow
Yes,
enriched
in
metaphysi
s
No

No
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Curriculum vitae

208

