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Summary

Summary

Centrosomes act as major microtubule organizing center (MTOC) in most animal cells and are
well known for their role in building up the mitotic spindle during cell division. Core structure of
the centrosome are two tubulus shaped centrioles, which are connected by linker fibers and
surrounded by a protein-rich matrix (pericentriolar material, PCM). The centrosome duplicates
precisely once during the cell cycle leading to the presence of one centrosome in G1 phase
and two centrosomes after centriole duplication in S phase. However, studies in our lab
showed that about 20-30% of mature murine bone marrow-derived dendritic cells (BMDCSs)
and dermal dendritic cells (dermal DCs) harbor more than one centrosome in G1 phase. The
phenomenon of additional centrosomes has so far only been described for very few non-
malignant cells, but is commonly observed in solid and haematological malignancies. In some
cancer types, the degree of centrosome amplification is positively associated with tumor
aggressiveness partly explainable by the fact that extra centrosomes can contribute to the
development of metastasis. Prerequisite for the dissemination of primary tumor cells is the
acquisition of a migratory phenotype.

Against this backdrop, our findings of multinumerous centrosomes shed new light on DCs —
cells specialized in trafficking through complex and versatile environments —, raising the
question of whether the presence of excess centrosomes in DCs has any impact on the cells’
migratory behavior. In order to elucidate the origin of additional centrosomes in murine DCs
we took a closer look at the cell cycle and studied centrosomes in vitro, ex vivo and in situ. We
found that supernumerary centrosomes are neither the consequence of ongoing cell
proliferation nor the result of culturing conditions. Instead, we revealed that mature DCs arrest
in G1 phase of the cell cycle. Moreover, we unraveled that extra centrosomes occur by
accumulation due to a modified cell division cycle or cytokinesis failures, leading to tetraploid
cells with a surplus of centrosomes. Diploid cells with multiple centrosomes, on the other hand,

were found to arise from a process of centriole overduplication.

We examined the functionality of multinumerous centrosomes regarding their role as MTOC
and investigated DCs with different centrosome numbers during cell locomotion. Our data
show that multiple centrosomes are functional by terms of microtubule (MT) nucleation and
carry significantly higher numbers of MT filaments compared to DCs with only one centrosome.
Furthermore, we observed that DCs with extra centrosomes show enhanced persistent

locomotion, and we succeeded in demonstrating that there is a causal relationship.

Additionally, we unveiled that excess centrosomes form and maintain tight clusters during DC

migration. To address the question of whether centrosomal clustering is required for proper
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migration, we made use of declustering agents to chemically disturb the clustered configuration
of multiple centrosomes. Declustering drugs are mainly used in mitosis experiments in cancer
cell science and are seen as a hope for new therapeutic approaches. However, in contrast to
the proclaimed drug specificity for (cancer) cells with supernumerary centrosomes, we also
found an effect on BMDCs with only one centrosome and observed severe side effects on
DCs’ cytoskeleton and PCM. Therefore, observed migration effects after drug treatment could
not be attributed to the declustering of multiple centrosomes making it necessary to search for
alternative approaches.

Taken together, we have contradicted the paradigm of one centrosome in G1 phase of the cell
cycle when observing that a non-negligible proportion of DCs carries more than one
centrosome in this phase. In addition to the excess of centrosomes, the clustering of extra
centrosomes was the second observed phenomenon, which is mainly known from cancer cells.
However, while multinumerous centrosomes in tumor cells increase malignancy, thus being
disadvantageous for the organism, DCs do not seem to acquire adverse features from
additional centrosomes. On the contrary, with regard to migration in vitro, even rather beneficial

effects are emerging by a surplus of centrosomes making further studies worthwhile.



Introduction

1 Introduction

1.1 Dendritic cells

1.1.1 Ontogeny and development

Dendritic cells (DCs) belong to the leukocyte family and are the most professional antigen-
presenting cells (APCs) besides macrophages and B cells'. DCs are found in all tissues,
especially in so-called barrier organs at the interface between the body and the external
environment, such as skin, lung, and intestine, but also in lymphoid organs. The main task of
DCs is to monitor tissues and call the adaptive immune system into action when danger signals
are detected?, thus acting as a link between innate and adaptive immunity?2. In this context,
the characteristic features of DCs include antigen uptake and processing in the periphery,
efficient directional migration toward tissue-draining lymph nodes, and the potential to
stimulate naive T cells by presenting antigenic peptides on major histocompatibility complex

(MHC)-molecules?, thus initiating (adaptive) immune responses.

Approximately 2-4% of all leukocytes in any tissue are DCs®. However, DCs are a
heterogeneous group of cells and there exist many different attempts of and characteristics for
classification, such as ontogeny, developmental requirements, surface protein expression,
functional properties or in vivo localization®. A common classification divides DCs into
"conventional” or "classical” DCs (cDCs) and plasmacytoid DCs (pDCs)’® based on the fact
that the cells arise from discrete committed precursors and their development depends on
distinct sets of transcription factors’. While cDCs are classical APCs, in particular, for activating
naive T cells, pDCs morphologically resemble plasma cells and play a crucial role in innate
immunity being able to rapidly produce large amounts of type | interferons in response to viral
stimuli®*!. However, upon stimulation, pDCs differentiate into immunogenic DCs that can
prime T cells against viral antigens®!!. For the sake of completeness, monocyte-derived DCs
(mo-DCs) and Langerhans cells should be mentioned as a further group of “non-classical”

DCs, although they should not be the focus of attention here**2,

The first steps of DCs’ ontogeny take place in the bone marrow: Starting from a self-renewing
hematopoietic stem cell (HSC), multipotent progenitors (MPPs) develop from which both
common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPSs) ermerge —
the first branching between cells of the myeloid and lymphoid lineages'**® (Fig. 1). CLPs give
rise to B, T and natural killer cells and are assumed to develop into precursor pDCs (pre-pDCs)

that later become pDCs'®'’. In the myeloid development branch, the emergence of DCs
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originates from CMPs, which also give rise to granulocytes, erythrocytes, monocytes and
thrombocytes. After passing through several intermediate stages, CMPs become common DC
progenitors (CDPs) that can take two paths and develop into pre-pDCs or into pre-cDCs81°,
From the latter, another branching leads to the two DC-subsets pre-cDC1 and pre-cDC2.

Whether cDCs could also evolve from CLPs is still controversial*?.

bone marrow blood peripheral tissues
pDC
---------- > > PDCA1
B220
CLP pre- pDC pDC pDC  Siglec-H
/‘ pDC
> cDC1
. CD103 (LT: CD8a)
HSC  MPP MHC-II
/ pre-cDC1 pre-cDC1 CD11c
\ 7 o 3 cD24
—— i XCR1
(o
CMP CDP pre- pre-cDC
cbC v cDC2
> < MHC-II
cD11c
pre- pre-cDC2 pre-cDC2 CcD11b
cDC2 4 SIRPa

fa

in vitro approach: differentiation
of hematpoietic stem cells into
BMDCs with GM-CSF

BMDCs

Figure 1. Ontogeny and development of dendritic cells

Conventional/classical dendritic cells (cDCs) and plasmacytoid DCs (pDCs) develop from precursor cells derived
from common lymphoid and common myeloid progenitors (CLPs, CMPs). Their common root are hematopoietic
stem cells (HSCs). The developmental steps take place in different tissues. BMDCs: bone marrow-derived dendritic
cells; GM-CSF: granulocyte-macrophage colony-stimulating factor; LT: lymphoid tissue. Created with
BioRender.com.

Unlike pDCs, whose development is completed in the bone marrow resulting in terminal
differentiated cells, DCs of the myeloid branch are still in a precursor stage®?°, Mature pDCs
leave the bone marrow into the blood stream, where they circulate, or colonize peripheral
lymphoid organs®. Pre-cDCs migrate through the vascular system to settle lymphoid and most
non-lymphoid  tissues, where they locally finish their differentiation into
c¢DC1 and cDC2 cells'??-24 (Fig. 1).

Although cDCsl1 and cDCs2 constitutively express the hematopoietic markers cluster of
differentiation (CD)45, MHC class Il (MHC-II) and CD11c on their surface®, the two subsets
can be distinguished by the expression of distict surface marker combinations. cDC1 cells in

peripheral (non-lymphoid) tissues are characterized by the surface protein CD103%>26, while
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the equivalent population residing in murine lymphoid organs expresses CD8a instead?”2,
Irrespective of their localization, cDC1 cells are negative for CD11b (CD11b"), but express
CD24 and the XC-chemokine receptor 1 (XCR1)?°. While CD24 and CD103 expression are
not unique to this subset**3!, XCR1 serves as a unifying marker of cDCs1 in both human and
mice32-34, ¢DC2 cells on the other hand, do not express XRC1, but signal regulatory protein a
(SIRPa)?°. Furthermore, cDCs2 most often lack the integrin CD103 and express the integrin
CD11b (CD11b*)®. pDCs are identified by the expression of plasmacytoid dendritic cell antigen
1 (PDCAL1)®, B220 and sialic acid binding Ig-like lectin H (Siglec-H) (Fig. 1).

Due to the limited number of DCs in murine tissues, suitable in vitro models have been
established to obtain reasonable numbers of DCs for experimental processes. One widely
used protocol cultures murine bone marrow with granulocyte-macrophage colony-stimulating
factor (GM-CSF)835-% (Fig. 1) leading to large numbers of CD11c* and MHC-II* bone marrow-
derived dendritic cells (BMDCs) that resemble cDCs and mo-DCs, whereas pDCs do not
arise3:36:3940 | jke DCs isolated from tissues, BMDCs derived from GM-CSF cultures are able
to respond to microbial stimuli, undergo a maturation process, migrate directionally in response
to chemokine stimuli and present exogenous antigens to T cells®*'. In the present work,

BMDCs are referred to as primary cells to distinguish them from cell lines.

1.1.2 Tasks and specificity of cDCs

After development in the bone marrow, pre-cDCs enter the blood stream and are distributed
to lymphoid organs (such as the thymus, spleen and lymph nodes, Fig. 2, path a) and non-
lymphoid organs (such as the skin, Fig. 2, path b)'°. The final cell differentiation into immature

DCs is thought to take place after the cells leave the blood circulation and enter the tissues?223,

Circulating pre-DCs enter lymphatic tissues via high endothelial venules (HEVs)?%? and
differentiate into immature DCs followed by maturation upon antigen encounter!®?? (Fig. 2,
path a). cDCs developing within secondary lymphoid organs are usually referred to as
‘lymphoid tissue-resident’ cDCs and are thus delimited from ‘non-lymphoid tissue-derived’ or

‘migratory’ cDCs homing via afferent lymph vessels into draining lymph nodes™.

DC progenitors that populate peripheral tissues, such as mucosal surfaces, the skin and most
solid organs, enter their target tissues via resting or inflamed post-capillary venules?® (Fig. 2,
path b). Here, they differentiate into immature DCs that act as sentinels of the immune system
by constantly monitoring the tissues for damage or danger signals and sensing environmental

stimuli®. Pre-cDCs that have entered murine tissue were shown to proliferate under steady-
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state conditions (absence of inflammatory signal), while differentiated cDCs possess only low

proliferative capacity*2.

ililii ccr7 @ naive T cell
\ . “ MHC-II @ activated T cell
pre-cDC 5 d ARE
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Figure 2. Distribution and tasks of conventional dendritic cells in the organism

Precursor conventional/dendritic cells (pre-cDCs) leave the bone marrow and enter the blood stream, from where
they take different pathways. a) pre-cDCs enter lymphoid organs, differentiate into immature cDCs and mature
upon antigen contact. b) pre-cDCs enter non-lymphoid tissues, such as the skin, where they differentiate into
immature cDCs that monitor the tissue for antigens. Upon antigen uptake and processing, cDCs mature and migrate
to the draining lymph node to present antigen fragments to naive T cells inducing their activation and an adaptive
immune response. BM: bone marrow; diff: differentiation; i.cDC: immature cDC. m.cDC: mature cDC. Created with
BioRender.com.
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The characteristic stellate extensions of immature DCs allow the cells to make expansive
movements and establish a dense cellular network that enables them to detect invading
pathogens*. At peripheral sites such as the mouse ear*® and the gut*, immature DCs have
been shown to be motile, but highly developed mobility and motility are exhibited only by
mature DCs. Immature cDCs are specialized in the sampling of foreign (and self-) antigens
and use different mechanisms of antigen acquisition, such as receptor-dependent
endocytosis®#® and phagocytosis*’#® (for apoptotic cell material, bacteria, viruses and
parasites) or micropinocytosis (in case of soluble antigens)*. In this context, pattern
recognition receptors (PRRs) play a crucial role enabling the cell to distinguish between self-
and foreign antigens®*5!. PPRs, including Toll-like receptors (TLRs), retinoic acid-inducible
gene (RIG)-like receptors, nucleotide oligomerization domain (Nod)-like receptors and C-type
lectin receptors, are associated with plasma or endosomal membranes, reside in the cytosol
or are localized in the nucleus®~>* being able to sense microbial stimuli (pathogen-associated
molecular patterns, PAMPs) or endogenous stress signals (danger-associated molecular
patterns, DAMPS). PAMPs are highly conserved structures of pathogens and include, for
instance, bacterial lipopolysaccharide (LPS)®*°® which signals via TLR4°" and is often used as
stimulus for DCs in experimental settings to induce maturation. DAMPs include aberrantly
expressed self-molecules, for example from dying cells or in case of necrosis or cancer®®*°, or
adenosine triphosphate whose tissue concentration is nhormally very low but increases upon

cellular damage®.

Upon antigen capture, immature DCs start a process of maturation, thereby transforming
from a resting and residing phagocytotic cell into an activated and motile antigen-presenting
cell®%* (Fig. 2). The maturation process involves major phenotypic and genotypic changes in
DCs. This includes the formation of dendrites and the upregulation of cell surface molecules
related to antigen presentation, such as MHC proteins and the co-stimulatory molecules CD40,
CD80, CD862*2¢3, Moreover, molecules for directional migration are increasingly expressed,
including C-C motif chemokine receptor 7 (CCR7)%*6% which is important for the initiation of
an adaptive immune response®34%6_ While at the beginning of the maturation process DCs’
potential for antigen internalization is enhanced, this property decreases during maturation in

favor of the migratory capacity so that the lymphoid organs can be reached®’-,

After antigen uptake in the periphery, DCs process the antigen into peptide fragments and load
them on MHC molecules for presentation to and activation of antigen-specific T cells in draining
lymph nodes® (Fig. 2). Extracellular antigens, such as bacteria, are internalized and degraded
in endosomes/phagosomes, before peptide fragments are bound to MHC-II molecules and
transported to the DC surface’® where they remain stable for days being available for

recognition by antigen-specific CD4* T cells after the DC has reached the draining lymph
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node’. Intracellular antigens, such as viral proteins or tumor antigens, can be presented by all
cells to CD8* T cells, but to trigger a cytotoxic immune response, antigen-specific CD8* T cells
first have to be primed by APCs, such as DCs’?. Of note, MHC molecules and MHC peptide
complexes are 10- to 100-fold more abundant on DCs than on other APCs’. After proteasomal
degradation in the cytosol of DCs, resulting fragments of intracellular antigens are complexed
to MHC-I molecules in the endoplasmatic reticulum and transported to the plasma membrane
for presentation to CD8" T cells’?. Moreover, DCs, along with a few other cell types, have the
special property of presenting extracellular antigens on MHC-I molecules to CD8* T cells — a
process called cross-presentation’, which is particularly important for antiviral and antitumor

immune responses’7®,

Guided by CCRY7 ligands, mature migratory DCs travel through the interstitium and enter the
draining lymphoid organs via afferent lymphatic vessels® 7’ (Fig. 2). In the process of antigen
presentation, the DCs present antigen-peptide fragments on MHC molecules to naive T cells
inducing their activation”®°. Of the main tasks of DCs described above, the following will focus
on the process of migration.

1.2 Dendritic cell migration

1.2.1 Basics
1.2.1.1 Principles of dendritic cell migration

Like all other leukocytes, DCs are characterized by their high motility®€-82_|n the organs and
tissues they have colonized®®, immature DCs patrol and search for danger associated
antigens, which induce DC maturation and trafficking of migratory DCs to the draining lymphoid
organs to initiate an adaptive immune response (see section 1.1.2). Thereby, DCs have to
move within a plethora of tissue types and cross barriers requiring adaption of their motility
mechanisms3628084-86 Main parameters in the plastic process of migration are confinement

and adhesiveness?’, with the nature of the environment influencing the mode of migration.

Cell migration occurs under various geometric conditions, which include, for example, two-
dimensional (2D) environments where motile cells migrate on flat surfaces (x-y plane)® (Fig.
3 a). This 2D environment occurs very rarely in the organism and is found, for instance, during
organogenesis, when epithelial cells migrate along 2D sheets of basement membranes®. In
addition, 2D migration is found in leukocytes that patrol along the luminal surface of blood
vessels® or crawl across inner body surfaces, such as the peritoneum or the bronchial tract®.

Predominant in the organism, however, is a three-dimensional (3D), structurally complex
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environment (x-y-z dimension), where cells, such as DCs, are usually embedded in cell-rich
compartments (e.g., in the lymph nodes) or collagen-rich interstitial matrices®® (Fig. 3 b). Here,
the environment provides confinement, which is a significant difference to 2D environments.
Under 3D circumstances, at least one dimension of the environment is smaller than the
average DC, which means that the cell has to deform in order to locomote’’. Another significant
difference between 2D and 3D migration is that in 2D environments no change of direction in

the z dimension is possible.

a b

top view (oblique) side view

& | &

X

Figure 3. Models of cell migration in different environments

(2) 2D migration: Motile cell migrating on a flat surface using cell adhesion molecules (side view: black
rectangles). (b) 3D migration: Motile cell migrating between cells (left) or navigating through dense tissue (right;
curly lines: collagen fibers). Created with BioRender.com.

Principal elements for migration in any environment are force generation (membrane
protrusion and contraction by molecular motors) and force transmission/transduction
(contact interaction with the environment)”’, where the shifting of the balance between
adhesive, contractile and protrusive forces produces different modes of movement®.
Accordingly, two migration modes — among other types of migration — can be distinguished:
Adhesion-dependent migration is predominantly used by mesenchymal cells (mesenchymal
migration) and typically occurs with the help of transmembrane receptors of the integrin family,
which anchor the cell to the extracellular substrate®°293, |n addition to fibroblasts, which are
considered the prototypical mesenchymal cells, macrophages, myoblasts and certain cancer
cells and cancer cell lines also exhibit this locomotion behavior®*. For DCs, the mesenchymal
migration mode plays a minor role and only immature but not mature DCs have proteolytic
capacity — a common feature of “classical” mesenchymal cells that make their way by
proteolytic degradation of their environment®®, Integrin-independent migration is the
predominant locomotion mode of DCs in tissues® and the cells are characterized by gliding,
weak to no cell-substrate interaction, constant shape changes and the formation of a defined
front-back morphology (cell polarization, see section 1.2.1.2)°*%’. These morphodynamic

characteristics are reminiscent of the migration of the amoeba Dictyostelium discoideum®
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(amoeboid migration), a migration mode practiced by other leukocytes besides DCs, such as

neutrophils®1% and lymphocytes®190101 and also by some tumor cells®2.

Besides, migration modes can be categorized according to the form of the present
chemoattractant (CCRY7 ligands): In the absence of attracting signals, random migration (non-
directed locomotion) occurs, which is enhanced in the presence of homogeneous chemokine
fields leading to increased random cell motility'!®>. Depending on whether the cue is
immobilized or soluble the moving behavior of the cells is termed “haptokinesis” or
“chemokinesis”, respectively®°6:104-107 (Fig. 4 a). In case of a signal presented in the form of
a gradient, cells switch from random to directional migration being guided toward the signal
sourcel®1% Directional migration is characterized by the cells’ ability to extend, retract, and
stabilize membrane protrusions in a defined direction. If the chemokine gradient is immobilized,
the cells approach via “haptotaxis”, in contrast to soluble gradients, which induce
“chemotaxis” of cells®6:194-197 (Fig. 4 b). While the migratory pattern of chemokinesis helps
DCs to scan large tissue volumes!®®, directed movement caused by attractant gradients
enables them to efficiently reach secondary lymphoid organs®2. For DC migration, mainly C-C
motif chemokine ligand (CCL)19 and CCL21 play a role, differing by an elongated positively
charged C-terminus, which is only present in CCL21. This “extension” increases the binding
affinity to proteoglycans in the extracellular matrix (ECM) and on cell surfaces'® enabling the
formation of long-lasting stationary chemokine concentration gradients!'®!, Both chemokines
are abundantly expressed by stromal cells within the paracortical zone of the lymph node!'?-114,
but the obligate soluble CCL19 is expressed at much lower levels!'®. Moreover, CCL21 is also
present on afferent lymphatic endothelial cells (LECs)!'® (see Fig. 6). While CCL21 is
indispensable for guiding mature DCs to the lymphatic tissue®*11%17 CLL19 is assumed to
play a subordinate role in in vivo migration!®, although it is difficult to detect for the reasons

mentioned above, making reliable conclusions about its role difficult.
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Figure 4. Cell migration behavior in relation to the presence of the chemokine

(a) Haptokinesis: cell moves in a field of a homogeneously distributed chemokine immobilized on structures of a
3D environment (here: collagen fibers) or on a surface (2D). Chemokinesis: cell moves in a field of a
homogeneously distributed soluble chemokine. In both cases, random migration takes place (curled arrow). (b)
Haptotaxis: cell moves along a chemokine gradient immobilized on structures of a 3D environment (here: collagen
fibers) or on a surface (2D). Chemotaxis: cell moves along a soluble chemokine gradient. In both cases, directed
migration takes place (straight arrow). Created with BioRender.com.

1.2.1.2 Prerequisite for migration: Cytoskeletal rearrangements

The first prerequisite for a cell to initiate migration is the acquisition of a polarized morphology
that allows the translation of intracellularly generated forces into net cell movement*®. In the
process of polarization, cells become elongated and morphological changes occur that break
cell symmetry leading to the emergence of a cell front (leading edge) and a cell back (trailing
edge)®. The shape change can occur as spontaneous self-polarization without any external
signal'?® or is induced by chemical signals in the form of chemokines, that are — in the case of

DCs - ligands of the DC-transmembrane receptor CCR721122,

Mainly responsible for cell polarization is the rearrangement of actin and microtubule (MT)
filaments®119123: Formerly cortical filamentous (F) actin (Fig. 5, left) concentrates in the
anterior part of the cell (Fig. 5, right), causing the cell to lose its spherical shape!?*1?>, MTs in
DCs are mainly organized by the centrosome-containing microtubule organizing center
(MTOC)*® at which polar MT filaments are anchored with their minus ends and grow
predominantly at their plus ends toward the cell cortex leading to a radial symmetric array?”128,
During polarization, the MTOC leaves its position in the center of the cell and reorients toward
the uropod, where it is predominantly — but depending on the environment or the migration
mode (see sections 1.2.2.1 and 1.3.3.2) — located close behind the nucleus during
migration®112°-131 |n vitro studies have shown that MTs in polarized DCs align and grow along
the axis of migration, with the number of MT filaments radiating from the MTOC to the trailing
edge being higher than the number of filaments extending to the leading edge!?®. DCs are able
to change their polarity frequently and rapidly, which means, for example, that the cell front
forms relatively quickly in a different location from the previous one. This capability

distinguishes DCs from stationary polarized cells, such as neurons or epithelial cells®.

11
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Figure 5. Polarization of an amoeboid migrating cell

Unpolarized cell (left): Symmetric distribution of cytoskeleton components with central positioning of the nucleus
and the microtubule organizing center (MTOC). Microtubule (MT) filamets project evenly distributed into the cell
periphery. Branched actin filaments concentrate at the cell cortex. Polarized cell (right): Symmetry is broken,
forming a cell front/leading edge composed of actin-rich membrane protrusions and a cell back/trailing edge, where
actomyosin concentrates. The MTOC has moved toward the back of the cell, with more MT filaments radiating to
the cell back than to the leading edge. Created with BioRender.com.

Central player in the process of migration is the actomyosin cytoskeleton. In non-adherent 3D
environments, the front of a polarized DC with its rich occurrences of branched actin filaments
forms membrane extensions that extend/protrude into the open space without mechanical

anchorage, often referred to as “protrusions“®*-13 (Fig. 5, right cell and Fig. 3b right).

Actin filaments have a plus (barbed) end facing the membrane and a minus (pointed) end and
grow only at the former**. Polymerizing actin filaments push and protrude the plasma
membrane forward'® thereby acting as the main driving force of DC locomotion8287.13¢ MT
dynamics can also generate pushing forces®-14° put MT expansion does not contribute
appreciably to membrane protruding in DCs compared with growing actin filaments8139.140,
However, MTs primarily have other roles, such as pathfinding and cell shape control (see
sections 1.2.2.1 and 1.3.3.2), and they provide the infrastructure to deliver components for
membrane growth, actin-regulating factors, molecular motors, polarity factors, and others to
the leading edge!?14-143, The tail-like projection at the trailing end of polarized DCs is called
“‘uropod” and contains contractile fibers of non-muscle myosin Il that help to propel the cell
body forward!9144.145 (Fig. 5, right cell).

12
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1.2.2 Migration in different environments
1.2.2.1 Adhesion-independent amoeboid migration

The migration mode of DCs in 2D and 3D environments may be different. DCs migrating over
flat 2D substrates require adhesion receptors to anchor them to the surface, most likely since
gravity is not strong enough to confine the non-adherent cells to planar surfaces and allow the
transduction of traction forces®. The process of adhesion-dependent migration is
characterized by repetitive, intersecting or overlapping cycles of leading-edge protrusion,
adhesion, transmembrane force coupling by adhesion receptors and contraction of the cell
rear to promote de-adhesion#¢-14%. Ongoing repetition of these cycles produces a new cell
extension at the leading edge again, resulting in a coordinated multistep process of
binding/detachment from the substrate and extension/retraction of cellular

eXtenSi0n397’119'146’150_152.

Locomotion in 3D occurs much more frequently in the organism and means completely
different requirements and challenges for cells than migration in 2D. While migration of cells
such as DCs and T cells on 2D substrates depends on integrin-mediated surface anchoring,
their locomotion in a 3D environment can be both dependent and independent of adhesion
molecules'® 1l with the latter mode dominating. When embedded in complex 3D non-
adhesive tissues and tightly surrounded by fibrils or surfaces the need for surface anchoring
decreases® 1%, The cells experience enough confinement sufficiently immobilizing them and
shift their mode of migration to an adhesion-independent manner®190.153 jllustrating the
importance of environmental geometry for the migration mode of DCs. The flexibility to switch
between adhesion-dependent and adhesion-independent migration is termed “migration
plasticity“. In addition to DCs, neutrophils, macrophages and T cells are also able to change
their migration mode very rapidly®®. This plasticity enables DCs to flexibly adapt to the local
microenvironment, so that they can pass almost any tissue without remodeling or digesting
their environment®**. Switching between adhesive and non-adhesive migration modes was

also observed in tumor cells'*® facilitating metastasis*®®.

The relative complexity of a 3D microenvironment forces the cell to navigate through a complex
network of ECM proteins, overcome obstacles, and cope with ECM pores that are considerably
smaller than themselves®®’ (Fig. 3 b). It is noteworthy that mature DCs only very rarely use
path-generating mechanisms such as pericellular proteolysis during migration in 3D
structures’®®1:1%8 To deal with the challenge of the surrounding environment, migrating DCs
are able to drastically deform and squeeze their bodies allowing them to translocate through
very small interstitial spaces®'*® (amoeboid migration). In the amoeboid migration mode with

the strong polarization and unhindered by interactions with the ECM, remarkably higher

13
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velocities are achieved (~4-25 pm/min) than in  mesenchymal migrating cells

(~0.1-0.5 ym/min)®-16.159 "with DCs exhibiting velocities of about 10 um/min®°,

Main driver of the integrin-independent amoeboid migration mode is the force of the anterior
actin network expansion, which runs via F-actin polymerization®1%® and promotes the
protrusive “flowing” of the leading edge, which is accompanied by passive movement at the
trailing edge®. However, myosin Il-dependent contraction of the uropod (“squeezing“) is
particularly required to propel the rigid nucleus through narrow gaps in connective tissues®6%,
It was shown in in vitro assays with DCs that MTs at the leading edge are relatively stable
showing a low turnover, while at the trailing edge filament shrinking occurs more frequently*2®.
As MT depolymerization triggers actomyosin contractility'®? leading to the retraction of the
uropod, this high dynamic of the backward oriented MTs plays an importat role in the regulation
of local cellular retraction events!?® (see section 1.2.3).

When navigating through maze-like 3D microenvironments, DCs try to navigate along the most
efficient path while sensing chemical stimuli such as the chemokine CCL21 that guides DCs
to and within lymphatics'®. In this context, DCs are also guided by the mechanical properties
of the surrounding matrix: While moving through complex environments, DCs typically
encounter multiple pores and it has been shown in vitro that DCs prefer paths of larger pore
sizes, which facilitates nuclear passage®®!. The nucleus here serves as mechanical gauge for
larger pores®®! (Fig. 3 b) that probes dense tissue, estimates the available space and finds the
path of least resistance, enabling rapid locomotion in tissues®’. In line with this procedure and
conversely to mesenchymal cells!®3, the nucleus in amoeboid migrating cells/DCs is
characteristically located in front of the MTOC (Fig. 5, right cell)81:131.164,

Summary: DCs are able to switch between adhesion-mediated and adhesion-independent
migration thus adapting to the conditions of their environment. Independent of the mode, actin
polymerization and myosin |l mediated contraction are the main driving forces for locomotion.
MTs are not so much required for cell movement per se, but rather specify the direction of
movement by locally remodeling cell morphology. On 2D substrates and under adhesive
conditions in 3D, i.e., in the presence of integrin ligands, DCs rely on integrins for anchorage
and migration. Under non-adhesive circumstances, DCs are able to locomote without integrins.
The forward positioned nucleus acts as mechanical gauge helping the cell to choose the path

of least resistance when navigating through dense tissues.
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1.2.2.2 Dendritic cell migration in(to) lymph nodes

A “classical” migration route for tissue resident DCs is their way from the tissue to the draining
lymph node. The cells take this pathway after antigens have triggered their activation through
PRR stimulation, which is accompanied by the upregulation of CCR7 and a switch from a
mainly endocytotic activity toward a more migratory behavior allowing the cells to reach the
lymphatic system. Irrespective of the prevailing conditions (steady-state or inflammation), the
process of reaching the terminal lymphatics depends on CCR7 on DCs and its ligand CCL21,
expressed by LECs®466.165166 ‘\while CCL19 is not required for this process!'® (Fig. 6 a). Via its
positively charged C-terminus, CCL21 gets immobilized on cell and ECM surfaces!!%18
resulting in a perilymphatic haptotactic chemokine gradient decaying from the lymphatic
vessels!®! (Fig. 6 a, magnification). With the help of these stable “routes”, activated DCs
find the closest lymphatic capillary which they subsequently enter (intravasation)'%%7 |t was
shown in mouse ear skin that the immobilized gradient begins at a distance of about 90 ym
from the initial lymphatic capillaries — a point, at which DCs change their mode of locomotion
from a random fashion to a directional and persistent movement migrating along the

haptotactic gradient toward the vessel'!° (Fig. 6 a, magnification).

basement membrane LEC .
a ceL21 e haptotactic
™ M. LV ‘
branched terminal 0 (]
lymph capillaries: )
ymp p “ x % ﬁ)
DCs crawl actively L ()
\ o
k.
A . haptotactic y
ol | TN 0% ccL21 ))
i‘:} i collecting LV: ) gradient I (
P DCs passively
interstitial space | flushed 90 pm 90 pm
T erent | 5 SREEREED SCS ceiling
b ﬂ \ lymphatic ACKR4

" paracortex/
TCZ

o\ — j@:‘; scs
—&— ¢ floor

----- - 2.4 | Becellfollicle
medulla N "".i:
8 o _o.' cortex/BCZ
°
l efferent
lymph node lymphatic

paracortex/
TCZ

CccL21

15




Introduction

Figure 6. Migration of dendritic cells to and within the lymph node

(a) Antigen-loaded DCs approach afferent lymphatic vessels with the help of a C-C motif chemokine ligand (CCL)21
gradient that surrounds terminal lymphatics and induces a change in migration mode from random to directed
migration. After passing the basement membrane of the lymphatics and a layer of lymphatic endothelial cells
(LECs), DCs crawl along an intraluminal CCL21 gradient and reach the collecting lymph vessel, from where they
are flushed into the subcapsular sinus (SCS). (b) Due to the atypical chemokine receptor (ACKR)4, which
scavenges chemokines, another CCL21 gradient is created attracting DCs into the T cell zone (TCZ) of the lymph
node. Here, DCs encounter naive T cells that have entered the paracortex via high endothelial venules (HEVS). A
CCL21 gradient originating from HEVs that attracts DCs is suspected. DCs present their antigens potentially
inducing T cell activation. LV: Imypahtic vessel. Created with BioRender.com.

Terminal lymphatics are blind-ended branched capillaries that merge with larger collecting
vessels and are characterized by a discontinuous basement membrane'® (Fig. 6 a). The next
“barrier” for DCs on their way to the vessel lumen is a monolayer of LECs that are
discontinuously joined by specialized junctions'®®1° (Fig. 6 a, magnification) enabling the
attachment of DCs to LECs and subsequent crossing of the LEC monolayer
(transmigration)!’°-172, After arrival in the lymphatic vessel lumen, it takes DCs 1-3 days to
reach the draining lymph node®”. Intralymphatic DC locomotion occurs through a
combination of initial active crawling along the inner vessel wall and being passively flushed
by the lymphatic flow® 173174 (Fig. 6 a). Via this flush, DCs reach the subcapsular sinus
(SCS)%>173174 (Fig. 6 b) that has an asymmetric distribution of the atypical chemokine receptor
4 (ACKR4) (only the outer layer of LECs is positive for ACKR4)'" (Fig. 6 b, magnification). By
scavenging CCL21 a chemokine gradient is generated which points toward the paracortex/
T cell zone (TCZ) allowing directional DC migration into this region. On their way to the TCZ,

DCs pass the B cell zone (BCZ), where B lymphocytes are organized in follicles'’>17¢ (Fig. 6 b).

The encounter of T cells and DCs takes place in the vicinity of paracortical HEVs'’’, through
which most naive T cells enter the lymph node!’®1” |t was shown that CCL21 is expressed
by HEV cells®’¢7°83 probably establishing an interstitial gradient that attracts antigen loaded
DCs®7%7° (Fig. 6 b, magnification), which subsequently concentrate around HEVs”’. Findings

on CCL19 involvement in this process are conflicting® 7683180181,

1.2.3 Intracellular key players in directional dendritic cell migration

Proper and well-coordinated migration of mature DCs from peripheral tissues to draining
lymphoid organs is essential for protecting the organism against pathogens as well as for
inducing immune tolerance. Inducer of DC migration from the site of infection/injury to lymphoid
organs is the maturation process that is initiated upon antigen uptake!®. A central role in this

process is played by CCR7, a seven-transmembrane domain G-protein-coupled surface
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receptor which is upregulated by mature DCs (upon stimulation by pathogenic or inflammatory
signals) and semi-mature DCs (under steady-state conditions) being crucial for DC migration

to regional lymphatic tissues®364.66.78.122

There are several models of motility to describe the locomotion behavior of cells. To describe
the behavior of DCs in the absence of external directional cues under steady-state conditions,
the persistent random walk model fits best for amoeboid migrating DCs during their search for
pathogens’”183, In this biphasic random migration mode, phases of persistent walks along
curved trajectories alternate with periods of “diffuse migration”, which represents pauses in the
forward movement (Fig. 7). During the latter phase, DCs show short irregular displacements
randomly fluctuating around their specific location!®®. While during persistent migration the
velocity of DCs was shown to be remarkably higher than during diffusive migration', the
pause intervals enable the cells to search locally for pathogens.

persistant walk random walk persistent-random walk

Figure 7. Schematic illustration of different motility models

Persistant walk refers to a movement in any direction that occurs without deflection in any other direction. In
contrast, the random walk does not show any directness or directionality and is characterized by many successive
changes of direction. The persistent random walk can be regarded as a mixture of the first two models. In this
process, deflection-free, persistent migration phases alternate with phases in which random movement takes place,
during which there is no significant locomotion from the spot. Created with BioRender.com.

Since the most abundant mode of DC locomotion in the organism is adhesion-free haptotaxis,
the following will describe the rough signaling pathways for amoeboid migrating cells. Much of

the knowledge about this comes from studies with neutrophils.

Downstream of CCR7, activation of heterotrimeric G-proteins by the intracellular part of the
receptor occurs at the leading edge after extracellular chemokine binding'®* (Fig. 8). After
dissociation of the activated G proteins into a- and By-subunits, the latter activate
phosphatidylinositol 3-kinase (PI3K)8%18, This translocates together with its product
phosphatidylinositol-3,4,5-trisphosphate (PIP3) to the leading protrusion®” 188 where PIP3

activates the small guanosine triphosphatase (GTPase) Ras-related C3 botulinum toxin
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substrate 1 (Rac1) by means of specific guanine nucleotide exchange factors (GEFs)*®, such
as P-Rex1'®. Rac, which was shown in neutrophils to be a central and essential player in
leukocyte migration'®!, regulates the suppressor of cAR (SCAR)!°2-194 which stimulates the
actin related protein (Arp) 2/3%° (Fig. 8). Local activation of the Arp2/3 complex leads to actin
nucleation followed by branched actin polymerization at the cell front, resulting in the
development and expansion of protrusions that grow in a specific direction, which is the basis

for directional migration6°189,

This sets the stage for the cell to move forward, however, for the unidirectional bias of
locomotion, which occurs along gradients and is THE hallmark of haptotaxis/chemotaxis,
another player seems essential: It was shown in many cell types that in the absence of the
Rho-GTPase cell division cycle 42 (Cdc42) leukocytes exhibit a random walk rather than
directed migration when placed in a chemotactic gradient'®-1%°, After activation of p21-
activated kinase 1 (PAK1) by Gg,-subunit signaling, the Cdc42 specific GEF PAK-interacting
exchange factor a (Pixa)?® is recruited and activates Cdc42 (Fig. 8). This small GTPase
positively regulates PAK1 in a feedback loop ensuring high Cdc42 acitivity at the leading
edge? (not shown for overview reasons), and activates the Wiskott-Aldrich syndrome protein
(WASP)?°2, which in turn stimulates Arp2/3 resulting in actin nucleation followed by actin
polymerization at the leading edge of the cell*8-201.203 |t has been shown in DCs under 3D in
vitro conditions as well as in vivo that Cdc42 is indispensable for the temporal and spatial
regulation of cell protrusions at the leading edge!?’. At least in neutrophils and in the presence
of PIP3, the Ggy-subunit seems to activate the Rac- and Cdc42-specific GEFs P-Rex1 and
Pixa directly?®* (Fig. 8). The two active GTPases, Rac and Cdc42, in concert with polymerized
actin enhance the recruitment of PIP3 to the leading edge by building a positive feedback

loop?®® (not shown for overview reasons).
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Figure 8. Intracellular signaling pathways in an amoeboid migrating cell (simplified representation)

The movement of an amoeboid migrating cell results mainly from actin polymerization at the leading edge supported
by actomyosin contraction at the trailing edge. Both processes are based on complex signaling pathways that
influence each other (not shown). Key players at the cell front are the small GTPase Ras-related C3 botulinum toxin
substrate 1 (Racl) and the GTPase cell division cycle 42 (Cdc42), which are responsible for regulating actin
polymerization and leading edge coordination, respectively. At the uropd, the small GTPase Ras homolog family
member A (RhoA) dominates the action, activating actomyosin via the kinase Rho-associated protein kinase 1
(ROCKJ1). Created with BioRender.com.

In the signaling cascades that occur predominantly at the uropod after chemokine binding, the
small GTPase Ras homolog family member A (RhoA) plays an important role. The Gq-subunit
is able to activate RhoA via Rho specific GEFs2%62%7  such as the MT associated Rho-GEF Lfc,
which is released upon MT depolarization!?62%820° or p115Rho-GEF?° (Fig. 8). Effector of
RhoA is the serine/threonine kinase Rho-associated protein kinase 1 (ROCK1), which provides
myosin light chain (MLC) phosphorylation, leading to activation of non-muscle myosin Il
(NMM-11) and active retraction of local cell parts, such as the uropod!?®, by actomyosin
contractility!8211212 (Fig. 8). This process of local contractions is needed, for example, for
squeezing contractions of the cell’s trailing edge to propel the nucleus forward when migrating

through dense tissues®. The signaling cascade via MLC phosphorylation is also run to retract
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protrusions that occur in parallel during exploration of complex 3D environments to find the

path of least resistance?6131,

Summary: Racl and Cdc42 act at the cell front, with the former regulating actin polymerization
to promote protrusion and the latter controlling direction in response to extracellular signals.
RhoA acts in the cell body and especially at the rear, causing contraction/retraction via
actomyosin activation. The two signaling pathways involving either Rac or Rho have opposing
effects, with Rac dominating RhoA signaling at the leading edge and vice versa at the cell’s
rear?’3. Although, or rather because, both GTPases suppress the other’s activity, they act in
concert to generate functional and morphological cell polarity and maintain directed

migration?3420¢,

1.2.4 In vitro models and quantification of dendritic cell migration

Many insights into cell migration come from in vitro migration assays, which simulate the
physiological conditions in the body. For instance, adhesive 2D migration is experimentally
mimicked by ligand-coated surfaces to study, for example, the rolling and crawling of
neutrophils during extravasation?4, As a technical setup, microfluidic devices and chamber-
slides are used, which are coated accordingly?®®. Integrin-independent migration can be
mimicked in vitro by collagen assays in which 3D maze-like structures are created that
resemble the physiological situation!?'?'®, However, replicable in vitro simulation of 3D
physiological environments is difficult'!®, not least because of the increased complexity, which
manifests itself, for example, in the fact that changes in the protein concentration of the 3D
matrices affect stiffness, matrix pore size, cell confinement, and fiber crosslinking. In addition,

the techniques research groups use to produce 3D gels can vary greatly?*’.

In addition to 3D in vitro and in vivo experiments, there are dedicated 2D in vitro settings to
examine integrin-independent locomotion®132218 The prerequisite for this is the confinement
of the cells between non-adherent surfaces. This is the case, for example, when cells are
covered by a ceiling during migration, such as a layer of agarose (under agarose migration
assay)?'®, or during migration in microchannels whose design allows confinement of the cells
(for 2D migration: only one axis confined)’"8%220, A comfortable tool for assays that provide cell
confinement in the z dimension are microfabricated devices made of the silicone elastomer
polydimethylsiloxane (PDMS). With the help of PDMS-devices it is possible to not only create
simple setups, such as channels, but also more complex structures of almost any geometry
and architecture®220-227_ Since migration in the mentioned channel types or under agarose

only occurs in one plane, these assays are also termed “2.5D assays”® (confinement as it is
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the case in a physiological 3D environment, but movement only possible in 2D). However, in

the present work, we use the term “2D assays".

Cell movement can be quantified and analyzed by collecting migration parameters such as
velocity, directionality and persistence. Videos of moving cells generated by time-lapse
video microscopy from 2D or 3D in vitro assays allow tracking of individual cells and
subsequent derivation of the corresponding parameters with the help of suitable software!?!:228,
For example, it is possible to distinguish between non-directional cell motility (random cell
movement) and directional cell migration. Velocity provides information about how fast a cell
moves per unit of time and can be used synonymously with speed. Persistence is also called
directness and results from the ratio of displacement of a cell (Euclidean distance: length of a
straight line between start and end point) to total path length (accumulated distance) being a
measure of the straightness of the trajectories of a cell??®2% (Fig. 9 a).

persistence persistence 1
directionality T »\ 4 [ 4 directionality
/

displacement/ g
Euclidean distance .~

cell path/
accumulated distance

(e
v

persistence { persistence §
X directionality directionality §

Figure 9. Definition and differentiation of the cell migration parameters persistence and directionality

The definition of cell migration parameters in terms of straightness and direction varies in the literature. (a) In the
present work, we use the term "persistence" (or “directional persistence”) to make statements about the
straightness/directness of a cell during its migration and thus to obtain information about the degree of deviation
from its route. "Directional persistence" is defined as the quotient of displacement (or Euclidean distance as the
length of the direct connection between starting and destination point) and total path length (which is the
accumulated distance/the distance actually traveled). In contrast, the definition of "directionality" includes the
direction of migration relative to the gradient direction, which is the ratio of the displacement in the gradient direction
to total displacement (see b). (b) Relationship of persistence and directionality to each other in direct comparison.
Created with BioRender.com.

In the present work, we use the term “(directional) persistence”, which is not to be confused
with directionality (sometimes also called chemotactic index, Cl). Persistence is a parameter

that provides information about the extent to which a cell moves in random directions or heads
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for a destination without detours. In contrast, directionality/Cl includes the direction of migration
(angle) relative to the gradient direction (ratio of the displacement in the gradient direction to
total displacement) helping to quantify accuracy of the migration process (Do the cells move

in the actual gradient direction or in a different direction?)??° (Fig. 9 a, b).

1.3 Centrosomes

1.3.1 Structure

The centrosome is an organelle found in most animal somatic cells, where it serves
predominantly as the main MTOC®. Core components of the centrosome are two barrel-
shaped structures, called mother and daughter centriole, that are connected by flexible linker
fibers?®1232 and the surrounding pericentriolar material (PCM) that enables MT nucleation
(Fig. 10 a). Only the mother centriole carries distal and subdistal appendages at its distal
end?*2, Each centriole consists of a- and B-tubulin subunits forming nine symmetrically arranged
sets of MT triplets (Fig. 10 b), resulting in a cylinder of about 500 nm length and 130 nm and
250 nm inner/outer diameter in human cells, respectively®#234235 The MT triplets transition to a
doublet pattern at the distal ends of the two centrioles®® (not shown). Most proliferating
mammalian somatic cells harbor one centrosome in G1 phase that is mainly located in close
proximity to the nucleus?*-2%°, There is evidence of a structural connection between the two

organelles probably including the MT minus-end directed motor dynein?37.240-242,

a
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Figure 10. Structur of the centrosome

(a) The centrosome consists of two cylinders called mother and daughter centriole, the former bearing distal and
subdistal appendages allowing the two centrioles to be distinguished. The cylinders are connected by
proteinaceous linker fibers and surrounded by a variety of proteins, the latter forming the pericentriolar material (PCM).
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Centrioles are highly acetylated and have characteristic proteins, such as centrin and the centrosomal protein of
135 kDa (CEP135). In leukocytes, the centrosome nucleates and anchors microtubule (MT) filaments. (b) Structure
of a centriole: 9 MT triplets (red boxed) form a hollow cylinder, the centriole. Each MT filament consists of a- and
B-tubulin dimers (black boxed). Created with BioRender.com.

Centriolar proteins exhibit numerous post-translational modifications (PTMs) such as
acetylation, glutamylation, glycylation, phosphorylation and (de)tyrosination, with tubulin
carrying most of the known PTMs243-245_1t is now well known where different PMTs are located
along the centriolar sub-regions, and some of the modifications are used for centriole
visualization by antibody stainings (see Fig. 10 a, 12 c-e, 13 a and c). Although the function of
the centriolar PMTs has not been fully elucidated yet, they primarily appear to play a role in
MT nucleation and depolymerization, centriole/centrosome stability (especially acetylation?4®
and polyglutamylation®’), and are thought to be involved in regulating interactions between
centriolar MTs and associated proteins?#3, In addition to the PTMs, the particular triplet and/or
doublet structure of the centriolar MTs is believed to be the reason for the high stability of
centriolar MTs, which resist, for example, cold, MT destabilizing agents, pressure and/or

h eat246—250 .

Similar to, but more specific than PMTSs, there are centrosomal key proteins that characterize
specific regions of the organelle, making them a suitable tool in research for indirect
immunofluorescent-based visualization of the centrosome/centrioles: In the very proximal inner
part of both centrioles the centrosomal protein of 135 kDa (CEP135) can be found (Fig. 10 a),
while spindle assembly abnormal protein 6 (SAS-6) is only present in the inner proximal end
of newly emerging centrioles (“procentrioles”, see section 1.3.2). Here, both proteins are
involved in the assembly of the cartwheel. Centrin concentrates at the distal lumen of each
centriole (Fig. 10 a), where centriolar coiled-coil protein of 110 kDa (CP110) forms a cap
structure at each centriolar tip. Polo-like kinase 4 (PLK4) accumulates at the outer proximal
region of the parental centriole where it binds to the centriole-surrounding scaffolding proteins
CEP152 and CEP192%342%251 Centrosomal P4.1-associated protein (CPAP), however, is
located within the proximal lumen of each centriole. Cep164 and CEP83 belong to the group
of proteins that specifically localize to distal appendages, while subdistal appendages can be
characterized for instance by CEP170 (Fig. 10 a), CEP128 and ninein?3423,

As part of the centrosome, the PCM plays a central role in MTOC activity, being a decisive
structure for anchoring and nucleating cytoplasmic MTs during both interphase and mitosis?®2.
Although the PCM consists of more than 100 constituents, seven major components have
been identified, i.e., CEP120, CEP192 and CEP152, Cdk5 regulatory subunit-associated
protein 2 (Cdk5Rap2), neural precursor cell expressed developmentally downregulated 1

(NEDDZ1), y-tubulin and pericentrin®2°3, PCM proteins are organized in an ordered structure
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of concentric layers occupying discrete spatial regions around the centrioles?32%4, Some of the
mentioned proteins are suitable for staining the PCM and partially even make individual

centrioles visible (Fig. 12, c-e).

1.3.2 Duplication cycle

Usually cells are born with one centrosome, which subsequently duplicates once per cell
cycle®®, Since centrioles replicate in a semi-conservative manner, each newly replicated unit
contains both new and old components, i.e., in a centrosome there is an older centriole —
inherited as fully grown centriole from the previous cell division cycle — and a younger one, that
has just emerged in the previous cycle nucleating at a preexisting centriole (Fig. 11)%4233.249.256
Differentiation between the two cylinders is possible due to the distal and subdistal
appendages that are present only at the parent centriole?® (Fig. 10 a and 11). The distal
appendages are assumed to play a role in the recruitment of basal bodies to the membrane
during cilia formation, while subdistal appendages are involved in anchoring MTs257:258,

The centrosome duplicates in S phase of the cell cycle simultaneously with DNA replication,
resulting in two centrosomes with two centrioles, respectively. Centriole duplication is tightly
regulated to ensure that the formation of new centrioles can only occur once per cell cycle
guaranteeing the correct number of centrioles. Of note, the linkage between the two cycles is
also reflected in the fact that in case of a delay in one of the two cycles, the other stops in order
to avoid errors®°. Moreover, some proteins have been identified that play a dual role being
involved in both the DNA duplication and the centriole duplication cycle, namely PLK1, cyclin-
dependent kinase (Cdk) 1 and Aurora A. These mitotic kinases phosphorylate components of

the centrosome and mitotic machinery and also regulate each other?50-265,

The centrosome cycle, which is the canonical way of centriole generation in most proliferating
cells, can be divided into four consecutive steps?33234242252 (Fig. 11). A newly born cell harbors
one centrosome consisting of two orthogonally engaged centrioles. (1) Upon exit from mitosis,
the two cylinders move apart (disengagement), so that early G1 phase contains a mother and
a daughter centriole that have lost their orthogonal arrangement but are connected at their
proximal ends by protein linker fibers. (2) Driven by PLK4, as key regulator of centriole
biogenesis?®¢2%7 that is recruited to each centriole by CEP1522%8, and with the help of SAS-6
and CEP135 in late Gl/early S phase, a new centriole forms perpendicular to the wall of the
mother and daughter centriole, respectively. In addition, at the G1-S-transition PLK2 is
activated, which was shown to be required for centriole duplication in mammalian cells®°. The
newly arising centrioles are daughters, called ‘procentrioles’ until about mitosis when they are

almost fully grown, and emanate from a structure known as cartwheel, which serves as scaffold
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for the newly emerging centrioles®® thus only being found on procentrioles?®. The former
daughter centriole has now become a parent centriole itself — although it is still immature and
has no appendages yet (Fig. 11). After the initiation of procentriole assembly, the cell blocks
further centriole duplication (reduplication) until mitosis has ended and the next S phase is
reached?. (3) The procentrioles elongate under the control of CPAP?72273 during passage
through S and G2 phase leading to four centrioles per cell from late S phase on. In M phase,
procentrioles have reached about 80 % of their final length, which they acquire in a maturation
process during the next cell cycle?*?274, The linker that connects mother and daughter centriole
in G1 phase has now become a structure that links two parent centrioles or two nascent
centrosomes. (4) At G2/M transition, the two centrosomes separate by a Cdkl-dependent
mechanism?” that is induced by phosphorylation of the centrosomal NEK2-associated
protein 1 (C-NAP1) which is located at the proximal ends of the centrioles?’6-2"8, C-NAP1 binds
the linker fiber forming molecule rootletin and its phosphorylation leads to resolvement of the
linker?6277 allowing the two centrosomes to move to the two cell poles for organizing the
spindle apparatus. Simultaneously, the PCM expands enormously in mitosis and acquires
MTOC activity?7928 (“centrosome maturation”). This process occurs when Cdk1 levels are high
and requires the phosphorylation (activation) of the two serine/threonine kinases Aurora A and
PLK1263281 The following PLK1 mediated phosphorylation of pericentrin, Cdk5Rap2, and
Cep192, and others, then entails the recruitment of further PCM proteins?63:265.279.281.282 Ag g
result, MT nucleation is increased and the mitotic spindle forms. Finally, the two centrosomes
are divided between the two newly formed daughter cells. (1) Upon exit from mitosis and in
preparation of the following duplication process, the two centrioles within each centrosome
disengage which is mediated by the cysteine protease separase and PLK1. Centriolar

disengagement licences centriole duplication in the next cycle83284,

For the sake of completeness, it should be mentioned that in some cases centrosomes can

form de novo when centrioles are absent?°6.285.286
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Figure 11. The centrosome duplication cycle

The centrosome duplicates once during the cell cycle, which occurs in parallel with DNA replication. In G1 phase,
mother and daughter centriole are connected by the centriolar linker. At the G1/S transition, a procentriole
emanates from each existing centriole transforming the previous daughter into a parent centriole. During S and G2
phase, the newly formed procentrioles elongate and further mature, accompanied by an increase in PCM. At G2/M
transition, dissolvement of the linker fibers and separation of the two newly formed centrosomes takes place as
well as further expansion of the PCM. In M phase, the two centrosomes mediate the formation of the mitotic spindle
and are distributed to the two nascent daughter cells. With the disengagement of the two centrioles and the
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formation of the linker fibers, a new cycle begins. Created with Microsoft PowerPoint.
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1.3.3 The centrosome as main microtubule organizing center
1.3.3.1 Microtubule nucleation and anchoring

The centrosome functions as major MTOC in most animal cells, where it influences MT
dependent processes in cell division and interphase?*. During the former, the MTOC’s main
task is to coordinate the spindle apparatus while MTs ensure chromosome separation,
whereas in non-dividing cells the centrosome/MTOC has a crucial role in cilia assembly,
formation of the immunological synapse and migration®*251:260.287 Dyring cell locomotion, the
MTOC contributes to cell polarity with nucleated MTs regulating cell’s motility and controlling
cell shape. Moreover, MTs also play a role for intracellular transport and organelle positioning
by serving as tracks?®,

With regard to MTs, centrosomal MTOC function can be divided into a nucleating and an
anchoring activity, whereby there are also cell types in which MTs grow from the centrosome
(nucleation), for example, but then (partially) do not attach to it, but are anchored to membrane
organelles or are not anchored at all lying freely in the cytoplasm?®®-2°1 (see below). It is
assumed that centrioles themselves are less or not important for the formation of MTs (which
is/starts with MT nucleation), but for control of the aggregation of PCM components, MT
anchoring and assembly of cilia and flagella®*2°°. For the latter task, centrioles move to the cell
membrane in GO phase, where the mother centriole serves as basal body for cilia and flagella
(a conversion process that is possible in both directions in many cell types) with distal
appendages mediating docking to the plasma membrane (Fig. 11)?°22°3, However, cDCs do

not have cilia or flagella, so this feature of the centrioles will be neglected here.

MT nucleation takes place in the PCM of centrosome’s immediate environment?®*, For this
purpose, centrioles recruit PCM342352% gnd loss of centrioles has been shown to lead to
fragmentation of the PCM, emphasizing the fundamental role of centrioles for centrosome
integrity?°®. The actual process of PCM associated MT nucleation by the centrosomal MTOC
begins with the y-tubulin ring complexes (y-TURCSs), small ring-shaped structures of 25-30 nm
in diameter that are enriched at the centrosome and embedded in the PCM building the
functional core of the centrosome?’2%, The y-TuRC unit serves as template for MT
formation3% and consists of the special tubulin isoform y-tubulin®?, which directly binds to MT
minus ends®®? (MT minus-end cap), as well as several other proteins. Together they form the
basis from which MTs grow radially by polymerization of a- and B-tubulin dimers, resulting in
the typical hollow tube structure of MTs (Fig. 10). Mainly responsible for the recruitment of
y-TURC is NEDD13%, while Cdk5Rap2 is considered to be an activator of nucleation by
y-TURCs** and is required for the attachment of y-TURC to the centrosome/MTOC and the

recruitment of many other PCM proteins, thereby interacting with y-tubulin, pericentrin and
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CEP1922533% |n addition to y-TURC, the MT nucleation site accumulates factors for MT growth
while MT growth and shrinkage is controlled by a variety of MT associated proteins which

regulate the dynamic behavior at both MT ends394306,

Beyond MT nucleation, the MTOC has to stabilize and anchor MT minus ends at the
centrosome which is indispensable for maintaining a radial MT array in interphase'?® and
usually takes place with the participation of y-TURC3%, Subdistal appendages of the mother
centriole are considered the main structure of MT anchoring®®. The here located protein ninein
seems to play a crucial role in connecting the mother centriole and y-TuRC?%°. Moreover,
NEDD1 seems to be mandatory for anchoring y-TuRC-associated MTs3237_ |n addition to the
subdistal appendages, the PCM itself is being discussed as anchoring site?*2%%°, as is a
transient anchorage by y-TuRC units alone?®.

Although MTOCs are present in all eukaryotic cells®, not all cell types use centrosomal MTOCs
as site for MT nucleation and anchoring as leukocytes do*®*. While a radial MT configuration
is useful for cells that rapidly change their polarity, such as immune cells, in some
differentiated, stably polarized cells, a non-radial MT configuration is better suited for new
cellular functions, such that the MTOC function is shifted to non-centrosomal sites. During
neuronal development, for example, the centrosome is inactivated after an initial phase of MT
nucleation and loses its function as MT nucleator3®-3% while differentiated muscle cells were
shown to use the Golgi apparatus for MT nucleation as well as the nuclear envelope for both
MT nucleation and anchoring®°-313, Moreover, many polarized epithelial cells, for instance,
switch off the centrosome34307:314 and exhibit non-centrosomal MT arrays in which the
filaments are aligned linearly along the apical-basal axis of the cell nucleating from and

anchored at the apical site with their minus ends394314-316,

In the cases, in which the centrosome continues to nucleate MTs, there is evidence that newly
nucleated MTs are cut at their minus ends, probably by MT severing proteins such as
katanin314316-320 Sybsequently, MT filaments are released from their nucleation site into the
cytoplasm as it is reported from neurons in their initial differentiation®°321, Another possibility
is that cut MTs are translocated to sites of anchoring, such as subdistal appendages of the
mother centriole (nucleation and anchoring at the centrosome), apical parts in epithelial cells
or the Golgi apparatus (nucleation at the centrosome, anchoring elsewherg322:323)233317.319 |n
addition to cell differentiation, such severing processes play a role for the remodeling of MTs

at the transition from interphase to mitosis?3331¢,
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1.3.3.2 Centrosomes in cell migration

Almost all leukocytes, including DCs, typically use the centrosome for the nucleation and
anchoring of MT filaments3%4324, The tasks of the centrosomal MTOC plays a crucial role in cell
locomotion, which requires high flexibilty and plasticity of MT organization to allow migrating
DCs to adapt flexibly to different environmental demands.

Even before the actual process of locomotion, MTOCs and MTs play a crucial role, as they
contribute significantly to the process of polarization®’. Here, the MTOC leaves its central
position and moves toward the uropod, where it is usually positioned behind the nucleus in
amoeboid migrating cells/DCs, and in front of the nucleus in mesenchymal migrating
cells81131.163.164 The former conformation enables DCs migrating in complex environments to
use the nucleus — the largest and most rigid cell organelle — as a mechanical sensor to find
larger (convenient) pores (see section 1.2.2.1). Therefore, DCs simultaneously extend multiple
front and side protrusions into several closely spaced pores and do the same with nuclear
protrusions. Once the nucleus has translocated into the cell protrusion in the larger pore, the
MTOC follows3! and the cell decreases MT growth in the probing cytoplasmic protrusions!?,
Triggered by local MT depolymerization, activation of RhoA leads to local actomyosin skeleton
contraction!?6:208211 resylting in the retraction of competing protrusions and the trailing edge,
the latter process initiating translocation of the entire cell body*?¢31, In this way, a causal link
between MTOC passage/MT (depolymerization) and cellular retractions could be established,
emphasizing MTOCs’/MTs’ important role in pathfinding/directional selection during
locomotion through complex environments!?131: While the preceding nucleus probes pore
sizes, the posterior passage of the MTOC together with the withdrawal of MTs from all but the
leading protrusion likely stabilize the direction the cell has taken!?632>, The purpose of MT
controlled protrusion retraction is to prevent cell protrusions from becoming too long or
ramified, which might lead to cell entanglement'?®. Since MTs might have problems to enter
such protrusions due to their relatively stiff structure and straight growth, they induce the
retraction of such protrusions®12¢, Amoeboid-like migrating DCs use MTOC-nucleated MTs as
a “sensor” to survey and possibly correct cell shape!?® highlighting that MTs are involved in
physical coordination processes rather than individual processes of force generation or

substrate interactions (as is the case with actin filaments)*2,

In addition to MT filaments, actin is one of the scaffold elements coordinated, at least in part,
by the centrosomal MTOC, which promotes actin filament assembly (nucleation)®-326-327 The
main role of actin during cell polarization and migration is to generate protrusive and contractile
forces that move the cell forward®** but the specific role of the centrosome as an actin

organizer has not yet been deciphered.
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1.4 Aim of the present work

The number of centrosomes in most non-malignant proliferating cells is restricted to one in G1
phase and two from S phase. Although multiple centrosomes are usually not tolerated in non-
transformed cells®?®, previous data from our lab show that a proportion of murine DCs contain
multinumerous centrosomes. The centrosome in DCs is the main MTOC that plays a crucial
role during interphase when DCs perform one of their major tasks, which is to migrate.

Until now, supernumerary centrosomes were mostly associated with pathological processes
such as cell transformation and tumorigenesis®?°-323, Many cancer cells harbor two and more
centrosomes®4-33¢ and excess centrosomes in cancer cells have been shown to confer
beneficial tumor progression-driving features to the cells, such as enhanced invasion/
metastasis, making the cells more aggressive and leading to a poor prognosis330:336.337,

Against this background, the question of the role of extra centrosomes in DCs arises. While in
cancer cells, some mechanisms for the generation of multinumerous centrosomes have been
revealed®®-34 nothing is known about the emergence of multiple centrosomes in DCs. Thus,
one aim of the present work was to demonstrate the existence of excess centrosomes in
different types of DCs and to decipher their origin. In addition, a special focus was placed on
the role of multiple centrosomes in functional aspects of DCs investigated in the process of
migration. In this context, we also tried to shed light on spatial and geometrical facets of extra
centrosomes. Ultimately, we were also interested in whether there are further parallels
between DCs and cancer cells other than the mere fact that there are multiple centrosomes,

or what differences can be found.
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2 Material and methods

2.1 Material

2.1.1 Laboratory equipment

Device and model

Source / Manufacturer

Autoclave: VX-150 Systec
CO; incubator: CB210 Binder
Centrifuges:

8510R, 5415R, 5424R, 5810R Eppendorf
Galaxy MiniStar silverline VWR

Chambers for SDS-PAGE:
Mini-PROTEAN Tetra Cell, Mini Trans-Blot® Cell

Bio-Rad Laboratories

Counting chamber: Neubauer improved Marienfeld

Fluid aspiration system: BioChem-VacuuCenter (BVC) Vacuubrand

Gel and blot imaging sytem: ChemiDoc MP Imaging Bio-Rad Laboratories
Heating and shaking block: ThermoMixer C Eppendorf

Heating cabinet: venticell 55 MMM Medcenter
Heating chamber for microscopy: P Lab-Tek™ S Pecon

Hotplate:
Cimarec+™
SD 160

Thermo Fisher Scientific
Carl Roth

Hotplate stirrer: HSC

VELP Scientifica

Immunoblot transfer system: Trans-Blot® Turbo™

Bio-Rad Laboratories

Laminar flow hood: BDK-SK1800

BDK

Microscope stages (motorized)

Applied Scientific
Instrumentation (ASI),

Marzhauser
Microscopes:
Confocal laser scanning microscope: LSM880 + Airyscan Zeiss
Phase contrast microscope: Eclipse TS100 Nikon
Spinning-disc confocal system: Dragonfly 505 installed on an Andor,
Eclipse Ti2 inverted microscope Nikon
Spinning-disc confocal system: CSU-X1 installed on Yokogawa,
the inverted fluorescence microscope Axio Observer Zeiss
Widefield microscopes: Eclipse TE 2000, Eclipse Ti2 Nikon
Microwave: MWG 786 Clatronic
Objective heating: Objective Heater 2000 Pecon
pH meter: MP220 Mettler-Toledo
Pipette controller: accu-jet® pro Brand®
Pipettes (2.5-1000 uL): Eppendorf Research® plus Eppendorf
Planetary centrifugal mixer (mixer/defoamer): ARE-250 Thinky

Plasma cleaner: PDC-002

Harrick Plasma

Scales:
JB2002-G/FACT, AG285

Mettler Toledo

Shaker-rocker system:. Mini Blot Mixer

VWR

Silicon wafer for polydimethylsiloxane (PDMS) device
production

kindly provided by the
group of Michael Sixt
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Temperature control unit for microscopy:
TempController 2000-2

Pecon

Tilt shakers:
WS-5, WS-10

Edmund Buhler

Ultrasonic bath: Sonorex RK 31

Bandelin Electronic

Vacuum desiccator: SP Scienceware™ Bel-Art™
Vacuum suction system: AC02 HLC BioTec

Vortex mixers:

Vortex-Genie® 2 Carl Roth
VM-3000 VWR

ZX3 VELP Scientifica
Waterbath: VWB2 VWR

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis

2.1.2 Consumables

Item Source / Manufacturer
Adhesive tape: Scotch Magic™ (19 x 13 mm) 3M

Cannula:

Sterican® 0.40 x 20 mm, 0.45 x 25 mm, 0.90 x 40 mm Braun

Cell culture dishes (& 60 mm) and multiwell plates (6/12-well) In-house production (IST
with hole (@ 17 mm) in the middle of the bottom Austria)

Cell culture multiwell plates: cellstar® Greiner Bio-One

6-well 657160

24-well 662160

48-well 677180

Cell strainer: EASYstrainer™ (40 and 70 ym)

Greiner Bio-One

Cotton earswabs

JES Collection®, TEDI®

Coverslips (glass): round (810 mm), 0.13-0.16 mm

Carl Roth, Marienfeld

Coverslips (glass) #1.5: square (22 x 22 mm), 0.13-0.16 mm

VWR

Coverslips (glass, gridded): grid repeat distance 50 um Ibidi
Dental modeling wax sheets (toughened): Anutex® Kemdent
Glass bottom dishes (@ 35 mm): @ glass 14 and 20 mm MatTek
Glass bottom plate (6-well): @ glass 20 mm MatTek
Object slides: 76 x 26 x 1 mm Marienfeld
Petri dishes (round, sterile): Greiner Bio-One
@ 35mm 627161

@ 60 mm 628161

@ 100 mm 633161
Petri dish (quadratic): 120 x 120 x 17 mm Carl Roth
Plastic tips:

10, 200, 1000 pL Carl Roth
10 yL Eppendorf

Radiographic (x-ray) films Amersham Hyperfim™ ECL

GE Healthcare

Reaction tubes:

0.5,1.5,2mL Starlab

5mL Biozym Scientific, Roth
15, 50 mL Greiner Bio-One
Serological pipettes: cellstar® (2, 5, 10, 25 mL) Greiner Bio-One
Syringes:

Injekt® Solo (10 mL), Omnifix® Luer Lock Solo (10 mL)

Braun
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Syringe filters:
ROTILABO® (pore size 0.22 um)
Millex®-HP

Carl Roth
Millipore

Precast protein gels for SDS-PAGE:
4-20% Mini-Protean® TGX™

Bio-Rad Laboratories

Nitrocellulose transfer packs for immunoblotting:
Trans-Blot Turbo Mini 0.2 um

Bio-Rad Laboratories

IST: Institute of Science and Technology

2.1.3 Chemicals and reagents

Chemical / reagent

Source / Manufacturer

Acetic acid (96 %)

Carl Roth

Agarose UltraPure

Invitrogen

Ascorbic acid

Sigma-Aldrich

B-mercaptoethanol (for cell culture)

Thermo Fisher Scientific

B-mercaptoethanol (for protein gel electrophoresis)

Bio-Rad Laboratories

Blotting-grade blocker (non-fat dry milk)

Bio-Rad Laboratories

Bovine serum albumin (BSA)

Sigma-Aldrich

CCL19 and CCL21 (recombinant mouse)

R & D systems

Collagen type | solution PureCol® (bovine), 3 mg/mL

Advanced BioMatrix

Declustering agent GF-15 Sigma-Aldrich

Declustering agent PJ-34 hydrochloride hydrate Sigma-Aldrich

Deionized water (DI water) In-house production
(LIMES)

Developing solution for x-ray films: Adefo Citroline2000 Adefo-Chemie

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

Distilled water UltraPure™, DNase/RNase free Invitrogen

Double distilled water (ddH-20) In-house production
(LIMES)

Ethanol (= 99.5%) Carl Roth

Fetal calf serum (FCS)

Thermo Fisher Scientific

Formaldehyde (solution, 16 %), methanol free

Thermo Fisher Scientific

Isopropanol Merck

Recombinant human intercellular adhesion molecule 1 Thermo Fisher Scientific
(ICAM-1)

LPS from Escherichia coli Sigma-Aldrich

Mounting medium Fluoromount-G™ with/without DAPI Thermo Fisher Scientific
Paraffin wax Sigma-Aldrich

Penicillin/streptomycin

Thermo Fisher Scientific

Phosphatase inhibitor tablets PhosSTOP™

Roche

Ponceau S Sigma-Aldrich
Protease inhibitor tablets cOmplete™ Roche
Sodium hydrogencarbonate (solution, 7.5 %) Sigma
Triton™ X-100 Sigma-Aldrich
Tween-20 Sigma-Aldrich
Silicone glue: Aquarium Silicone Sealant Marina

DAPI: 4',6-diamidino-2-phenylindole dihydrochloride; LIMES: Life and Medical Sciences Instiute
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2.1.4 Buffer and media

Media and buffers Source / Manufacturer
Cell lysis buffer: . .
radio?/mmunoprecipitation assay (RIPA) buffer 10x Cell Signaling

GM-CSF (supernatant from hybridoma cells), produced by Stephanie
150 ng/mL Ebbinghaus, Kiermaier lab
HBSS 10x (with/without phenol red, with calcium, Thermo Fisher Scientific
magnesium, glucose, without sodium hydrogencarbonate)

Minimum Essential Medium (MEM) 10x (with phenol red, Thermo Fisher Scientific
without L-glutamine, HEPES and sodium hydrogencarbonate)

Phosphate-buffered saline (PBS), pH 7.4 Thermo Fisher Scientific
Protein sample buffer Laemmli 4x Bio-Rad Laboratories
Roswell Park Memorial Institute (RPMI) 1640 Medium Thermo Fisher Scientific
(with/without phenol red, with L-glutamine, without HEPES)

Tris-buffered saline (TBS) 20x Thermo Fisher Scientific
Tris-glycine-SDS (TGS) 10x Bio-Rad Laboratories

GM-CSF: granulocyte-macrophage colony-stimulating factor; HEPES: 4-(2-hydroxyethyl)-1-piperazine-ethane-
sulfonic acid; Tris: Tris(hydroxymethyl)aminomethane

2.1.5 Kits and standards

Kits and standards Source / Manufacturer
Cell proliferation kit: Click-iT™ Plus EdU, Thermo Fisher Scientific
Alexa Fluor™ 555 dye

Immunoblotting substrate (Western blot): Pierce™ ECL Plus Thermo Fisher Scientific
Protein standard: Precision Plus Protein Dual Color Bio-Rad Laboratories
Silicone elastomer (PDMS) kit: SYLGARD® 184 Ellsworth Adhesives

2.1.6 Solutions

Solutions for cell culture, immunofluorescence analyses and cell migration assays

R10 (R20) Solution for coverslip coating
RPMI 1640 medium 1x PBS

10% (20%) FCS 10% of 1:1 (vol:vol) mixture of
100 U/mL penicillin ICAM-1 (100 pg/ml) and CCL21
100 pg/mL streptomycin (25 pg/ml)

50 uM B-mercaptoethanol

Solution for cell permeabilization Formaldehyde 2/3/ 4%
1xPBS 1x PBS
0.2% Triton™ X-100 12.5/ 18,9 / 25% of formaldehyde

solution 16 %
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Solution for blocking and antibody dilution

1x PBS
1% BSA

2x HBSS

distilled water UltraPure™
20% 10x HBSS

Solutions and buffer for SDS-PAGE and immunoblotting

10x PhosSTOP ™ phosphatase inhibitor stock

solution for cell lysis buffer

1 tablet in 1 mL distilled water UltraPure™

25x cOmplete ™ protease inhibitor solution

Cell lysis buffer

DI water

10% 10x RIPA

10% of 10x PhosSTOP ™
phosphatase inhibitor solution

for cell lysis buffer

4% of 25x cOmplete™ protease

inhibitor solution

1 tablet in 2 mL distilled water UltraPure™

Loading buffer

4x Laemmli buffer
10 % B-mercaptoethanol

Ponceau S staining solution

ddH,O
0.2 % Ponceau
3% acetic acid (96 %)

inhibitors were added freshly

TBS-Tween (TBS-T)

1x TBS

0.1% Tween-20

Solution for blocking and antibody

dilution

TBS-Tween (0.1 %)
5% non-fat dry milk or 5% BSA

2.1.7 Antibodies and staining substances

Primary 1gG antibodies for immunofluorescence stainings

Company and

Target Host Clonality Conjugate Dilution product ID
a-tubulin rat mono 1:500 Thermo Fisher
Scientific (MA1-80017)
acetylated tubulin  _mouse  mono 1:600 Sigma-Aldrich (T7451)
BubR1 rab mono 1:100 Abcam (ab254326)
CEP135 rabbit poly 1:600 Abcam (ab75005)
y-tubulin mouse  mono 1.500 Sigma-Aldrich (T6557)
y-tubulin rabbit mono 1:500* Abcam (ab11317)
1:800**
LYVE-1 rat mono 1:200 Thermo Fisher
Scientific (14-0443-82)
MHC-II rat mono biotin 1:400 Thermo Fisher
Scientific (13-5321-82)
p21 rab mono 1:300 Abcam (ab188224)
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phospho-histone  rabbit mono 1:500 Cell Signaling (9701)
H3 (pH3) (Serl0)
pH3 (Serl0) mouse  mono 1.600 Cell Signaling (9706)

*ear sheets; **isolated cells

Secondary polyclonal antibodies for immunofluorescence stainings

Target Host Conjugate Dilution Company and product ID
mouse IgG donkey Alexa Fluor™ 488  1:400 Jackson ImmunoResearch
(H+L) (A488) (715-546-151)
rabbit IgG goat A488 1:400 Thermo Fisher Scientific
(H+L) (A11008)
rat 1IgG (H+L) donkey A488 1:400 Jackson ImmunoResearch
(712-546-150)
rat IgG (H+L) donkey A568 1:400 Invitrogen
(A78946)
mouse IgG donkey A647 1:400 Jackson ImmunoResearch
(H+L) (715-606-150)
rabbit IgG donkey A647 1:400 Jackson ImmunoResearch
(H+L) (711-606-152)
rat IgG (H+L) donkey A647 1:400 Jackson ImmunoResearch
(712-606-150)
mouse IgG donkey cyanine dye 3 1:400 Jackson ImmunoResearch
(H+L) (Cy3) (715-166-151)
rabbit 1IgG goat Cy3 1:400 Jackson ImmunoResearch
(H+L) (111-165-144)
rat IgG (H+L) donkey Cy3 1:400 Jackson ImmunoResearch
(712-165-150)
Additional staining substances
Substance Target fcl:onjugated Dilution Company and product ID
uorescent dye
Hoechst DNA 1:2000 Invitrogen
33342 (H3570)
phalloidin F-actin A546 1:200 Thermo Fisher Scientific
1:400 (A22283)
streptavidin  biotin Cy3 1:400 Jackson Immunoresearch
(016-160-084)
streptavidin  biotin ~ A647 1:400 Jackson Immunoresearch
(016-600-084)
Primary 1gG antibodies for SDS-PAGE
Target Host Clonality Dilution Company and product ID
BubR1 rabbit mono 1:1000 BSA Abcam (ab254326)
cyclin A2 rabbit mono 1:2000 milk Abcam (ab181591)
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cyclin B1 rabbit mono 1:1000 milk Abcam (ab181593)
cyclin E rabbit mono 1:1000 BSA Cell Signaling (20808)
Cdk2 rabbit mono 1:1000 milk Abcam (ab32147)
Cdk4 rabbit poly 1:500 milk Abcam (ab137675)
GAPDH mouse  mono 1:4000 milk Abcam (ab125247)
p21 rabbit mono 1:1000 milk Abcam (ab188224)
p27 rabbit poly 1:1000 BSA Cell Signaling (2552S)
vinculin mouse  mono 1:40000 milk Sigma-Aldrich (V9131)

Secondary polyclonal antibodies for SDS-PAGE

Target Host Conjugate Dilution Company and product ID
mouse IgG  goat horseradish 1:10000 Bio-Rad Laboratories (1706516)
(H+L) peroxidase (HRP)

rabbit 1IgG goat HRP 1:10000 Bio-Rad Laboratories (1706515)
(H+L)
2.1.8 Organisms

Organism Source

centrin 2 (CETN2)-green fluorescent protein
(GFP) mice
(CB6-Tg(CAG-EGFP/CETN2)3-4Jgg/J)

Jackson Laboratory

GM-CSF producing hybridoma cells

Prof. Dr. Michael Sixt, IST Austria

WT mice
(C57BL/6JRcC)

Genetic Resources Center, LIMES Institute

2.1.9 Software and online tools

Software and web applications

Company / URL

BioRender

https://app.biorender.com/

custom built software for laser cutting using
LabView3%

National Instruments

FI1JI%4¢ / ImageJ®*’ (1.48s and 1.53c)

https://imagej.net/software/fiji/
https://imagej.nih.gov/ij/

Fusion 2.2 Andor

ilastik v1.3.3 https://www.ilastik.org/about.html
iQ2 Andor

NIS-Elements AR 2.30 Nikon

NIS Elements 4.0 Nikon

GraphPad Prism 7 Graphpad Software

ZEN Black 2.3 SP1 Zeiss
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2.2 Methods

Unless otherwise stated, all experiments were performed at room temperature (RT) and with

single-concentration (1x) solutions and buffers.

2.2.1 Animal experimental techniques and cell culture methods
2.2.1.1 Mice

All mice used in the present studies were on a C57BL/6J background (wildtype (WT) and
CETN2-GFP) and kept at the animal facility of the LIMES in accordance with the German law
for animal experimentation. CETN2-GFP mice were purchased from Jackson Laboratory.

2.2.1.2 Generation and cultivation of ear explants

4-6-week-old female WT or CETN2-GFP reporter mice were sacrificed and their ears were cut
off with scissors near the head. Using forceps, ears were separated into a dorsal and a ventral
sheet®*8, which were placed on 500 pL of full medium (R10: RPMI 1640 medium, 10% FCS,
100 U/mL penicillin, 1200 pg/mL streptomycin, 50 uM B-mercaptoethanol) in a 48-well plate. For
declustering experiments, drugs were added to the medium in the indicated concentrations.
Due to the mechanical stimulus of rupturing the ears in half, skin DCs are activated, which is
accompanied by increased migratory capacity. According to the planned assay, ear sheets
were fixed immediately (timepoint 0 hrs) or incubated at 37 °C and 5% CO in a humidified
atmosphere for 24 or 48 hrs until fixation for the respective experimental runs. During this
incubation period, 500 pyL of R10 (+ declustering agents) were added daily. For fixation,
medium was removed and replaced with 2% paraformaldehyde (PFA) in PBS. After overnight
storage at 4 °C, ear sheets were washed 3x 15 min with PBS while placed on a shaking plate.

Immunofluorescence (IF) stainings were performed as described in section 2.2.2.3.

2.2.1.3 Isolation and cultivation of dermal DCs from ear explants

Ears of 8-12-week-old WT or CETN2-GFP reporter mice were cut off and split into two sheets
as described above. Ear sheets were placed inside-out on 500 pL of full medium (R10)
supplemented with 25 pg/mL CCL19 in a 24- or a 48-well plate and incubated for 3 days at
37 °C and 5% CO:in a humidified atmosphere to let dermal DCs crawl out into the medium.
500 pL R10 and CCL19 were added daily before the non-adherent cells were harvested and

fixed for IF staninigs, lyzed for immunoblot analyses or used in migration assays.
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2.2.1.4 Isolation of bone marrow and generation of BMDCs

Femurs and tibias from 8-12-week-old WT or CETN2-GFP reporter mice were taken and
placed in ethanol (70%) for 2 min. The ends of the bones were cut with scissors, and bone
marrow was flushed out with PBS, RRPMI or R10 using a syringe and 26-27 gauge needle.
The cell suspension was filtered through a sterile strainer (70 um) and centrifuged at 300x g
for 5-10 min at 4 °C. For differentiation into DCs, cells were seeded in 100 mm Petri dishes
(2x1068 cells/dish) in R10 supplemented with 10% GM-CSF in a total volume of 10 mL. Cells
were kept at 37 °C, 5% CO2 and 80 % humidity. On day 3, cells were fed with R10 containing
20% GM-CSF in a total volume of 10 mL leading to a total culture volume of 20 mL. On day 6,
10 mL of cell suspension was removed, discarded, and replaced with R10 containing 20 %
GM-CSF in a total volume of 10 mL, again resulting in a culture volume of 20 mL per dish.
Non-adherent cells were harvested and reseeded (2x10° cells/dish) in R10 and 10 % GM-CSF
in a total volume of 20 mL. Stimulation was performed using 200 ng/ml LPS added to the cell
cultures for 16 hrs. For experiments with immature DCs, cells from days 6 and 7 were used
(unstimulated cells), whereas mature DCs were used from day 8 and 9 of cell cultivation

(stimulated cells).

2.2.2 Cell based assays
2.2.2.1 Eduincorporation assay

For EdU labelling, immature and mature WT BMDCs as well as ear sheets from WT and
CETN2-GFP mice from indicated time points were incubated with 10 uM EdU in R10 medium
for 1 h at 37 °C, 5% CO, and 80% humidity. Subsequently, cells were immobilized on
coverslips. Immobilized cells and ear sheets were fixed with PFA (see sections 2.2.1.2 and
2.2.2.2) and permeabilized before EdU detection using the Click-iT EdU Imaging Kit according
to the manufacturer’s protocol. Since Edu of the kit is coupled to a fluorophore (Alexa Fluor
555 dye), EdU-positive cells were identifiable and were imaged using a laser scanning

microscopy.

2.2.2.2 Immunofluorescence stainings in vitro

In the case of non-migrated cells, round glass coverslips were coated with 2 pL of a 1:1 (vol:vol)
mixture of ICAM-1 and CCL21 (see section 2.1.6) for 10 min before they were placed into a
24-well plate. 1-3 pL of DCs in full medium were transferred onto each coated coverslip,
incubated for 5 min at 37 °C on a hotplate and fixed with 250 pL 4% PFA/PBS at 4 °C for

20 min. Afterwards, cells were washed with PBS (3% 10 min).
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In the case of migrated DCs, cells that have migrated on uncoated coverslips under agarose
(see section 2.2.3.1) were fixed by adding 500 uL of 4% PFA/PBS on top of the agarose. After
over night incubation at 4 °C, remaining PFA solution on top of the agarose was removed
before the agarose pad was carefully lifted off using a coverslip-tweezer. Coverslips were

transferred into a 24-well plate and washed 3x 10 min with PBS.

Coverslips with migrated and non-migrated cells were incubated with 250 pL 0.2% Triton X-
100/PBS for 20 min to permeabilize the cells. A washing step of 2x 10 min with PBS was
potentially followed by EdU staining with the Click-iT EAU Imaging Kit, concluding with a
washing step (2x 10 min of PBS). Prior to antibody staining, a blocking step was performed to
prevent non-specific binding. Therefore, samples were incubated in 250 pL blocking solution
(1% BSA/PBS) for 1 h. Primary antibodies diluted in 200 pL blocking solution were added
overnight (only exception: CEP135-antibody which was incubated for 30 min) at 4 °C.
Coverslips were washed for 3x 10 min with PBS and incubated with secondary antibodies in
200 pL blocking solution for 1 h in the dark. Finally, samples were washed again with PBS for
3x 10 min before the coverslips were placed upside down on a glass object slide with a drop
of non-hardening mounting medium containing DAPI. Samples were sealed with nail polish.
Storage was at 4 °C in the dark.

2.2.2.3 Immunofluorescence stainings in situ

After overnight fixation at 4 °C and washing with PBS for 3x 15 min (see section 2.2.1.2), ear
sheets were incubated with 0.2% Triton/PBS for 20 min. Explants were washed again with
PBS for 2x 15 min. This step was followed by a potential EAU staining with the Click-iT EdU
Imaging Kit, which was completed with a washing step (3x 10 min with PBS). Regardless of
the following assay, all samples were incubated with 250 pL of blocking solution
(1% BSA/PBS) for 1 h which was followed by primary antibody treatment with 200 uL of biotin-
coupled MHC-Il-antibody diluted in blocking solution for 120 min to stain dermal DCs.

For centrosome visualization, single centrioles were parallelly stained with an antibody against
ac-tubulin when using ears of WT mice. Depending on the experiment, the PCM was co-
stained using an antibody against y-tubulin. After a PBS washing step for 3x 10min, samples
were incubated with the respective secondary antibodies in blocking solution for 90 min and
washed again with PBS for 3x 10 min. Nuclear staining was performed using Hoechst dye
1:2000 in PBS for 30 min, followed by a final washing step with PBS (3x 10 min).

In assays study Edu incorporation of dermal DCs in situ, a washing step (3% 10 min with PBS)

was performed after incubation of the primary antibody, followed by incubation of the
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secondary antibody (streptavidin-coupled fluorophore) for 90 min. A final wash step of 3x 10

min with PBS prepared the samples for conservation (see below).

For joint visualization of dermal DCs and lymphatic vessels, a 120 min incubation with primary
antibodies was performed after the blocking step with 1% BSA/PBS to stain dermal DCs
(MHC-II biotin) and lymphatic vessels (LYVE-1). This was followed by washing with PBS for
2x 15 min. Since both antibodies were from the same species (rat), an additional “blocking”
step was performed with a streptavidin-coupled fluorophore diluted in 200 pL blocking solution
(1 h). Immediately thereafter, explants were incubated for 90 min with secondary antibodies
diluted in 200 pL blocking solution. Subsequently, samples were washed with PBS for
3x 15 min.

Ear sheets were placed on microscopy slides (stained side up) where they were drizzled with
a drop of PBS or non-hardening mounting medium with or without DAPI. Finally, explants were
covered with a round glass coverslip sealed with nail polish. Storage was at 4 °C in the dark.

2.2.2.4 BubR1 staining in immature cells under agarose

To microscopically investigate mitotic abnormalities, BubR1 and other relevant intracellular
structures of BMDCs in M phase were imaged. Injection of cells under a pad of agarose results
in a very flat shape of the cells, allowing target structures to be subsequently visualized clearly
using IF stainings. To have enough or more mitotic events, immature cells were used.
According to the cultivation protocol (see section 2.2.1.4), immature WT BMDCs were fed on
day 6. After 8 hrs, cells were harvested and injected under agarose onto a coverslip as
described in section 2.2.3.1. For the easier performance of the injection, a hole was punched
on the opposite side, but this was not filled with chemokine as is the case in the under agarose
migration assays. Since the (mechanical) process of injection induces a partial activation of
the cells, resulting in the cells evolving from a more proliferative to a more migratory state, cells
were fixed directly after injection using prewarmed 4% PFA/PBS. Dishes were stored in a
humidifed incubator at 37 °C and 5% CO, for 5-20 min until further fixation at 4 °C over night.
Staining was done as described in section 2.2.2.2. For mounting, a non-hardening medium

containg DAPI was used.

2.2.2.5 Actin staining and quantification

To visualize centrosomal actin, mature (d9) WT and CETN2-GFP BMDCs that had previously
migrated under agarose were fixed, permeabilized, and blocked as described previously.
Samples were then treated with Alexa Fluor 546 (A546) coupled phalloidin (1:200 and 1:400)
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over night at 4 °C. In parallel, the PCM was co-stained with an antibody against y-tubulin. In
the case of WT cells, centrioles were additionally co-stained using an antibody against
ac-tubulin. After staining with secondary antibodies the next day, samples were preserved in
non-hardening mounting medium containing DAPI. Quantification of centrosomal actin was
performed only in diploid cells to exclude ploidy-related effects. Identification of 2N cells was
based on the nucleus size as described in sections 3.2.3 and 3.3.2. The amount of centrosomal
actin was determined using integrated Phalloidin-A546 fluorescence intensity. Normalization
was performed in ImageJ by defining a region of interest (ROI) to mark areas for measurement.
The defined ROI was then used to mark the area around the centrosome and an area of same
size in the cytosol. Subsequently, the quotient of centrosomal actin signal (fluorescence
intensity centrosome) and non-centrosomal actin signal (fluorescence intensity cytosol) was

calculated for each cell.

2.2.2.6 Quantification of nuclear p21

In cell cycle analysis, the amount of nuclear p21 in fixed WT BMDCs of different maturation
stages was determined by IF analysis. For this purpose, p21 was stained and the nuclei
counterstained with DAPI. All images were acquired under the same settings with a confocal
laser scanning microscope (LSM880) and processed in FIJI. An oval ROl was defined that was
large enough to label as much of each nucleus as possible, but small enough to "fit" into most
nuclei. The ROI was applied to all nuclei of an image and the integrated fluorescence density
of the p21 signal was measured in the marked area. Cells with nuclei smaller than the ROI

were not analyzed.

2.2.2.7 Inhibition of centrosomal clustering in vitro

Mature CETN2-GFP expressing BMDCs from day 9 (maturated over night from day 8 to 9)
were harvested. To reduce the number of non-DCs and dying cells, allow recovery from LPS
treatment, and reduce the amount of drug required, cells were reseeded in a 24-well plate
(0.4x10° cells/well) and treated with declustering drugs and appropriate control for the
indicated time at 37 °C and 5% CO: in a humidified atmosphere. Depending on the following

experiments, the next steps differ:

For analysis of declustering potency of the two drugs, cells were harvested, immobilized on
coated coverslip (see section 2.2.2.2) and fixed with 4% PFA/PBS. Afterwards, samples were
conserved in non-hardening mounting-medium containing DAPI and analyzed for inter- and

intracentrosomal distances using laser scanning microscopy.
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For analysis of cytoskeletal structures, particularly MTs, and PCM after drug treatment, cells
were harvested and injected onto an uncoated coverslip under a block of agarose, which
contains the respective declustering drug. A chemokine gradient was used to induce
directional migration, resulting in a flat morphology of the cells so that intracellular structures
could be easily visualized. In a state of stable migration, cells were fixed through the agarose

and stained as described in section 2.2.2.2.

To analyze the migration behavior of drug treated DCs, the cells were harvested and used in
collagen and under agarose migration assays, in which the respective declustering drug was

also added to the collagen/agarose (see sections 2.2.3.1 and 2.2.3.2).

2.2.3 Migration assays and pertubation of cell locomotion
2.2.3.1 2D under agarose migration assay

2D under agarose migration assays were performed for two different purposes: to generate
migrating DCs that were fixed during migration to obtain flat cells for staining intracellular
structures, or to monitor cells live during imaging. In both cases, mature (day 9) WT or CETN2-
GFP expressing BMDCs were harvested and reseeded in a 24-well plate (0.4x10° cells/well).
In the case of declustering experiments, cells were treated with the respective agents and
appropriate controls for the indicated time in a humidified atmosphere at 37 °C and 5% CO,.
For experiments without declustering drugs, cells were allowed to sit for approximately 55 min.
Dermale DCs emigrated from ears sheets for 3 days were not reseeded but harvested directly

from the 24-well plate for subsequent injection under agarose (see below).

For IF stainings, migration chambers were constructed from 35 or 60 mm Petri dishes and a
plastic ring approximately 12 mm in diameter that was glued to the center of each dish with
heated paraffin wax. A round coverslip with a diameter of 10 mm was placed on the dish bottom
in each ring (see Fig. 16 c). For following the migration process, glass bottom dishes with
optical properties for high-resolution microscopy were used instead of plastic Petri dishes and
coverslips, allowing live imaging of moving cells. To prevent microbial contamination and
regardless of the planned assay, the constructs were irradiated with UV light under a sterile

laminar flow hood for 20 min.

To prepare agarose pads, 4% agarose was heated and dissolved in nuclease-free distilled
water and mixed with phenol red-free R20 (see section 2.1.6) and Hanks’ Balanced Salt
Solution (HBSS) (pH 7.2) in a ratio of 1:3 (final agarose concentration: 1%). In the case of live

cell fluorescent imaging, ascorbic acid (final concentration: 50 yM) was added as radical
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scavenger. If declustering experiments were performed, the agarose mixture was added with
the declustering drug or the appropriate control. Subsequently, 500 ul of the agarose-medium-
mixture was poured into the glued rings. After a solidification time of about 5 min, a hole of
about 1.5 mm diameter was punched into the agarose near the edge using a cut earswab (see
Fig. 16 c). The part of the dish surrounding the plastic ring was filled with ddH-O to create a

humid environment for subsequent agarose equilibration at 37 °C, 5% CO; and 80 % humidity.

After approximately 55 min, any water in the holes was removed, CCL19 was diluted in phenol
red-free R20 (final concentration: 2.5 pg/mL) (depending on assay + declustering
agents/control) and filled into the prepared holes to create a soluble chemokine gradient that
attracts DCs. In parallel, DCs in the 24-well plate were harvested, centrifuged for 5 min at
300x g, and concentrated to 0.6-0.8x10° cells/uL R20 before 0.4-0.8 uL of the cell suspension
was injected under the agarose on the opposite side of the chemokine hole. The purpose of
the injection was to confine the cells between agarose and coverslip. Successful injection was
monitored with a phase contrast microscope (Nikon Eclipse TS100). Suitable dishes were
incubated for 2-3 hrs at 37 °C, 5% CO. to allow the cells to recover and achieve a state of
stable migration. Via microscope, cells were checked for proper confinement and migration
status. It should be noted that if simple fixation and no live cell imaging is planned, the complete
medium may contain phenol red and only 10% FCS instead of 20 %.

Depending on the assay, the next steps differ: For IF experiments, cells were fixed with 500 pL
of 4% PFA/PBS added on top of the agarose and incubated over night at 4 °C. For next steps,
see section 2.2.2.2. Live cell imaging was performed on a confocal laser scanning microscope,
widefield systems or a spinning-disc confocal system, all equipped with an incubator or a

heating chamber to provide the best possible physiological conditions (see section 2.2.4).

2.2.3.2 3D collagen migration assay

Chambers for 3D collagen migration devices were assembled with strips of dental wax that
were formed into a U-shape and pressed onto an object slide!?!. A square coverslip (18 x 18
or 22 x 22 mm) was placed on the U and the construct was warmed up at 60 °C for 1 min to

allow the coverslip to be gently pressed onto the U to fix it in place (see Fig. 12 a).

Mature WT BMDCs (day 9) and dermal DCs that migrated out of the ears of CETN2-GFP-
expressing mice for 3 days were harvested and reseeded into a 24-well plate
(0.3x10° cells/well). Cells were stored at 37 °C and 5% CO for at least 30 min for recovery or,
in the case of declustering experiments, treated with declustering agents and an appropriate

control for the indicated time. After recovery/incubation time, cells were harvested, centrifuged
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for 5 min at 300x g, and resuspended in 100 pL R10 leading to a cell concentration of
0.3x10° cells/100 pL.

Collagen gels for U-shaped devices were prepared by mixing sodium hydrogencarbonate
solution (7.5 %), 10x Minimum Essential Medium (MEM) and collagen type | solution (3 mg/mL)
in a ratio of 1:2:15 resulting in a collagen gel of 1.7 mg/mL*?!. For each U-shaped migration
chamber, 200 L of the collagen mixture was calculated. The collagen mixture was next mixed
with the cell suspension in a ratio of 2:1 and filled into the U-shaped chamber until it was two-
thirds full (80-200 uL). Devices were placed in a slide holder (upright) and stored in a humidifed
incubator at 37 °C and 5% CO; for at least 45 min to allow polymerization of the gel. After this
time, CCL19 diluted in R10 medium (final concentration: 0.625 pg/mL) was placed on top of
the gel (40-100 pL) forming a chemotactic gradient that induces directional cell migration; the
open top of the chamber was tightly sealed with heated paraffin wax (see Fig. 12 a). Images
were acquired with a widefield microscope using time-lapse video microscopy.

2.2.3.3 Migration in Y-shaped micro-fabricated channels

Silanized wafer as moulds for the production of polydimethylsiloxane (PDMS) based devices
were kindly provided by the group of Prof. Michael Sixt, Institute of Science and Technology
(IST) Austrial?6154.226227  Eor the production of PDMS-devices (see also 2%), the wafer with
Y-channel designs (channel size: 4 x 4 um) was placed in a round tray of aluminium foil and
overlayed with a mixture of silicone elastomer base and silicone elastomer curing agent (kit
Sylgard184) in a ratio of 10:1 after the two components were mixed and degassed in a
planetary centrifugal mixer for 4 min. After degassing with a vacuum desiccator for about
3x 3 min, the the PDMS was cured at 80-85 °C over night.

The next day, the PDMS part was separated from the wafer and cut into small rectangular
pieces according to the distribution of the Y-channel designs. Using a puncher, two holes of
2 mm diameter were punched in the PDMS: The hole for the cells was punched close to the
bottom of the Y (single arm), while the hole for the chemokine was punched above the ends
of the two arms of the Y. Afterwards, PDMS pieces were cleaned with scotch tape.

Rectangular glass coverslips (#1.5) were cleaned in an ultrasonic bath with isopropanol,
ethanol and DI water for 5 min each and then dried. Subsequently, coverslips and PDMS
pieces were plasma cleaned for approximately 2 min before the PDMS pieces were placed on
the coverslips with the features facing down. After gentle pressing, coverslips with PDMS were
placed on a hotplate (85 °C) for 1 h to achieve proper bonding. Aquarium glue was used to
glue coverslip bound PDMS devices into a custom-made Petri dish/mutiwell plate having a

hole in the center. The glue was left to cure overnight at RT or in warming oven at 85 °C.
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For the equilibration of the devices and all subsequent steps, R20 medium without phenol red
was used to provide the best possible conditions for the migration of cells under fluorescence
conditions. Therefore, ascorbic acid (final concentration: 50 yM) was also added to the
medium. This mixture is called "medium" in this chapter. Dishes/wells were filled with
prewarmed medium until the devices were fully covered. Devices were additionally flushed
through the two holes. To avoid or remove air bubbles inside the devices, dishes/plates were
degassed in a vacuum desiccator for 5-10 min. Medium from top of the devices was removed
and dishes were stored in a humidifed incubator at 37 °C and 5% CO: over night. All medium
from the dishes/wells and chemokine holes was removed and 7-10 pL CCL19 diluted in
medium (final concentration: 2.5 ug/mL) was filled in the chemokine holes. Then the hole for

cells was emptied, which sucked the chemokine into the system.

Mature CETN2 BMDCs (day 9), previously harvested and then seeded for a recovery time of
at least 45 min in a 24-well plate, were harvested from the multiwell plate, adjusted to
approximately 6x10%/uL, and carefully pipetted into the cell hole of the PDMS device (7-10 uL).
After about 10 min, dishes/wells were filled with medium until the devices were covered
completely. Devices were incubated in a humidifed incubator at 37 °C and 5% CO; at for 1-
3 hrs before fluorescence imaging began using a widefield microscope.

2.2.3.4 Laser ablation of centrosomes

During 2D migration under agarose, mature CETN2-GFP BMDCs were exposed to different
laser treatments, distinguishing between 3 scenarios: 1) “full” or “complete” centrosomal
ablation: complete centrosomes were ablated. 2) “partial” ablation: one centrosome of multiple
centrosomes was ablated. 3) “control ablation”: laser shots hit the cytoplasm near the
centrosome, but not the organelle itself. To determine the area of exposure, the software used
allowed the definition of a ROI, which was always the same size when placed around the
centrosome (full, partial ablation) or near it (control ablation).

Imaging of the cells at least 4 min before and after (control) ablation allowed analysis of
migration velocity and persistence before and after the intervention. Therefore, cells were
tracked manually using the ImageJ plugin Manual Tracking. The data obtained were fed into
the Chemotaxis and Migration Tool, another ImageJ plugin, to quantify cell velocity and
persistence. Results were presented as change in parameters between pre/post intervention.
As part of the efficiency analysis of centriole depletion, maximum intensity Z-stack projections
of CETN2-GFP signals prior to and after the ablation process were recorded. Subsequently,
fluorescence intensity of the GFP signal was quantified in FIJI by defining a ROI that marked

the area of the centrosome before and after the ablation process.
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Gridded glass coverslips were used for IF experiments in which MT filaments were stained, to
retrieve those cells that had undergone complete laser or control treatment. MT filaments were
counted after centrosomal laser ablation and compared with MT numbers of untreated cells.
Similarly, the configuration of MT filaments (length, straightness) in laser exposed and control
treated cells was quantified. For this purpose, MT were tracked semi-manually using the FIJI
plugin NeuronJ. The obtained “traces” were used to calculate straightness ((distance start-end

divided by filament length) weighted by filament length).

2.2.4 Microscopy
2.2.4.1 Imaging of fixed samples on a confocal laser scanning microscope

Fixed cells for IF analyses were imaged at RT with an inverted confocal laser scanning
microscope (LSM880) equipped with a motorized stage (Marzhauser), an Airyscan module, a
photomultiplier tube and laser lines of 488, 561, and 633 nm wavelength. The associated
software (ZEN Black 2.3 SP1) comes from Zeiss, as do all the previously mentioned
components. Image acquisition of immobilized BMDCs and dermal DCs emigrated from skin
explants was performed using a Plan-Apochromat 63x%/1.4 oil objective. In situ, i.e., in ears
sheets, the same imaging conditions were used for visualization of centrosomes, whereas
localization of dermal DCs with respect to lymphatic vessels and determination of the
percentage of Edu-positive cells were performed with a Plan Neofluar 20x/0.50 air objective.
During image acqusition with a 63x objective, 200 nm sections in the Z-dimension were
captured (covering a range of 4-8 um), while during imaging with a 20x magnification sections
of 2 um were taken. Z-images were subjected to maximum intensity Z-stack projections using
FIJI. In some image sections of ear sheets, only the indicated z-planes were projected to more
clearly show structures of interest.

For the identification and quantification of centrioles in BMDCs and emigrated dermal DCs, the
colocalized presence of ac-tubulin/CETN2-GFP and y-tubulin staining or ac-tubulin/CETN2-
GFP and CEP135 staining was used as a criterion. Structures that did not show a
colocalization of the two markers were not considered as centriole and were therefore excluded
from the analyses (only exception: quantification of centrioles in immature and mature WT
BMDCs, as shown in Fig. 14 a; here, only ac-tubulin positive foci were used for quantification).
Centrioles were counted manually after maximum z projections.

Image acquisition of cells to visualize MT filaments and actin was conducted in the Airy Mode
and images were afterwards treated by deconvolution. For the quantification of MTs and actin,

only 2N cells were used to exclude effects due to ploidy. Conclusions about ploidy were
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obtained from nuclear sizes recorded with FI1JI after DAPI staining, as described in sections
3.2.3 and 3.3.2. Following maximum intensity Z-stack projections, MTs emanating from the
centrosome/s were counted manually using FlJl/Image. Quantification of actin is described in
section 2.2.2.5. Quantification and graphical representation of cell and migration related

parameters was performed using GraphPad Prism.

2.2.4.2 Live cell imaging on a confocal laser scanning microscope

The inverted confocal laser scanning microscope LSM880 and associated ZEN software have
also been used for live cell imaging studies on a single cell level. For this purpose, the
microscope system was expanded to include a portable heating chamber, which was inserted
into the stage and set to 37 °C, and an objective heating. Mature (day 9) CETN2-GFP
expressing BMDCs and dermals DCs collected from ears sheets of CETN2-GFP mice after
3 days of emigration were injected under agarose in glass bottom dishes and stored in a
humidifed incubator at 37 °C and 5% CO; as described in section 2.2.3.1. When the cells
reached a state of stable migration, the dishes were successively transferred from the
incubator to the previously humidified heating chamber.

Image acquisition was performed at 2 sec intervals for 10 min. With the 63x/1.4 oil DIC
objective, individual centrioles were clearly visible, allowing discrimination of DCs with different
centrosome numbers (1 vs. = 2 centrosomes). Only diploid cells were included in the
subsequent analyses of migration parameters to exclude ploidy-related effects. Migrating
diploid and tetraploid cells were distinguished by measuring nuclear areas, which was possible
despite the absence of nuclear staining, as the area of the nucleus was readily identifiable due
to the lack of GFP signal.

Using ImageJ, images were processed and migration parameters of 2N cells with one and
multiple centrosome(s) were determined. Therefore, each migrating cell was manually tracked
using the plugin Manual Tracking. The data obtained were fed into the plugin Chemotaxis and
Migration Tool, to determine cell velocity and directional persistence of the cells. Maximum
intensity projection over time was performed using FIJI. Cells that interacted with other cells
during migration as well as cells with unclear centriole humbers were excluded from the
analysis. Quantification and graphical representation of cell and migration related parameters

was performed using GraphPad Prism.
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2.2.4.3 Live cell imaging on widefield microscopes

Non-fluorescent time-lapse video microscopy of cells in 3D collagen and 2D under agarose
migration assays was performed with an inverted Nikon Eclipse widefield microscope
(TE 2000) equipped with a stationary heating box, a motorized stage (Marzhauser), and a
CCD-1300 camera (Vosskuhler). The software used (NIS-Elements AR 2.30) was also from
Nikon. Dermal DCs migrating in collagen gels were monitored in a humidified environment at
37 °C over a period of 4 hrs by capturing images every 60 sec using a C-Apochromat
20x/0.5 PH1 air objective. Image acquisition of migrating drug treated WT BMDCs was
performed under the same climate conditions for 4 hrs at 60 sec intervals (collagen gels) or
40 sec intervals (under agarose) using the same objective. Cells were manually tracked using
the ImageJ plugin Manual tracking, and the obtained data were analyzed with the ImageJ
Chemotaxis and Migration Tool plugin to determine average velocity and persistence (bulk cell
analysis). Thereby, each individual cell track is based on the mean value of the average

parameter of the individual measurement points, i.e., frames.

Fluorescent time-lapse video microscopy of BMDCs in PDMS-based microchannels and 2D
under agarose migration assays was performed with an inverted Nikon Eclipse widefield
microscope (Ti2) equipped with a stationary incubation chamber with a gas mixer (lbidi), a
motorized stage (Nikon), a Plan-Apochromat 40x/0.95 objective, a DS-Qi2 camera, and a
Spectra X light source (Lumencor). The Nikon software used was NIS Elements 4.0 and the
plugin module JOBS. For all assays performed, the incubation chamber was humidified and
set at 37 °C and 5% CO..

Analysis of intra- and intercentrosomal distances during migration was conducted in mature
(day 9) CETN2-GFP expressing BMDCs migrating under agarose and was performed by
Robert Hauschild. Intracentrosomal distances in cells with one centrosome were determined
via centriole segmentation using pixel classification of the software ilastik. The centriole
locations were found for each time point by a three-step procedure: segmentation of the
centriole-probability output, particle size filtering, calculation of the center of mass. Afterwards,
centrioles were tracked over time. Via the Kuhn-Munkres algorithm, a combinatorial
optimization algorithm, problems with assignment were solved. Filtering by minimum track
length and track duration was the final step of this process. Based on the condition that two
centrioles move predominantly in parallel and are in close proximity to each other during the
migration track pairs of centrioles were automatically identified. To filter out cells with extra
centrosomes the distance to the closest third centriole was determined. To validate the
automatical method, cells were analyzed manually. To determine intra- and intercentrosomal

distances of extra centrosomes, centrioles were tracked using the ImageJ plugin Manual

49


https://en.wikipedia.org/wiki/Combinatorial_optimization
https://en.wikipedia.org/wiki/Combinatorial_optimization
https://en.wikipedia.org/wiki/Algorithm

Material and methods

Tracking. Obtained data allowed the calculation of the intercentrosomal distance (distance
between the centers of centriole pairs). Maximum intensity projection over time was performed
using FIJI. If not stated otherwise, quantification and graphical representation of cell and

migration related parameters was performed using GraphPad Prism.

For studies of mature (day 9) CETN2-GFP BMDCs in PDMS based Y-shaped decision
channels, images were aquired at 60 sec intervals for at leat 2.5 hrs. In addition to fluorescence

imaging, also transmitted light images were acquired. Images were processed using FIJI.

2.2.4.4 Live cell imaging on a spinning disc confocal microscope

Laser ablation experiments with mature (day 9) CETN2-GFP BMDCs migrating under agarose
were performed on an Andor spinning-disc confocal system (Confocal Scanner Unit (CSU):
CSU-X1, Yokogawa) installed on an inverted Axio observer microscope (Zeiss). The system
was equipped with a motorized stage (Applied Scientific Instrumentation, ASI), an incubation
chamber with gas mixer (Ibidi) and an in-hose producted objective heating. To create
physiological conditions for cell migration, the incubation chamber was humidified and set to
37 °C and 5% CO.. Visualization was done using a 50 mW 488 nm laser, a C-Apochromat
63x/1.2WKorr UV-VIS-IR objective (Zeiss) and the Andor camera iXon897. Cells were imaged
at single cell level at 5 sec intervals for at least 4 min before and after laser intervention. Laser
treatment consisted of complete or partial centrosome ablation or a control shot into the cytosol
adjacent to the centosome with a 355 nm pulsed laser (pulse length: 350 ps, intensity:
1 [210.8 yW during shot]; pulses/shot: 5; pulse rate: 1 kHz; shots/um? 1). Images were
obtained with Andor software. Maximum intensity projection over time was performed using
FIJI. Analysis and graphical representation were done with GraphPad Prism. For further

details, see section 2.2.3.4.

2.2.45 Imaging of fixed samples on a spinning disc confocal microscope

Imaging of fixed and stained BMDCs that have migrated under agarose on gridded coverslips
in laser ablation experiments was performed using a spinning-disc confocal system (Dragonfly
505, Andor) installed on a Nikon Eclipse Ti2 inverted microscope. The system was equipped
with a motorized stage (ASI), a Plan Apochromat A 60x/1.4 oil objective (Nikon) and 405, 488,
and 561 nm laser lines. Images were acquired as Z-stacks (0.15 ym step size) in the range of
3 um using Zyla sCMOS camera (4.2 Megapixel) and the software Fusion 2.2 (both Andor).
Image processing and data analysis were done with FIJI, quantification and graphical

representation of the analyzed parameters were performed using GraphPad Prism.
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2.2.5 Biochemical assays
2.2.5.1 Cell lysis and protein extraction

For the preparation of protein lysates, WT BMDCs of indicated differentiation/maturation
stages or time points and dermal DCs emigrated from ear sheets of WT mice for 3 days were
harvested, counted, and washed with PBS. Immature and mature BMDCs from CETN2-GFP
mice, sorted by DNA content (2N, 4N,) were counted and provided in PBS. Cells were taken
up in cell lysis buffer to which phosphatase inhibitor and protease inhibitor were added freshly
as described in section 2.1.6. After incubation on ice for 30 min followed by centrifugation
(14000x% g for 10 min at 4 °C), the supernatant was separated and mixed with 4x sample buffer
(4x Laemmli + 10 % B-mercaptoethanol) in a ratio of 3:1. Subsequently, samples were boiled

at 95 °C for 5 min and centrifuged briefly.

2.2.5.2 Electrophoretic separation of proteins and immunoblotting

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Precast gradient gels (4-20%) were used, which were placed in an electrophoresis
chamber filled with Tris-glycine-SDS (TGS) running buffer. To compare different conditions,
equal cell numbers were loaded on the lanes. A protein standard (5-7 pL) was loaded at least
once on each gel. Gels were run at 80 V for the first 15 min before the voltage was increased
to 100 V and gels were run until the blue dye front reached the bottom of the gels. For
immunoblotting, pre-prepared transfer packs containing pre-incubated nitrocellulose
membranes and filter papers were used. Proteins were transferred from the gel onto the
membranes in a semi-dry manner using an automated transfer system. The transfer was run
at 25V, 1.3 A for 7 min. Subsequently, membranes were stained with Ponceau S solution for
3 min to visualize protein bands and to check for the efficiency of protein transfer. Destaining

was performed in PBS on a hot plate (approximately 80 °C).

2.2.5.3 Immunodetection

After eventual cutting of the membranes according to the planned antibody treatment, the
membranes were incubated for 90 min in blocking solution (5% BSA/TBS-T or 5% non-fat dry
milk/TBS-T) with gentle shaking on a tilt shaker. Subsequently, primary antibodies against the
target proteins were diluted in the appropriate blocking buffer (see section 2.1.7) and incubated
with the membranes at 4 °C over night on a tilt shaker. After a washing step of 3x 10 min with
TBS-T, membranes were incubated for 1 h with HRP-coupled secondary antibodies diluted in

the same blocking solution as the respective primary antibodies. This was followed by a first
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washing step of 3x 10 min with TBS-T. To remove residual Tween, the membranes were briefly
washed with TBS (3x 10 sec.). Visualization of proteins was performed by enhanced
chemiluminescence (ECL) detection. Therefore, membranes were drizzled with 200-400 uL
substrate solution, which was prepared freshly according to manufacturer’s instruction.
Wrapped between two foils, the membrane was analyzed in a digital system (ChemiDoc,
Biorad) to visualize protein bands or covered with an x-ray film, which was developed in the

dark room.

2.2.6 Statistical analysis

Statistical analysis was done using GraphPad Prism 7. To test for Gaussian distribution
D’Agostino-Pearson normality test was applied. The statistical test used for each experiment
as well as the sample size are indicated in the figure legends. Graphs display mean values +
standard deviation (SD). The significance level was specified as *, P < 0.05; **, P < 0.01; ***,

P < 0.001 and ****, P < 0.0001; detailed values are given in the figure legends.
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3 Results

3.1 Dendritic cells carry multinumerous centrosomes

3.1.1 Bone marrow derived and peripheral dendritic cells harbor multiple
centrosomes

The majority of cells carries one centrosome in G1 phase, which duplicates once during
S phase resulting in two centrosomes in G2 and M phase?®34%, However, preliminary studies
in our lab revealed that a distict proportion of murine DCs harbors two or more centrosomes —
a phenomenon which is more known from cancer cells than from non-malignant cells*3¢%¥, To
study centrosomes in murine DCs in more detail, we worked with wildtype (WT)- and centrin-
2-green fluorescent protein (CETN2-GFP)-reporter mice®° and made use of various antibodies
against centriolar structures and components of the PCM. Since centrioles are highly
acetylated®'%2 we chose an antibody against acetylated tubulin (ac-tubulin) allowing us to
stain individual centrioles. However, ac-tubulin is not a genuine centriolar marker, which has
moved us to counterstain centrosomes with an antibody against the centriolar protein CEP135.
To visualize the PCM we stained for y-tubulin, the major MT nucleating component of the
PCM33 (Fig. 10 a).

For gaining large numbers of cells, we generated primary DCs from bone marrow of WT and
CETN2-GFP mice (BMDCs) and matured the cells with LPS over night. To expand the
spectrum of DCs beyond cells originating from bone marrow, we also examined peripheral
DCs isolated from murine skin explants (dermal DCs). Therefore, ears from WT mice were split
into two sheets incubated upside down on culture medium supplemented with CCL19 allowing
the cells to leave the tissue and migrate into the medium. In contrast to BMDCs, crawled out
cells received no stimulus such as LPS since mechanical rupture of the two ear sheets induces
inflammation thus leading to activation of the cells®*. After harvesting and fluorescence-
activated cell sorting (FACS) analysis revealing a high abundance of DC-typical cell surface
molecules such as CD11c and MHC-II, the cells were examined for their migratory behavior to
confirm their identity as DCs. Therefore, we conducted an in vitro 3D collagen migration assay,
for which we constructed devices on object slides as flat chambers that were filled with collagen
and cells. A layer of chemoattractant (CCL19) on top of the collagen cell mixture provided a
chemotactic gradient (Fig. 12 a). Time-lapse video microscopy (not shown) and subsequent
manual cell tracking revealed that the cells could efficiently migrate toward a chemokine source

(Fig. 12 b) indicating their identity as (activated) DCs with high CCR7 expression.
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For counting centrosomes, we immobilized the cells on coverslips and conducted indirect
immunofluorescence (IF) stainings as described in section 2.2.2.2. Ac-tubulin, CEP135, and
CETN2-GFP make individual centrioles visible as single foci in mature WT and CETN2-GFP
BMDCs as well as in dermal DCs whereas the PCM appears as rather diffuse structure (Fig.12,
c-e). Additionally, the merged panel not only shows a clear colocalization of centrioles and
PCM but also a colocalization of the different markers used to visualize single centrioles. For
guantification of centrosomes in WT cells, foci positive for ac-tubulin and y-tubulin and foci
positive for ac-tubulin and CEP135 were counted manually. In CETN2-GFP BMDCs, CETN2-
GFP/y-tubulin positive and CETN2-GFP/CEP135 positive foci were used for quantification of
centriole numbers. In the light of centrosome structure (Fig. 10 a) two centrioles correspond to
one centrosome whereas four or more centrioles correlate to two or more centrosomes,

respectively.

Quantification of centriole positive foci revealed a similar distribution of centrosome numbers
between the three analyzed cell types (Fig.12, c-e, right panel). While the majority of all cells
harbored one centrosome, around 18-19.5% of mature WT BMDCs, 19.5-23% of mature
CETN2-GFP BMDCs and 13.5-19% of dermal DCs contained two centrosomes. Additionally,
we also found cells with more than two centrosomes: about 2.3% of WT BMDCs, 5-7.3% of
CETN2-GFP BMDCs and 1.3-6.5 % of dermal DCs carried more than two centrosomes. Taken
together, quantification of centrosome numbers showed that approximately 15-30 % of mature

BMDCs and dermal DCs from ear explants carry two or more than two centrosomes.
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Figure 12. Murine BMDCs and isolated skin DCs carry two or more centrosomes

(a) Schemaitic illustration of a 3D collagen migration assay (created with BioRender.com). (b) Single-cell tracks of
dermal CETN2-GFP DCs migrating along CCL19 gradients in 3D collagen gels (N = 63 cells pooled from 2
independent experiments). (c) Left: IF staining of centrioles and PCM (represented by y-tubulin and CEP135) in
mature WT BMDCs. Individual and merged channels of ac-tubulin (pseudocolored in red), y-tubulin (pseudocolored
in grey) and CEP135 (pseudocolored in grey) are shown. Right: quantification of centrosome numbers according to
ac-tubulin/y-tubulin and ac-tubulin/CEP135 positive foci. Graph shows mean values + SD of 12 independent
experiments (ac-tubulin/y-tubulin) with N = 344/274/154/146/131/232/200/175/184/224/151/268 cells analyzed per
experiment and 6 independent experiments (ac-tubulin/CEP135) with N = 270/254/206/207/222/225 cells analyzed
per experiment. (d) Left: IF staining of centrioles and PCM in mature CETN2-GFP expressing BMDCs. Individual
and merged channels of CETN2-GFP (green), ac-tubulin (red), y-tubulin (grey) and CEP135 (grey) are depicted.
Right: quantification of centrosome numbers by CETN2-GFP/y-tubulin and CETN2-GFP/CEP135 positive foci.
Graph displayes mean values + SD of 8 independent experiments (CETN2-GFP/y-tubulin) with N = 261/248/305/
298/180/150/258/152 cells analyzed per experiment and 4 independent experiments (CETN2-GFP/CEP135) with
N = 335/366/222/184 cells analyzed per experiment. (e) Left: IF staining of centrioles and PCM in WT dermal DCs.
Individual and merged channels of ac-tubulin (red), y-tubulin (grey) and CEP135 (pseudocolored in grey) are
represented. Right: quantification of centrosome numbers by ac-tubulin/y-tubulin and ac-tubulin/CEP135 positive
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foci. Graph shows mean values + SD of 5 and 3 independent experiments with N = 96/90/109/131/108 cells (ac-
tubulin/y-tubulin) and N= 129/285/238 (ac-tubulin/CEP135) cells pooled from ears of 3 different mice for each
experiment. Nuclei were stained with DAPI (blue). Arrows mark multinumerous centrosomes (= 4 ac-tubulin positive
foci in WT cells, CETN2-GFP positive foci in CETN2-GFP BMDCs). White boxes mark area of magnification
showing multiple centrosomes and colocalization of centrioles and PCM. Scale bar: 5 ym.

3.1.2 Excess centrosomes arise in vivo and are not caused by culture
conditions

To examine centrosomes in a more physiological environment and exclude that our findings
are due to culturing conditions, we analyzed tissue resident DCs in situ using mouse ear
explants. After splitting ears from WT and/or CETN2-GFP mice, the obtained sheets were
placed on full medium for 24 hrs before the whole tissue was fixed and stained according to
the IF staining protocol (see section 2.2.2.3). DCs were activated mechanically by rupturing
the ears into two sheets, which eliminated the need for additional stimulation. Antibodies
against MHC-II were used to identify DCs while ac-tubulin or CETN2-GFP visualized centrioles

as described above; y-tubulin serves as marker for the PCM.

Similar to BMDCs, also in peripheral DCs in situ, single centrioles could be visualized via ac-
tubulin and CETN2-GFP (Fig. 13, a-c). Comparable to the situation in isolated dermal DCs,
dermal DCs within tissue show multinumerous centrosomes (Fig. 13, a and b, magnification)
and a colocalization of centrioles and PCM (Fig. 13 c, right panel). Our findings demonstrate
that also DCs within tissue carry multiple centrosomes illustrating that this phenomenon is not
due to the culture conditions of BMDCs or caused by the process of emigration from the dermis
of the ear.

Taken together, we could show that DCs carry a surplus of centrosomes in vitro, ex vivo and
in situ. These findings indicate that the phenomenon of supernumerary centrosomes — mainly

known from malignant cells — is a robust event in mature DCs and not an artifact.
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Figure 13. DCs in murine ear skin harbor multiple centrosomes

(a, b) IF stainings of centrioles in ear explants from WT and CETN2-GFP expressing mice. Merged channels of ac-
tubulin (green) or CETN2-GFP (green) and MHC-II (pseudocolored in grey) are shown. Left: complete Z-stack
(maximum projection), middle/right: projection of indicated z-planes. White boxes show area of magnification.
Nuclei were stained with DAPI (a), dotted line marks cell outline (b). Scale bars: 10 um. (c) IF stainings of centrioles
and PCM in ear explants from WT mice. Left: overview shows merged channels of MHC-II (grey) and ac-tubulin
(green). Nuclei were counterstained with Hoechst (blue). Scale bar: 10 um. Right: magnification of boxed region
consisting of indicated z-plane projections. Merged channels of MHC-II (grey) and ac-tubulin (green), MHC-II (grey)
and y-tubulin (red) and all of them are depicted. Scale bar: 5 um.
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3.2 Thecell cycleis involved in the development of extra centrosomes

3.2.1 Multiple centrosomes are not a consequence of ongoing cell
proliferation

The occurrence of two centrosomes (four centrioles) constitutes a physiogical event in cycling
cells, which progress through S/G2/M phase in order to build up the mitotic spindle during cell
division?®>34°, Mature BMDCs and tissue resident DCs are terminally differentiated cells that
only have a low turn-over rate*?, however, we found that a proportion of those cells carries
multiple centrosomes. Therefore, we next checked whether the presence of DCs with two
centrosomes might be a consequence of ongoing cell proliferation. For this purpose, we made
use of the markers 5-ethynyl-2"-deoxyuridine (EdU) for S phase and phospho-histone H3 (pH3)
for G2-M transition in immature and mature BMDCs as well as in dermal DCs resident in murine
ear sheets. BMDCs were co-stained for centrioles using ac-tubulin to compare their numbers
in immature and mature states while ear sheets required staining of MHC-II to identify DCs.

IF stainings of mature BMDCs revealed that — in contrast to immature BMDCs — almost all cells
stained were negative for EAU and pH3 (97 %, respectively) (Fig. 14 a, left and middle panel)
indicating that the vast majority of those cells did not proliferate. The same applied for DCs in
situ, which were very rarely double-positive for MHC-Il and EdU (Fig. 14 b, left panel,
magnification) and exhibited a similar proportion of EdU-negative cells 24 hrs after splitting of
ears (98.5%) (Fig. 14 c). Analogous to the comparison of immature and mature BMDCs we
analyzed the proportion of proliferating DCs in ears 0 and 24 hrs after splitting the ears into
two sheets. As characteristic for a barrier organ such as the skin, partially-activated DCs
dominate at timepoint 0 hrs whereas the splitting of the ear skin corresponds to an
inflammatory event leading to a complete activation of the cells. We found that the number of
EdU-positive cells was generally low directly after splitting but 3-fold higher than 24 hrs after
splitting (2.3 vs. 0.7%) (Fig. 14 b, right panel) indicating a very low proliferative capacity of

partially-activated cells, which decreased even further with progressing maturation.

We counted centrosome numbers in WT BMDCs and found that the proportion of cells with
multinumerous centrosomes was considerably higher in mature than in immature cells (18.6
vs. 4.2%) (Fig. 14 a, right panel). To avoid including cells that naturally have more than one
centrosome due to an ongoing cell cycle, we considered in an additional count only those cells
with extra centrosomes that stained negative for EdU and/or pH3 and found that the difference
between mature and immature BMDCs in terms of centrosome number became even greater
(17.4 vs. 1.1%) (Fig. 14 a, right panel).
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These data show and confirm that mature primary DCs from bone marrow and tissue resident

DCs do not proliferate to a notable extent*? demonstrating that supernumerary centrosomes

are not the result of ongoing cell proliferation. Furthermore, the fact that we found DCs with

more than two centrosomes (Fig. 14 a, lower panel, right picture), i.e., with a number exceeding

the double content that naturally occurs in cycling cells due to centriole duplication, argues

against a (regularly) ongoing cell cycle as (sole) reason for additional centrosomes. Moreover,

the phenomenon of excess centrosomes is more present in mature than in immature BMDCs

suggesting that the emergence of extra centrosomes is associated with the process of cell

activation.
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Figure 14. The proliferative capacity of DCs is extremely low in vitro and in situ

(a) Left: IF stainings of immature (upper panel) and mature (lower panel) WT BMDCs against centrioles and pH3
after EAU incorporation. Merged channels of ac-tubulin (green), EAU (pink) and pH3 (grey) are shown. Boxes mark
regions of magnification. Arrows point to excess centrosomes (= 4 ac-tubulin positive foci). Nuclei were stained with
DAPI (blue). Scale bar: 10 um. Middle: quantification of pH3 and EdU positive cells. Graphs show mean values of
1 experiment with N = 265 immature and N = 328 mature BMDCs. Right: quantification of centrosome numbers
according to ac-tubulin positive foci comparing distribution when counting all cells and after exclusion of EAU/pH3
positive cells. Graph shows mean values of 1 experiment with with N = 265 immature and N = 328 mature BMDCs.
(b) Left: IF images of ear explants from WT mice stained against MHC-II and labeled for EdU-incorporation directly
after ear splitting (0 hrs) and 24 hrs later. Merged channels of MHC-II (grey) and EdU (red) are shown. Scale bar:
50 uym. White box indicates area of magnification (lower panel): Individual and merged channels of MHC-II (grey)
and EdU (red) are depicted. Only indicated z-planes were projected. Scale bar: 10 um. Right: quantification of EAU
positive dermal (MHC-II positive) DCs at the two indicated timepoints. Graph shows mean values of one experiment
with N =728 (0 hrs timepoint) and N = 715 (24 hrs timepoint) dermal DCs in ear explants from 3 different WT mice.
(c) Left: IF staining against MHC-II and EdU-incorporation in ear explants of CETN2-GFP expressing mice 24 hrs
after the splitting process. Merged channels of MHC-II (grey) and EdU (red) are shown. Scale bar: 50 ym. Right:
quantification of EdU positive dermal (MHC-II positive) DCs. Graph displays mean values + SD of 3 independent
experiments with N = 262/2703 (CETN2-GFP expressing mice) and N = 715 (WT mice) cells analyzed per
experiment pooled from 2 CETN2-GFP expressing mice and 3 WT mice.

3.2.2 Dendritic cells arrest during the cell cycle

The lack of proliferation markers in mature BMDCs and tissue resident DCs (Fig. 14, a-c)
suggests that those cells have stopped proliferating and may be arrested in the cell cycle. In
order to test this hypothesis, we examined the levels of cyclins, Cdks and Cdk-inhibitors in
different maturation states and DC-types.

Cyclins and Cdks act as Cdk/cyclin-heterodimers and are the main proteins responsible for
driving the cell cycle*®®. Unbound Cdks are typically inactive, but after binding a cyclin, they
become able to exert their kinase activity and phosphorylate different target structures®®.
While Cdks are expressed constitutively, the expression of cyclins depends on the phase of
the cell cycle®*® (Fig. 15 a).

While in proliferating cells cyclin A binds Cdk2 in late G1/S phase and Cdk1 in late S/G2

phase®’, it accumulates from late G1 on during S phase reaching highest expression levels in
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mid-G238. Cyclin B in combination with Cdk1, is considered the primary cell cycle regulator in
G2 phase®®. In proliferating cells, cyclin B1 accumulates during G2 phase reaching its
maximum at G2-M transition. Cyclin E1, binding partner of Cdk2, mainly acts in G1 and S
phase of the cell cycle®*® with an expression peak at the G1/S phase transition point enabling
entry into S phase®%°. The resulting fluctuating expression pattern helps us to draw conclusions
about which phase cells are in (Fig. 15 a). We used immature and mature BMDCs as well as
dermal DCs emigrated from ear sheets for immunoblot analysis and tested for cyclin A2, B1,
E1l, Cdk2 and 4 and the Cdk inhibitors p21 and p27.

Immature BMDCs were characterized by the presence of cyclin A2 (Fig. 15, b and ¢) which
ensures entry into and completion of S phase as well as transition to M-phase?®!. However,
this cyclin was not detectable in mature BMDCs and dermal DCs. The same band pattern was
prominent for cyclin B1, which regulates G2-M transition. Cyclin E1 was found in immature and
mature BMDCs as well as in dermal DCs (Fig. 15, b and c). Cdk2 was analyzed in BMDCs and
showed a similar band pattern to cyclin E1 (Fig. 15 b). In conjunction with Cdk4 and 6 cyclin D1
promotes cell cycle entry, progression through G1 phase and transition from G1 to S
phase®¢22¢3, We found that its binding partner Cdk4®*° was present in immature DCs and to a
lesser extent in mature DCs (Fig. 15 b).

The cyclin expression pattern in immature cells revealed strong activity of cyclins typically
acting in S/G2/M phase, namely cyclin A2 and B1, also known as “mitotic cyclins”*®*, indicating
that these cells are cycling. The presence of cyclin E in those cells reflects the process of
transitioning through G1/S during the cycling process. In contrast, mature BMDCs and dermal
DCs lack the expression of cyclin A2 and B1 but were positive for cyclin E1 (and Cdk2) pointing
to a Gl-arrest. Considering the expression pattern of cyclin A2, B1 and E1, the presence of
Cdk4 in immature BMDCs indicates the passage of G1 during the cycling process, while the

presence of Cdk4 in mature cells suggests a G1 arrest.

To support the assumption of a cell cycle arrest in G1 phase, we analyzed the Cdk inhibitors
p21CPYWAFL and p27XP! which belong to the group of kinase inhibitor proteins (KIPs; Cip/Kip

family)36536¢ and negatively regulate G1-cyclin-Cdk complexes causing a G1-arrest®®’.

Without inhibition, activated cyclin D-Cdk4/6 and cyclin E-Cdk2 complexes phosphorylate the
retinoblastoma protein (Rb) (Fig. 15 d) leading to its inactivation. This results in a release and
activation of the transcription factor E2F which subsequently activates the expression of genes
whose products are responsible for entry into S phase3®®. Increase in p21¢PYWAFL gnd p27XP?
levels leads to the inhibition of cyclin D-Cdk4/6 and cyclin E-Cdk2 activity providing information

about a potential G1 arrest®®°.
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We investigated the levels of p21¢""*WAF and p27X'"* in immature and mature BMDCs as well
as in dermal DCs by immunoblot analysis. Additionally, we conducted IF stainings of immature

and mature BMDCs using an antibody specific for p21¢'PYWAFL

Immunoblot analysis revealed considerable levels of p27“"* in dermal DCs as well as
p21¢PYWAFL in mature BMDCs while immature cells showed much lower levels (Fig. 15, e and
f) indicating a G1 arrest triggered by inhibition of cyclin D-Cdk4/6 and cyclin E-Cdk2. In line
with these findings, the quantification of p21 in IF stainings via fluorescence intensity showed
a gradual increase with progressive maturation which is also reflected in immunoblot analysis
(Fig. 15 ).

In essence, our data demonstrate that mature BMDCs and dermal DCs arrest in G1 phase of
the cell cycle confirming that extranumerous centrosomes are not a product of an ongoing cell
cycle. Moreover, the fact that it is G1 phase in which the cells are arrested — a phase normally
characterized by cells with one centrosome — strongly supports the assumption that
proliferation is not the originator for the appearance of multiple centrosomes: While a
proportion of cells with two centrosome would be expected from cells arrested in G2 phase,
the presence of extra centrosomes in G1 phase is rather unusual, so we suggested that there

must be another cause for the occurrence of supernumerary centrosomes.
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Figure 15. Mature BMDCs and dermal DCs arrest in G1 phase of the cell cycle

(a) Schematic illustration of the expression pattern of Cdks and cyclins during the cell cycle. (b, ¢) Immunoblot
analysis of cyclins and Cdks in lysates generated from WT BMDCs and WT dermal DCs of indicated differentiation
and maturation stages. Vinculin serves as loading control. One representative experiment out of three is shown. (d)
Schematic illustration of the interplay between Cdk inhibitors (p21, p27), Cdks and cyclins and their role in regulating
the cell cycle. (e) Immunoblot analysis of Cdk inhibitors in lysates generated from immature and mature WT BMDCs
and WT dermal DCs, respectively. Vinculin serves as loading control. One representative experiment out of three is
shown. (f) Left: IF stainings of Cdk inhibitor p21 (pink) in WT BMDCs from indicated differentiation and maturation
stages. Nuclei were stained with DAPI (blue). Scale bar: 10 um. Middle: corresponding quantification of nuclear p21
levels by fluorescence signal intensity. Graph shows mean values + SD from three independent experiments with
N = 253/177/222 cells (i.d6), 173/242/262 (i.d9) and 274/232/217 (m.d9) cells pooled from 3 mice. **** P < 0.0001
(Kruskal-Wallis test followed by Dunn’s test). Right: immunoblot analysis of p21 in lysates generated from WT
BMDCs of indicated differentiation and maturation stages. GAPDH serves as loading control. One representative
experiment out of three is shown. AU: arbitrary unit; d6/7/8/9: day 6/7/8/9; i.: immature; m.: mature. Figure parts a)
and d) were created with Microsoft PowerPoint.
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3.2.3 G1 arrested cells are composed of two different subpopulations

When analyzing centrosome numbers in mature BMDCs and dermal DCs it became obvious
that the cells greatly differ in the size of their nuclei (Fig. 16 a, upper panel). Besides a
remarkable occurrence of large nuclei, we also found few binucleated cells (Fig. 16 b),
indicating that a proportion of cells became tetraploid.

To unravel whether DCs are composed of diploid (2N) and tetraploid (4N) cells we measured
the nuclear area in cells containing one and multinumerous centrosomes. For the analysis of
BMDCs, we used microscope images of mature BMDCs that have migrated under a layer of
agarose and therefore show a flat morphology facilitating (nuclear) stainings and analyses. For
these “2D under agarose migration assays”, cells were injected under a pad of agarose in a
dish where they migrated on an uncoated glass coverslip, attracted by a chemokine (Fig. 16 c).
Due to the “ceiling” of agarose, the cells experience confinement in the z-dimension, which,
together with a soluble gradient (CCL19) induces directed chemotactic migration in an
amoeboid manner. After the cells reached a state of stable migration, they were fixed through
the agarose and their nuclei were stained with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI) (Fig. 16 a, upper left panel). The flat structure of the confined cells in this 2 D setting in
combination with high-resolution confocal microscopy enabled us to reliably determine the
nuclear area (na). Additionally, we determined nuclei sizes in BMDCs that were injected and
fixed under agarose after sorting according to DNA content leading to a population of pure 2N

cells.

Nuclear areas of unsorted cells, depicted as frequency distribution, showed two populations
pointing to 2N and 4N cells (Fig. 16 a, lower left panel) while the histogram of nuclear areas in
sorted 2N cells (Fig. 16 a, orange bars) coincides relatively closely with the distribution of
nuclear areas from cells with one centrosome. The distribution of unsorted cells with one
centrosome follows a normal distribution and 98% of this population overlap with sorted 2N
cells. Nuclear areas of unsorted cells with two or more centrosomes appear as two Gaussian
curves in a histogram: the first, small one goes along with 2N cells whereas the second,

broader bell curve represents 4N cells.

For the corresponding analysis with isolated dermal DCs, we measured nuclear areas during
migration of the cells under agarose along chemokine gradients. For this purpose, we used
dishes with a glass bottom instead of plastic dishes with a coverslip under the agarose (Fig.
16 c). These glass bottom dishes have the optical properties for high-resolution microscopy
allowing live imaging of the migration process. Due to the flat morphology of the cells and the
optimal signal-to-noise ratio, we were able to determine the nuclear area of cells even without

a corresponding staining (Fig. 16 a, upper right panel). However, frequency distribution
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revealed that — at least with this limited nhumber of dermal DCs — it was not possible to work
out different cell populations indicative for 2N and 4N cells (Fig. 16 a, lower right panel) as we
did for BMDCs.

From our observations regarding nuclear appearance during IF stainings and subsequent
analysis of nuclear areas we were able to show that mature BMDCs are composed of a mixed

population of 2N and 4N cells.

As previously shown (see section 3.2.2), activated DCs arrest in G1 phase — a phase which is
characterized by diploid DNA content. Therefore, the presence of tetraploid cells, typical for
S/G2/M phase, was suprising and warranted further investigation. To verify this unexpected
result, DNA content analysis of mature BMDCs and dermal DCs was performed using FACS.
FACS data revealed that the majority of the cells was diploid (> 80 %), as expected for cells in
G1; however, a smaller proportion of 4N cells was detected as well*”°. To confirm that diploid
and tetraploid cells were in the same cell cycle stage, mature 2N and 4N BMDCs were
separated and enriched by FACS based on DNA content before they were analyzed for the
expression of cyclin-Cdk complexes in immunoblot assays. Just like mature 2N BMDCs, also
mature 4N cells did not show any expression of S/G2/M-cyclins A2 and B1 but were found to
express cyclin E (Fig. 16 d) revealing that both subpopulations arrest in G1 phase of the cell
cycle.

In summary, our experiments show that the population of mature DCs contains diploid and
tetraploid cells both arresting in G1 phase of the cell cycle. While the occurrence of two
centrosomes in 4N cells is expected in principle, the mere presence of 4N cells in G1 phase is
an unusual event providing evidence of irregularities in M phase. In contrast, the presence of
2N cells in G1 phase is expected, but not the existence of more than one centrosome in these
cells. Based on these findings, we hypothesized that there are different ways of origin for extra

centrosomes.
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Figure 16. G1 arrested DCs are a mixture of diploid and tetraploid cells

(a) Upper panel: Representative images of mature CETN2-GFP expressing BMDCs (left) and CETN2-GFP
expressing dermal DCs (right) with indicated centrosome numbers migrating under agarose toward a chemokine
source. BMDCs were fixed during migration, images of dermal DCs derive from time-lapse videos created during
migration. Nuclei of BMDCs were stained with DAPI (pseudocolored in grey). Dotted white line marks cell outline.
Boxes highlight area of magnification. Scale bars: 5 ym. Lower panel: Corresponding histograms of nuclear areas
of mature BMDCs (left) and dermal DCs (right) with one centrosome (light blue), multiple centrosomes (dark blue)
and sorted 2N BMDCs (orange, left) fixed under agarose. Black dotted line in BMDC histogram marks threshold
value for distinguishing 2N and 4N BMDCs based on nuclear areas in the sorted 2N BMDC population. N =
60/67/213 (one/multiple/2N) BMDCs analyzed from two independent experiments and N = 29/21 (one/multiple)
dermal DCs from four independent experiments with two and 12 mice, resepctively. BMDCs used for nuclear area
analysis were stained and imaged by Michaela Limmer. (b) Mature CETN2-GFP expressing BMDCs fixed directly
(left) and fixed while migrating under agarose toward a chemokine source (middle). WT dermal DCs (right) after IF
staining against ac-tubulin (red). All nuclei were stained with DAPI (pseudocolored in grey). Dotted white line marks
cell outline. Boxes highlight areas of magnification. Left and middle image were post-processed by deconvolution.
Scale bar: 5 pum (left, right), 10 um (middle). (c) Schematic illustration of a 2D under agarose migration assay with
a chemokine gradient (created with BioRender.com). (d) Immunoblot analysis of cyclins in lysates generated from
immature and mature CETN2-GFP expressing BMDCs sorted on DNA content into 2N and 4N subpopulations.
Vinculin serves as loading control. One representative experiment out of three is shown. na: nuclear area. Cell
sorting was done by Ann-Kathrin Weier.

3.2.4 Dendritic cells undergo mitotic slippage

The presence of tetraploid cells in G1 phase (Fig. 16 a and b) is an unusual event, since regular
cell cycle transition is characterized by DNA duplication in S phase — leading to tetraploid cells
in S/G2 — and subsequent DNA separation and distribution in M phase resulting in two diploid
monoculeated daughter cells in G1 phase®’*. However, tetraploid cells in G1 indicate that they
passed through S phase but have not completed mitosis.

To check for irregularities in mitosis we took a closer look at the spindle assembly checkpoint
(SAC) and associated proteins that play a role in the progression or arrest of mitotic processes.
The SAC monitors and promotes the attachment of spindle MTs to kinetochores usually being
active in prometaphase when MT-kinetochore attachment processes take place®'?%"3, The
SAC detects errors in the attachment of kinetochores to the spindle, such as insufficient
occupancy of MTs and lack of tension across bi-oriented kinetochore pairs®’4. The proteins
mitotic-arrest deficient 2 (Mad?2), budding uninhibited by benzimidazoles 3 (Bub3) and Bubl-
related kinase (BubR1) together with Cdc20 form the mitotic checkpoint complex (MCC) that

acts as an effector of the SAC372.

During early mitosis, the MCC delays mitotic progress by inhibiting the anaphase-promoting
complex/cyclosome (APC/C) due to SAC’s sensing of unattached or improperly attached
kinetochores (unsatisfied SAC)372%75, This prevents the degradation of cyclin B1*2 ensuring
that mitotic progression only takes place when all sister chromatids have aligned to the mitotic

spindle in a bipolar fashion®"® (Fig. 17 a). Typically, the SAC becomes inactive in metaphase,
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when proper attachment is achieved (satisfied SAC). This in turn releases APC/C inhibition
and initiates the degradation of cyclin B resulting in its depletion®? and anaphase
progression®’’ (Fig. 17 a). However, if there are problems with kinetochore-MT attachment
cells stay longer in (pro)metaphase leading to high concentrations of BubR1 and other SAC
proteins®837 at kinetochores of unaligned chromosomes®®3’°, If a SAC mediated mitotic
arrest lasts too long, cells can escape and exit mitosis without finishing M phase properly
(premature exit). This process requires the degradation of cyclin B and is known as “mitotic

slippage”&-3! |eading to mononucleated 4N cells with two centrosomes.

Based on our findings, it is conceivable that DCs exit mitosis although their SAC is active
indicative of mitotic slippage. To test this hypothesis, we prepared lysates from LPS stimulated
BMDCs over a period of 36 hrs and followed the levels of BubR1 and cyclin B1 in immunoblot
analysis. As a control, we conducted the same time course with unstimulated, immature
BMDCs. Levels of BubR1 and cyclin B1 in cells without LPS treatment fluctuated in the time
window studied as is to be expected for a population of non-synchronized cells (Fig. 17 b, left
panel). However, during maturation, BubR1 levels increased remarkably 6 hrs after LPS
treatment and remained high until the end of the study period pointing to an active SAC in fully
mature cells (Fig. 17 b, right panel). Cyclin B levels, on the other hand, were relatively high up
to 60 min after stimulation, before they started to decrease and disappeared after 6 hrs. The
combination of both band patterns revealed that cyclin B is degraded in the presence of an

active SAC demonstrating mitotic slippage upon cell activation.

To visualize BubR1’s spatial distribution and validate the results from the immunoblot analysis,
we conducted IF experiments and stained for BubR1 in immature BMDCs that were injected
under agarose (activated BMDCs). While pH3-staining ensured that we examine cells that are
in M phase, an antibody against a-tubulin allowed visualization of the mitotic spindle. As
characteristic for a regular prometaphase®*, we found strong BubR1 accumulation at
chromosomes (Fig. 17 c, left panel). While in metaphase under regular conditions, the BubR1
signal is expected to diminish®4282 our metaphase BMDCs still show strong BubR1 signals at
chromosomes (Fig. 17 ¢, middle panel) pointing to an unsatisfied checkpoint. A potentially
resulting SAC induced mitotic arrest increases the probability for mitotic slippage leading to
polyploid cells in G1 phase as we observed. Besides BubR1 signals in (pro)metaphase cells,
we also found cases of strong chromosomal BubR1 signals in anaphase (Fig. 17 c, right panel)
indicating that the cells progressed into anaphase even in the presence of an active SAC. In
line with these observations, we found mitotic figures such as large chromosome bridges
(Fig. 17 d) which result from premature onset of anaphase without prolonged mitotic arrest®®?

leading to abortive cytokinesis and polyploid cells®#4.
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Our data suggest that BMDCs that are transiting from an immature to a mature state and have
passed the G1 restriction point undergo an unusual division cycle supressing mitosis in the
presence of an active SAC. One proportion of these cells is assumend not to pass through a
complete M phase after DNA (and centrosome) duplication. Instead, cells seem to exit mitosis
prematurely via mitotic slippage. The following entry in G1 phase without DNA separation
results in mononucleated tetraploid cells with two centrosomes. A second proportion of BMDCs
seems to accumulate centrosomes due to cytokinesis failure leading to polyploid mono- or bi-

nucleated cells.

Since centrosome duplication takes place simultaneously with DNA replication®® the
occurrence of two centrosomes is expected from tetraploid cells. However, the presence of
4N cells (with two centrosomes) in G1 arrested DCs due to a suppressed mitosis only partly
explains the existence of multinumerous centrosomes in DCs since we also found G1 arrested
diploid cells with two or more centrosomes (Fig. 16 a, left panel, middle) and tetraploid cells
with more than two centrosomes (Fig. 12, c-e, Fig. 16 b, middle). Independent from ploidy (2N,
4N) the emergence of 5 and more centrioles (more than 2 centrosomes) (Fig. 17 d, right)
suggests that there is a second mechanism for the formation of multinumerous centrosomes
beside suppression of mitosis and associated centrosome accumulation. Indeed, we found

evidence for centriole overduplication®"°.

In summary, we showed that mature G1 arrested BMDCs contain multiple centrosomes due
to a process of accumulation, including mitotic slippage and cytokinesis failure, and due to a
mechanism of centrosomal overduplication or a combination of both processes. These
processes result in a relatively stable proportion of 20-30% cells with additional centrosomes
in terminally differentiated DCs, raising the question of the impact of extra centrosomes at the
functional level. In the present work, we addressed the process of migration and associated

parameters.
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Figure 17. Centrosomes in DCs accumulate by mitotic slippage and cytokinesis failure

(a) Schematic illustration of the role of the SAC in regulating cell cycle progression (created with BioRender.com).
(b) Immunoblot analysis of BubR1 and cyclin B1 in lysates generated from unstimulated (left, - LPS) and stimulated
(right, + LPS) WT BMDCs at indicated timepoints. Ponceau S-stained membranes serve as loading control. One
representative experiment out of two is shown. (c) IF staining of M phase indicator pH3, mitotic spindle (a-tubulin)
and SAC (represented by BubR1) in activated WT BMDCs under agarose in indicated stages of mitosis. Individual
and merged channels of pH3 (red), a-tubulin (grey) and BubR1 (green) are shown. DNA was stained with DAPI
(blue). Dotted white line marks the cell outline. Scale bar: 5 pm. (d) Mature CETN2-GFP expressing BMDCs fixed
under agarose during migration along a chemokine gradient (left) or fixed on a coverslip without having migrated
beforehand (middle, right). Nuclei were stained with DAPI (pseudocolored in grey). Dotted white line marks cell
outline. Left image was post-processed by deconvolution. Scale bars: 5 pm.
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3.3 Dendritic cell migration is altered in the presence of additional
centrosomes

3.3.1 Multiple centrosomes cluster during migration

As APCs, DCs reside as sentinels within peripheral tissues in an immature state. After antigen
contact, they mature and migrate rapidly to secondary lymphoid organs, particularly the
draining lymph nodes, where the interaction with T cells takes place®513, |n these processes,
DCs must be able to travel through different environments in a target-oriented manner®”’’,
Since these processes rely, among other things, on efficient motility, which in DCs in turn
depends on a functional centrosome as MTOC (see Introduction), we were interested whether
or how additional centrosomes affect migration along gradients of chemotactic cues. So far,
the role of multinumerous centrosomes during migration, their spatial organization and their

impact on migration parameters in DCs is unknown.

Ouir first aim was to better characterize centrosome configuration in DCs with supernumerary
centrosomes. To this end, we assessed the distance between the centrioles of a centrosome
(intracentrosomal distance) as well as the distance between centrosomes (intercentrosomal
distance, recorded as distance between the centers of centriole pairs) (Fig. 18 a, left). In case
of more than two centrosomes, we captured the distance between the centrosomes furthest
away from each other (not shown). In a first step, we conducted this analysis in fixed mature
CETN2-GFP expressing BMDCs after the cells were injected under a layer of agarose and
have migrated toward a chemokine source?'®. Distance measurements revealed that not only
intra- but also intercentrosomal mean distances were small (0.6 and 1.4 um, respectively)
showing that centrosomes were located in close proximity to each other (clustered

configuration) (Fig. 18 a, right).

Beside the situation of centrosomes in fixed cells, we examined the dynamic behavior of
centrosomes during migration using mature CETN2-GFP BMDCs that were injected under
agarose and exposed to a chemokine gradient. Similar to fixed samples, we found that extra
centrosomes also cluster during migration: Following one representative cell with multiple
centrosomes over time revealed a mean intercentrosomal distance of 2.25 pm
(intracentrosomal distance: 0.86 um) (Fig. 18 b). We also analyzed the distances between
centrioles (intracentrosomal) in migrating cells with one and excess centrosomes and got
almost the same numerical values (1.5 and 1.15 pm, respectively) leading to perfectly
overlapping frequency distributions of intracentrosomal distances of both cell populations (Fig.
18 c, upper panel). Imaging migrating cells with multinumerous centrosomes for analysis of

intra- and intercentrosomal distances unveiled that, similar to fixed cells (Fig. 18 a), distances
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between centrosomes were higher than intracentrosomal distances (1.15 vs. 4.7 um) (Fig. 18
c, lower panel).

Regarding the subcellular localization, we found that centrosomes in most cases were located
close to the nucleus — in fixed cells as well as in migrating cells (Fig. 18 a, see also Fig. 12, c-
e; Fig. 13, a-c and Fig. 14 a). This observation was also made in other cell types?®7-23° and
several ways of an association between the centrosome and the nucleus during interphase

have been suggested?*'. However, whether this also applies to DCs, remains to be clarified.

Taken together, our analyses of fixed and migrating BMDCs showed that supernumerary
centrosomes have a clustered configuration and are located in close proximity to the nucleus.
Since in DCs the centrosome acts as the major MTOC®, we wondered whether this task could

also be fulfilled with extra centrosomes and examined this aspect in a next step.
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Figure 18. Multiple centrosomes cluster in migrating BMDCs

(a) Left: mature CETN2-GFP expressing BMDC fixed during migration under agarose toward a chemokine source.
Nucleus was stained with DAPI (blue). White dotted line marks cell outline. Scale bar: 5 ym. White box highlights
area of magnification showing multiple centrosomes. Lines exemplarily illustrate distances between centrioles
(intracentrosomal) and between centrosomes (intercentrosomal). Right: Quantification of intra (orange)- and
intercentrosomal (cyan) distances in CETN2-GFP expressing BMDCs with multiple centrosomes fixed during
migration under agarose. Graph shows mean values + SD with N = 50 cells pooled from 2 independent experiments.
(b) Left: representative mature CETN2-GFP expressing BMDC with multiple centrosomes during migration under
agarose along a chemotactic gradient (maximum projection of time frames). Scale bar: 5 um. White box indicates
area of magnification displaying tracks of four centrioles (two centrosomes). Middle: centriole tracks of one
representative CETN2-GFP expressing BMDC with multiple centrosomes during migration under agarose toward a
chemokine source. Plot was created by Robert Hauschild using Matlab. Right: Corresponding quantification of intra
(orange)- and intercentrosomal (cyan) distances. Graph displays mean values = SD. (c) Upper panel: Quantification
of intracentrosomal distances in CETN2-GFP expressing BMDCs with one (black) and multiple (red) centrosomes
during migration under agarose toward a chemokine source (left). Corresponding histogram (right). Lower panel:
Quantification of intra- (orange) and intercentrosomal (cyan) distances in mature CETN2-GFP expressing BMDCs
with multiple centrosomes during migration (left). Corresponding histogram (right). Both bar charts show mean
values + SD with N = 130 cells (one centrosome) and 12 cells (extra centrosomes) pooled from 3 independent
experiments. Cells from analyses depicted in (b) and (c) were tracked and analyzed (manually/automatically) by
Robert Hauschild.
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3.3.2 MTOCs with extra centrosomes nucleate more microtubule filaments

To further approach the functional aspect of DC migration with additional centrosomes, we
investigated centrosome associated cytoskeletal components that are indispensable for cell
locomotion. While actin filaments generate protrusive and contractile forces that move the cell
forward, MTs establish stable cell polarization and are mainly responsible for cell shape and
directed cell locomotion®134, Both scaffolding filaments are at least partly coordinated by the
centrosome which in leukocytes acts as major MTOC nucleating and anchoring MT filaments,

but also promotes actin filament assembly®::326,

We wondered whether extra centrosomes act as functional MTOCs and if there are differences
in the number of MTs between DCs with one and mulithumerous centrosome(s). Moreover,
we were interested whether the amount of centrosomal actin differs between these two cell
subpopulations. To resolve these questions, we injected mature CETN2-GFP BMDCs under
agarose and fixed the cells after a time of stable migration toward a chemokine source for
subsequent stainings and microscopic analyses. In order to have the possibility to exclusively
analyze effects that are due to different centrosome numbers and not due to ploidy it was
important to be able to separate 2N from 4N cells. Therefore, we analyzed the nuclear sizes
of unsorted cells to draw conclusions about ploidy as depicted in Fig. 16 a. As “reference” for
nuclear sizes of diploid cells we analyzed sorted, pure 2N BMDCs in parallel to find out the
order of magnitude of 2N cells’ nuclei. As shown in the frequency distribution of nuclear areas,
unsorted BMDCs consist of two populations indicative for 2N and 4N cells (Fig. 16 a). While
cells with only one centrosome (light blue) are represented by one Gaussian curve, BMDCs
with multinumerous centrosomes appear as two bell curves (dark blue). All three curves —
nuclear areas of sorted 2N cells, unsorted cells with one centrosome and unsorted BMDCs
with multiple centrosomes — end at the same point (around 180 um?), while simultaneously,
the second curve of cells with additional centrosomes begins marking the point where
separation of 2N and 4N population takes place. This allowed us to derive a threshold for the
nuclear area that enabled us to distinguish between 2N and 4N BMDCs defining all BMDCs
with a nuclear size below 180 pum? (dotted black line) as diploid. In contrast to BMDCs, we were
not able to obtain a clear frequency distribution for dermal DCs that would allow us to derive a

threshold to distinguish 2N from 4N cells here as well (Fig. 16 a, lower right panel).

IF stainings of a-tubulin unveiled that 2N MTOCs with supernumerary centrosomes nucleate
MTs in the same way 2N MTOCSs with only one centrosome do; in both cases MTs align along
the axis of migration allowing the conclusion that extra centrosomes act as functional MTOCs

(Fig. 19 a, left). Counting single MT filaments radiating from individual centrosomes revealed
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that 2N DCs with multiple centrosomes nucleate significantly more MTs at their MTOC than

2N DCs with only one centrosome (Fig. 19 a, right).

We next analyzed MT nucleation in situ using ears from WT mice. Ears were split and the
obtained sheets were cultured for 24 hrs in full medium before the tissue was fixed. MHC-II
staining allowed us to identify dermal DCs while ac-tubulin and a-tubulin visualized individual
centrioles and MTs, respectively. Similar to in vitro stainings of mature BMDCs we observed
MT nucleation of MTOCs with one and multiple centrosome(s) (Fig. 19 b). However, a-tubulin
staining in ear tissue did not allow for quantification of individual MT filaments in DCs. Note
that MT visualization via a-tubulin worked well in fibroblasts (Fig. 19 b, upper panel, dotted

lined cell) suggesting that the antibody itself works, but not in every cell type.

In addition to organizing MTs, the centrosome also organizes part of actin polymerization326:327,
For studying centrosomal actin, we conducted phalloidin stainings in 2N DCs with one and two
or more centrosomes (Fig. 19 c, left). Analysis of normalized fluorescent intensity revealed that
centrosomal actin density was significantly lower in 2N cells with extra centrosomes than in 2N
cells with only one centrosome (Fig. 19 c, right).

In summary, we showed in vitro and in situ that multinumerous centrosomes act as functional
MTOC. Moreover, examination of mature BMDCs revealed that cells with excess centrosomes
have a significantly higher MT nucleation capacity than cells with one centrosome, whereas
2N BMDCs with one centrosome harbor more centrosomal actin than 2 N BMDCs with extra
centrosomes. Because both filament types are critical for directional migration, we
hypothesized that the different filament amounts in DCs with single and multiple centrosomes

might influence migration behavior.
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Figure 19. Dendritic cells with extra centrosomes harbor more centrosomal microtubules and less actin
than cells with one centrosome

(a) Left: IF staining of MT filaments in mature 2N CETN2-GFP expressing BMDCs with different centrosome
numbers fixed during migration under agarose toward a chemokine source. Merged and individual channels of
CETN2-GFP (green), y-tubulin (cyan) and a-tubulin (red) are shown. Nuclei were stained with DAPI (pseudocolored
in grey). Dotted white line marks cell outline. White boxes highlight areas of magnification showing MT nucleating
centrosomes. Post-processing of images: deconvolution. Scale bar: 5 um. Right: Quantification of MT filaments in
mature 2N CETN2-GFP expressing BMDCs emanating from one or multiple centrosome(s). Graph displays mean
values + SD with N = 44 (one centrosome) and 45 (multiple centrosomess) cells pooled from 7 independent
experiments. **, P = 0.0073 (two-tailed, unpaired Student’s t-test). BMDCs from two experiments were stained and
imaged by Michaela Limmer. (b) IF stainings of centrioles and MTs in ear explants from WT mice. Merged channels
of MHC-II (grey), ac-tubulin (green) and a-tubulin (red) are shown on the left, single channels and merging of two
channels as indicated. White boxes show magnification of indicated region. Nuclei were stained with DAPI (blue).
Scale bars: 10 ym. Upper panel: Left and right: complete Z-stack (maximum projection), middle: projection of indicated

76



Results

z-planes. White dotted line marks fibroblast outline. Lower panel: Magnification of boxed region (right) shows only
indicated z-plane projections. (c) Left: IF staining of centrosomal actin via phalloidin staining in mature 2N CETN2-
GFP expressing BMDCs with indicated centrosome numbers fixed during migration under agarose toward a
chemokine source. Merged and individual channels of CETN2-GFP (green) and phalloidin (grey) are shown. Nuclei
were stained with DAPI (blue). White box marks area of magnification showing centrosomes. Scale bar: 5 pm.
Right: quantification of centrosomal actin in mature 2N CETN2-GFP expressing BMDCs with one (black) or multiple
(red) centrosome(s). Graph displays mean values * SD with N = 88 (one centrosome) and 24 (multiple
centrosomes) cells pooled from 4 independent experiments. *, P = 0.0395 (Mann-Whitney test). na: nuclear area;
fluo. int.: fluorescence intensity; ROI: region of interest; cent.: centrosome; cyto: cytosol

3.3.3 Dendritic cells with excess centrosomes show enhanced persistent
locomotion

After establishing differences in cytoskeletal components between (fixed) DCs with one and
multinumerous centrosome(s) we investigated the impact of centrosome numbers on the
migratory behavior of DCs under live conditions focussing on velocity and directional
persistence. In a first step, we injected mature CETN2-GFP expressing BMDCs under
agarose containing a chemokine gradient and imaged the cells during migration at a single cell
level (Fig. 20 a). From the obtained tracks (Fig. 20 b, upper part) we determined migration
velocity and directional persistence and directly compared the behavior of cells with one and
supernumerary centrosome(s). As in the analysis of MTs and actin, we analyzed the cells
according to ploidy and compared 2N cells with one and multiple centrosome(s) to exclude
potential effects that could derive from ploidy.

Between the two groups of 2N BMDCs we could not find noticeable differences regarding
velocity, but persistent locomotion of cells with extra centrosomes was significantly increased
implying that those cells show less changes in direction during migration (Fig. 20 b, lower part).
The analysis of Euclidean distance does not provide significant results but indicates that 2N
BMDCs with additional centrosomes moved further away from their starting point in a given
time period than cells with one centrosome (Fig. 20 b, right). This does not result from
increased speed (since velocities were similar, see above), but from a migratory behavior with

less distractions.

To confirm our results, we repeated this assay in a more physiological environment using
dermal DCs from murine ear explants. Split ear sheets from CETN2-GFP reporter mice were
placed on chemokine containing medium for three days and activated DCs emigrated from the
tissue. Cells were harvested and injected under agarose for live cell imaging as described
above (Fig. 20 c). It has to be noted that the limited number of dermal DCs did not allow to
distinguish between di- and tetraploid cells with multinumerous centrosomes (Fig. 16 a, right).

Similar to BMDCs, the persistence of dermal DCs with a surplus of centrosomes was
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significantly higher showing that those cells changed direction less often than cells with only

one centrosome, whereas velocities were comparable (Fig. 20 d).

Overall, we found that DCs with multiple centrosomes, when exposed to a CCL19 gradient,
migrate more persistently and thus cover greater distances over time than DCs with only one
centrosome. These findings show that additional clustered centrosomes do not hinder DCs in
performing their functions (at least with regard to migration), but rather may even have an
immune function-enhancing effect, which was investigated in a next step.
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Figure 20. The persistence in locomotion of dendritic cells with multiple centrosomes is enhanced

(a) Upper panel: mature 2N CETN2-GFP expressing BMDCs with indicated centrosome numbers during migration
under agarose along a chemotactic gradient. White dotted line marks nucleus. Boxes denote area of magnification
showing centrioles. Lower panel: Corresponding maximum projections of time frames. Scale bars: 5 um. (b) Upper
panel: single-cell tracks of mature 2N CETN2-GFP expressing BMDCs with indicated centrosome numbers
migrating under agarose along a chemotactic gradient. Lower panel: corresponding quantification of migration
velocity (left), persistence (middle) and Euclidean distance (right). Graphs display mean values + SD with N = 31
(one centrosome) and N = 22 (multiple centrosomes) cells pooled from 6 independent experiments. *, P = 0.0198,
n.s., not significant (two-tailed, unpaired Student’s t-test with Welch’s correction (persistence), Mann-Whitney test
(velocity, Euclidean distance)). (c) Upper panel: CETN2-GFP expressing dermal DCs with indicated centrosome
numbers during migration under agarose along a chemotactic gradient. White dotted line marks nucleus. Boxes
denote area of magnification showing centrioles. Lower panel: Corresponding maximum projections of time frames.
Scale bars: 5 um. (d) Upper panel: single-cell tracks of CETN2-GFP expressing dermal DCs with indicated
centrosome numbers migrating under agarose along a chemotactic gradient. Lower panel: corresponding
quantification of migration velocity (left), persistence (middle) and Euclidean distance (right). Graphs display mean
values + SD with N = 29 (one centrosome) and N = 21 (multiple centrosomes) cells for velocity and persistence
analysis and N = 22 (one centrosome) and N = 17 (multiple centrosomes) cells for Euclidean distance analysis.
Cells were pooled from 4 independent experiments. **, P = 0.0011, n.s., not significant (Mann-Whitney test
(velocity); two-tailed, unpaired Student’s t-test with Welch'’s correction (persistence); two-tailed, unpaired Student’s
t-test (Euclidean distance)). na: nuclear area

3.3.4 Multiple centrosomes are causally linked to enhanced persistent
locomotion

The finding that DCs with multiple centrosomes migrate more persistently than cells with only
one centrosome raises the question whether extra centrosomes are causal for enhanced
persistent locomotion. To address this issue we sought to remove (additional) centrosomes
during cell migration using laser ablation techniques®’38 and examine migration velocity and
directional persistence before and after the ablation process. Prior to these studies, we
explored the settings required for efficient centrosome ablation: After injecting mature CETN2-
GFP BMDCs under a block of agarose containing a chemokine gradient, we imaged the cells
during migration at a single cell level and destroyed centrosomes with different laser intensities.
Maximum intensity Z-stack projections of CETN2-GFP signals prior to and after the ablation
process enabled us to judge if there was any GFP-signal left. We found technical conditions
that allowed the removal of the centrosome(s) without killing the cells. After ablation, the
centrosome was not or barely visible anymore (Fig. 21 a, left) and quantification of
fluorescence intensities showed a loss of fluorescence signal at the irradiated region

immediately after laser exposure (Fig. 21 a, right).

Next, we investigated whether laser exposure can efficiently disrupt MTOC function of
centrosomes. During under agarose migration toward a chemokine source, centrosomes of
mature CETN2-GFP BMDCs were ablated and the cells were instantaneously fixed through

the agarose. Since we used gridded glass coverslips on which the cells migrated, we were
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able to retrieve individual cells after laser intervention. Subsequent staining against a-tubulin
provided a clear picture of MT integrity (Fig. 21 b, left). For analyses, we quantified MT
numbers and configuration after laser ablation and compared these parameters with data from
untreated cells. We found that treated cells have less MT filaments emanating from ablated
centrosomes than control cells (Fig. 21 b, right). Moreover, the remaining filaments after laser
treatment were shorter than MTs in control cells showing a disorganized structure with a curly
architecture (Fig. 21 b left, c). These results confirmed that our laser ablation settings
successfully eliminate the centrosome and its function as MTOC paving the way for the final

step of the experiment.

In the following studies, we examined the migration behavior of migrating mature CETN2-GFP
BMDCs before and after removal of the centrosome(s), thereby distinguishing between full and
partial ablation. While full ablation implies the complete destruction of the centrosomes (Fig.
21 a), partial ablation leads to the elimination of only one of multiple centrosomes while the
remaining one(s) stay/s intact (Fig. 21 d, lower panel).

Cells were injected under a layer of agarose, exposed to a chemokine gradient and imaged
during migration at a single cell level while being exposed to laser treatment. To be able to
assess the effect of laser shooting itself and to expose all cells to similar stresses we conducted
control interventions by shooting in close proximity to centrosomes with identical laser settings

resulting in three conditions: control shots, complete centrosomal ablation and partial ablation.

We observed that control treated cells were not affected by laser exposure at all showing stable
migration even after the intervention (Fig. 21 d, upper and middle panel). Analyses of velocity
and directional locomotion confirmed these obervations showing no significant changes (Fig.
21 e). Complete ablation of centrosomes (Fig. 21 a) as well as partial ablation (Fig. 21 d, lower
panel) decreased the cells’ velocity compared to control cells, but not to a significant extent
(Fig. 21 e). However, both full and partial ablation strongly affected persistent cell movement
compared to control-ablated cells resulting in a significant decrease of persistent locomotion.
Thereby, the effect of full centrosomal ablation was even stronger than the consequences of

partial ablation.

In summary, these data show that multinumerous centrosomes are causally linked to
enhanced persistent locomotion of BMDCs that migrate in a chemokine gradient setting. From
these results and the findings from the other functional assays, we conclude that extra
centrosomes in terminal differentiated DCs are not a side effect the cells have to cope with,
but that they may have a physiological role in mature DCs where they can be used to promote

centrosome/MT-associated processes, such as directional locomotion.
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Figure 21. Persistence of locomotion decreases after ablating multiple centrosomes during migration

(a) Left: Complete laser ablation of one (upper panel) and multiple (lower panel) centrosome(s) in CETN2-GFP
expressing BMDCs migrating under agarose toward a chemokine source. Pre- and post-ablation images of two
representative BMDCs are shown (maximum intensity Z-stack projections). White boxes mark area of magnification
showing the place the centrioles (pseudocolored in grey) are/were located. Scale bars: 10 um. Right: quantification
of integrated CETN2-GFP signal densities in defined regions of interest (ROIs) around one (black) and multiple (red)
centrosome(s). Graph shows cell pairs before and after the ablation process. N = 5/5 cells (one/multiple
centrosome(s)). ****, P < 0.0001 (two-tailed, paired Student’s t-test). (b) Left: IF staining against a-tubulin in CETN2-
GFP expressing BMDCs migrating under agarose along a chemotactic gradient. Images of cells experiencing control
(left) and full (right) centrosomal ablation are shown. Cells were fixed instantaneously after the ablation process.
Individual and merged channels of CETN2-GFP (green) and a-tubulin (grey) are shown. Nuclei were stained with DAPI
(blue). Post-processing of images: deconvolution. White boxes mark areas of magnification showing region of the
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centrosome. White dotted line depicts cell outline. Scale bars: 10 yum. Right: Corresponding quantification of MT
filaments emanating from one (black) or multiple (red) centrosome(s) in BMDCs experiencing control (dots, N = 9)
or full (squares, N = 5) centrosomal ablation. Graph shows mean values. One data point = one cell. (c)
Quantification of MT length (left) and straightness (right) in CETN2-GFP expressing BMDCs experiencing control
(light blue) or complete (grey) centrosomal ablation during migration under agarose. Straightness = end-to-end
distancef/total length of MT filament. Graphs display mean values + SD with N = 413/205 filaments traced from 9
or 5 different cells (control/full ablation). **** P < 0.0001 (Mann-Whitney test). (d) lllustration of control ablation of
one (upper panel) and multiple (middle panel) centrosome(s) and partial ablation of multiple centrosomes (lower
panel) in CETN2-GFP expressing BMDCs migrating under agarose along a chemotactic gradient. First image of
each panel shows the first picture taken in an image series of a cell (t0: track start) followed by two images before
the intervention (control, partial ablation). Time point of intervention is indicated in yellow. Time intervals: 2 sec.
Yellow circle represents area of laser ablation. Two pictures following intervention display the cell directly after
treatment followed by the last image of a series (track end). The last picture of every panel is a maximum intensity
projection over time showing centriolar tracks. Yellow arrow marks place and timepoint of ablation. White boxes
highlight area of magnification showing centrioles. Centrioles are pseudocolored in grey. Scale bars: 10 pm. (e)
Quantification of migration velocity (left) and persistence (right) as change between the timepoint before and after
indicated laser ablation treatments. Graphs show changes as mean values + SD with N = 14/19/9
(non/complete/partial ablation) cells pooled from 6 independent experiments. *, P = 0.015 and **, P = 0.009
(Kruskal-Wallis test followed by Dunn'’s test), n.s.: not significant; t: timepoint

3.4 Disturbance of centrosomal clustering is accompanied by impaired
cell migration

3.4.1 Clustering is the preferred configuration of multiple centrosomes in
dendritic cells

In the studies shown so far, such as the 2D DC migration experiments in vitro, we observed
clustering of multiple centrosomes (Fig. 22 a, left; see also Fig. 18 b and ¢, Fig. 20 a and c).
This configuration was also detectable in fixed DCs — regardless of whether the cells had
migrated before fixation (Fig. 22 a middle, see also Fig. 19 a) or not (Fig. 22 a right; see also
Fig. 12 c-e, Fig. 13 a and b). Besides interphase, we also found centrosomal clustering during
mitosis (data not shown). With this preferred centrosomal configuration, DCs exhibit parallels
to cancer cells, whose multiple centrosomes are also predominantly clustered in interphase

and mitosis389-3%,

We were interested in whether supernumerary centrosomes in DCs stay in close proximity to
each other even in an environment that is more challenging than the 2D under agarose setting
and thus more closely reflect the physiological environment in which DCs move. As DCs in
tissues have to navigate through a complex system of fibers and pores constantly deciding
which path to take!?:3 we switched to an in vitro migration system that allows us to study
extra centrosomes during decision making, i.e., at a point where the cell undergoes drastic
changes in shape. Therefore, we used microfabricated PDMS-based devices in form of Y-

shaped decision channels providing cell confinement!?6133226 To visualize centrosomes, we
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worked with CETN2-GFP expressing BMDCs that were chemotactically guided through the

channels, and monitored centrosomes by time-lapse video fluorescence microscopy (60 sec
intervals) (Fig. 22 b).

After a cell has entered the channel of a Y-shaped device (Fig. 22 b, transmitted light image,
yellow circle, and timepoint (t) t0) it migrates along the chemotactic gradient and reaches the
bifurcation at which the channel splits into two arms (t14). At this point, the decision takes place
(transmitted light image, red circle), which path is chosen. While migrating cells extend
protrusions into both channel arms'? (t30, t39), the MTOC building centrosome acts as a side
selector!3! showing occasional changes of direction at the Y-junction (t39, t43, t45). Once the
decision for a direction has been made, the protrusion in the “loser arm” is retracted (t51, yellow
arrow) and the cell follows the “winner” path (t45-t58). We found, that despite these challenging
movements, multinumerous centrosomes were not torn apart, but stayed close together at any
time point of imaging (see magnifications).

In contrast, we very rarely found DCs with additional centrosomes exhibiting large gaps
between individual centrosomes (high intercentrosomal distance) and/or between single
centrioles (intracentrosomal distance). In these cases of “declustered” centrosomes, cells
exhibited problems with polarization and stable migration (Fig. 22 c) suggesting a correlation
between a clustered centrosomal configuration and proper migration. MT stainings revealed
that single declustered centrosomes can act as individual MTOCs (Fig. 22 d).
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Figure 22. Clustering is the preferred configuration of multiple centrosomes in migrating and non-migrating
dendritic cells

(a) Left: Mature CETN2-GFP expressing BMDC with multiple centrosomes during migration under agarose along
a chemotactic gradient (left) and corresponding maximum projection of time frames (right). White box shows
magnification of multiple centrosomes. Scale bar: 10 um. Middle: IF staining of MT filaments and PCM in mature
CETN2-GFP expressing BMDC with multiple centrosomes fixed during migration under agarose toward a
chemokine source. Individual CETN2-GFP channel (green) and merged channels of CETN2-GFP, y-tubulin (grey)
and a-tubulin (red) are shown. Nucleus was stained with DAPI. Post-processing of image: deconvolution. Dotted
white line marks cell outline. White box highlights area of magnification showing centrosomes. Scale bar: 5 um.
Right: IF staining of centrioles and PCM (represented by y-tubulin) in mature WT BMDC. Individual ac-tubulin
channel (green) and merged channels of ac-tubulin and y-tubulin (red) are shown. Nucleus was stained with DAPI.
Scale bar: 5 um. Dotted white line marks cell outline. White box outlines area of magnification showing multiple
centrosomes. (b) Mature CETN2-GFP expressing BMDCs with multiple centrosomes migrating in a Y-formed
PDMS channel (4 x 4 um) along a chemotactic gradient. First image shows setting under transmitted light, with
yellow circle marking site of cell entrance in the unbranched channel and red circle marking site of channel
bifurcation. The following 9 images are part of a time-lapse video fluorescence microscopy series (60 sec intervals)
showing the cell of interest from entering the channel to passing the bifurcation at different time points (t), with the
first selected image defined as t0. Centrosomes are marked by white boxes showing magnification of this region.
Yellow arrow marks “loser protrusion” that retracts from the channel arm. Scale bars: 5 um. (c) Representative
images of a time-lapse video fluorescence microscopy series of a mature CETN2-GFP expressing BMDC with
declustered centrososmes at different time points trying to migrate under agarose along a chemotactic gradient.
The cell has problems to polarize. Time interval: 30 sec. The last picture is a maximum intensity projection over
time showing centriolar tracks. White boxes highlight area of magnification showing centrioles. Scale bars: 10 um.
(d) IF staining of MT filaments and PCM in mature CETN2-GFP expressing BMDC with declustered centrosomes
fixed during migration under agarose toward a chemokine source. Individual CETN2-GFP channel (green) and
merged channels of CETN2-GFP, y-tubulin (grey) and a-tubulin (red) are shown. Nucleus was stained with DAPI.
Post-processing of image: deconvolution. White boxes mark areas of magnification showing centrosomes. Dotted
white line depicts cell outline. Scale bar: 10 ym.

3.4.2 The clustered configuration of centrosomes can be chemically disturbed

We found that DCs usually cluster multinumerous centrosomes and retain this clustered
configuration even during remarkable shape changes in the course of migration. In contrast, a
declustered centrosomal architecture occurs naturally very rarely in DCs and cells with
declustered centrosomes exhibited problems with polarization and persistent migration. Due
to these findings, we assumed a correlation between a clustered centrosomal configuration
and efficient migration. To investigate a potential dependence of proper DC migration on
clustering of extra centrosomes, different approaches are conceivable. We decided to
chemically disturb the clustered configuration and provoke the declustering of multiple
centrosomes. Therefore, we made use of chemicals that are established as declustering
agents in (mainly mitotic) experiments in cancer research (Fig. 23 a)*°°*-%%2 and examined the

migratory behavior of treated and non-treated DCs.

Declustering agents take advantage of the difference known so far in centrosome numbers
between normal and cancer cells and inhibit the formation of a pseudo-bipolar spindle in

mitosis by preventing the clustering of additional centrosomes, thus provoking a multipolar
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spindle with its fatal consequences (Fig. 23 a; see also section 4.4.2). The drugs are
considered a promising approach in cancer treatment as they are thought to act specifically on
(cancer) cells with multiple centrosomes achieving selective eradication of cancer cells without
harming non-malignant cells®*74%, The way in which declustering drugs disturb excess
centrosome coordination depends on the chemical structure of the drug and is not fully
understood for every substance. There are a number of declustering compounds with different

mechanisms of action that are in various stages of study>%1393,

To test our hypothesis that efficient DC migration depends on a clustered configuration of extra
centrosomes we used declustering substances named “GF-15" and “PJ-34" (Fig. 23 b). GF-15
((2S,6'R)-(7-chloro-4,6-dimethoxy-benzofuran-3-one)-2-spiro-1'-(2'-benzyloxy-6'-methylcyclo-
hex-2'-en-4'-one)) is a small synthetic derivative of the antimycotic benzofuran derivative
griseofulvin and leads to reduced spindle tension, spindle multipolarity and the inhibition of
centrosomal clustering resulting in apoptosis in malignant cells in vitro and in vivo®’. PJ-34
(2-(dimethylamino)-N-(6-oxo-5H-phenanthridin-2-yl)  acetamide  hydrochloride) is a
synthetically produced water-soluble inhibitor of poly-ADP-ribose polymerase 1 (PARP1) and
derives from phenanthrene, a polycyclic aromatic hydrocarbon (Fig. 23 b). PARPs play a
crucial role in DNA repair and the inhibition of PARP-1 by PJ-34 was shown to cause cell death
via the induction of multipolar spindles and extra centrosome declustering thereby not affecting

normal cell proliferation391:395:396.398,404,405

In a first step, we tested the declustering potency of GF-15 and PJ-34 by determining the
proportion of BMDCs with extra centrosomes that showed a declustered configuration after
drug treatment. For this purpose, the definition of a threshold value was required that specifies
at which intercentrosomal distance declustering exists. After treating mature CETN2-GFP
expressing BMDCs with a declustering drug or the corresponding control (dimethyl sulfoxide
(DMSO), ddH.0) we fixed the cells on coverslips and conducted nuclear DAPI staining.
Following image acquisition, the distance between multiple centrosomes (intercentrosomal
distance) (Fig. 23 c, IF image, left magnification) in control and treated cells was measured. In
case of more than two centrosomes or scattering of single centrioles throughout the cell, we
captured the distance between centrosomes/centrioles furthest away from each other (Fig.
23 c, IF image, right magnification). To set a threshold defining the intercentrosomal distance
above which declustering is present, we chose the mean intercentrosomal distance of
untreated cells (Fig. 23 c, histograms, blue bars) and added two standard deviations (SDs).
The upper border of the resulting interval represents the threshold value (Fig. 23 c, histograms,
dotted black line). All drug treated cells (Fig. 23 c, histograms, red/orange bars) with
intercentrosomal/intercentriolar distances above this cutoff value (Fig. 23 ¢, histograms,

red/orange arrow) were considered declustered (Fig. 23 d).
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For the application of GF-15 and PJ-34 we followed the previously published concentrations
and incubation times3%-3%9492 For GF-15, it has been shown that the drug inhibits tubulin
polymerization only at concentrations of or above 25 uM*®’. However, to be sure to avoid these
undesirable side effects, we further halved the dosage (12.5 uM, 6 hrs incubation period). In
case of PJ-34, we increased the concentration compared to the published data while

considerably shortening the incubation period (50 uM, 3 hrs).

After manual measurement of the intercentrosomal distances of control and drug treated fixed
CETN2-GFP expressing BMDCs, we calculated the means and SDs of the different
populations. For DMSO treated cells, we obtained a mean of 1.53 um (mean GF treated cells:
3.91 um) and a SD of 0.68 um. Adding two SDs to the mean, we calculated a threshold value
of 2.89 um. Applying this cutoff, we found that 64% of GF-15 treated cells with multiple
centrosomes exhibit intercentrosomal distances above this value and thus had a declustered
centrosomal configuration. Calculating the corresponding values for water treated cells we
obtained a mean of 1.61 pm (mean PJ-34 treated cells: 2.11 um) and a SD of 0.79 pm resulting
in a threshold value of 3.20 um and a proportion of cells with declustered centrosomes of 15 %.

Since declustering potency analyses revealed that GF-15 in the tested conditions led to more
declustering events (Fig. 23 c, histograms), we decided to focus on this drug in the subsequent
functional assays.
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Figure 23. Declustering agents disturb the clustered configuration of multiple centrosomes

(a) Mode of action of declustering agents. The drugs have been tested in cancer cells, where they interfere with the
formation of pseudo-bipolar mitotic spindles that the cells seek to form through centrosomal clustering in order to
proceed with mitosis. Multipolar spindles are not well tolerated and lead to cell death. lllustration created with
BioRender.com. (b) Chemical structure of the two declustering agents GF-15 and PJ-34. (c¢) IF image: fixed mature
CETN2-GFP expressing BMDCs after treatment with GF-15 (12.5 pM) for 6 hrs. Centrioles appear as green foci.
Nuclei were stained with DAPI. Arrows mark multinumerous centrosomes/centrioles (= 4 CETN2-GFP positive foci)
that are scattered throughout the cells. White boxes mark areas of magnification showing two exemplary cells
depicted below to clarify the procedure of distance measuring in cells with extra centrosomes. Left cell: if the
centrosomes were separated in pairs, the distance between the pairs was measured. In case of three or more pairs,
the distance between the two centrosomes furthest apart was measured (not shown here). Right cell: when the
centrosomal structure was destroyed and the centrioles were distributed in the cell, the distance between the two
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most distant centrioles was measured. Scale bars: 5 ym. Histograms: relative frequencies of intercentrosomal
distances in DMSO treated (control, blue) and drug treated (red/orange) fixed mature CETN2-GFP expressing
BMDCs with extra centrosomes. Based on the means of the distances in control cells and the corresponding
standard deviation (SD), a threshold was defined (black dotted line), beyond which centrosomes were considered
to be declustered. Numbers of analyzed cells: N = 152 (DMSO), N = 115 (GF-15) and N = 194 (water), N = 140
(PJ-34), respectively. (d) Fixed mature CETN2-GFP expressing BMDCs after treatment with GF-15. Nuclei were
stained with DAPI. White boxes mark areas of magnification showing two exemplary cells on the right to illustrate
the situation of clustered (lower cell) and declustered (upper cell) centrosomes. Dotted white line marks cell outline.
Scale bars: 5 ym.

3.4.3 Declustering agents impair migration in vitro and in situ

To examine DC locomotion after treatment with GF-15 in a physiological environment, we
conducted in situ migration studies. Ears from WT mice were split into two sheets and placed
on full medium supplemented with GF-15 (12.5 uM) or DMSO (control) for 48 hrs. The splitting
process induces an inflammatory state leading to activation of dermal DCs, which
subsequently migrate into the lymphatic vessels. After fixation of the whole tissue, we stained
for lymphatic vessels and DCs. High-resolution microscopy allowed us to count individual cells
in, on and around the lymphatic vessels (Fig. 24 a, left). Subsequently, we determined the
proportion of cells in/on the vessels in treated and untreated ear sheets and revealed that after
treatment significantly less cells managed to reach the lymphatics (Fig. 24 a, right), which may
indicate an impairment of migration by GF-15.

In order to dissect the effects of declustering agents and to collect individual migration
parameters, we switched to an in vitro system and conducted 3D and 2D migration assays for
life cell imaging. A 3D environment for cells was created with the help of collagen which
mimicks ECM scaffolds by building a mesh of fibers and pores!?!. Devices for 3D assays were
constructed as shown in Fig. 12 a and filled with collagen, GF-15 or DMSO, and mature
BMDCs previously treated with GF-15 (12.5 uM) or DMSO for 6 hrs. CCL19 on top of the
collagen cell mixture provides a chemotactic gradient. Additionally, we conducted 2D under
agarose migration assays with imageable glass bottom dishes. Here, too, cells were pretreated
with GF-15 (12.5 uM) or DMSO for 6 hrs prior to injection under agarose which was also mixed
with the declustering drug or DMSO. A gradient of CCL19 was created for chemotactic
locomotion. DC migration toward the chemokine source was visualized by time-lapse video
brightfield-microscopy (3D collagen assay: 60 sec intervals, 2D under agarose assay: 40 sec

intervals; imaging period: 4 hrs).

Using a migration analysis software, we manually tracked individual migrating cells and
determined migration parameters such as velocity and persistence. Analyses of the cells in
collagen gels showed that persistence as well as migration velocity was slightly decreased
after drug treatment (Fig. 24 b). In contrast, cells migrating under agarose exhibited a severe

impairment of their locomotion after drug treatment, manifested by a strong decrease in
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persistence and velocity (Fig. 24 c). Strikingly, in 2D under agarose migration assays all drug
treated cells — not only the fraction with supernumerary centrosomes on which the drug is

supposed to act — were barely able to migrate.

In summary, we found that the declustering agent GF-15 impairs cell migration in situ and in
various in vitro migration assays. However, it has to be clarified whether the declustering of
extra centrosomes is the cause of the impaired migration. The overall effect observed in treated
cells in 2D under agarose assays suggests that the drug might target something other than

only multiple centrosomes and requires further elucidation.
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Figure 24. Dendritic cells exhibit an impaired migratory phenotype in situ and in vitro after treatment with
the declustering agent GF-15

(a) Left: IF in situ staining of lymphatic vessels via LYVE-1 (green) and dermal DCs via MHC-II (orange) after
control (DMSO, left) or GF-15 treatment (12.5 pM) for 48 hrs (right). Scale bar: 50 pm. Right: Quantification of
dermal DCs that are located on or in the vessels. Graph displays mean values * SD with cells from N =17 (DMSO,
blue) and N = 9 (GF-15, red) images of ear sheets from 3 different mice (counted cells: 1339 control, 760 GF-15
treated). **, P = 0.0091 (two-tailed, unpaired Student’s t-test). (b) 3D collagen migration assay along chemotactic
gradients with control (DMSO, 6 hrs, left) and GF-15 (12.5 uM, 6 hrs, right) treated mature WT BMDCs from one
mouse. Scale bar: 100 um. Next to each representative image from the time-lapse videos representative single-
cell tracks of cells from one well of a multiwell plate are displayed with N = 61 (DMSO) and N = 55 (GF-15) tracks.
For analysis of persistence and velocity, single-cell tracks of cells pooled from 2 wells per condition were analyzed
with N = 116 (DMSO) and N = 113 (GF-15). (c) 2D under agarose migration assay along chemotactic gradients
with control (DMSO, 6 hrs, left) and GF-15 (12.5 pyM, 6 hrs, right) treated mature WT BMDCs from one mouse.
Scale bar: 100 pm. Next to each representative image from the time-lapse videos single-cell tracks of cells from
one (DMSO) well and cells pooled from 2 wells (GF-15) of a multiwell plate are displayed with N = 65 (DMSO) and
N = 49 (GF-15) tracks. For analysis of persistence and velocity, single-cell tracks of cells pooled from 2 wells were
analyzed in both conditions with N = 133 (DMSO) and N = 49 (GF-15).

3.4.4 Declustering drugs have severe side effects on cytoskeletal components

We observed moderate impairment of migration of dermal DCs in situ and BMDCs in 3D
collagen assays after GF-15 exposure (12.5 uM), whereas treated BMDCs under agarose (2D)
were not able to migrate properly at all. The results from the latter assay were surprising
because it was not expected that all cells, but only those with supernumerary centrosomes,
would exhibit an impaired migratory phenotype. In addition to impaired migration in under
agarose assays, we observed only very few cases of successful cell polarization (Fig. 24 c,
right panel) — a process in large part depending on MTOCs and MTs®.. Although it has been
published that GF-15 does not inhibit tubulin polymerization up to a concentration of 25 uM (in
human cancer cells)**’, our observations could indicate impaired MT integrity in DCs. This

suspicion prompted us to examine DCs’ cytoskeleton more closely.

To visualize MTs, we conducted under agarose migration assays with GF-15 and DMSO
treated mature WT BMDCs as described above. After fixing the cells through the agarose, we
conducted IF stainings against a-tubulin. Additionally, we stained for centrioles (ac-tubulin),
PCM (y-tubulin) and the nucleus (DAPI). As expected from GF-15 treatment, cells with multiple
centrosomes showed centrosomal scattering (Fig. 25 a, upper panel). However, MTs exhibited
a non-intact and atrophied phenotype: MTs did nucleate/anchor at centrosomal MTOCSs, but
the filaments seemed to be considerably shorter than control MTs and did not extend across
the cell (Fig. 25 a, upper panel) as we observed in untreated cells (Fig. 22 a, middle). This
could at least partly explain migration and polarization effects. Likewise, DCs with normal
centrosome content showed the same MT abnormalities (Fig. 25 a, lower panel). Moreover,

different from what is reported in the literature®®’, we observed that GF-15 (12.5 uM) causes
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centrosomal declustering not only in cells with extra centrosomes, but also in those with normal
centrosome content, leading to a dispersion of the two centrioles of a centrosome (Fig. 25 a,
lower panel, Fig. 25 b, left panel). Distance measurements between individual centrioles in
cells with only one centrosome (intracentrosomal distance), analogous to intercentrosomal
distance analyses in cells with multiple centrosomes (Fig. 23 c), yielded considerably larger
values after drug treatment with a proportion of dispersed centrioles of more than 60% (mean
DMSO treated cells: 0.7 um, SD: 0.28 um) (Fig. 25 b, right panel). Given that two centrioles in
most cells were kept close together (< 2 um)?4°, as we observed also for DMSO treated BMDCs
(Fig. 25 b, histogram, blue bars), it is conceivable that GF-15 might impair the linker fibers that

connect a pair of centrioles.

To examine whether the observed adverse effects were concentration-dependent and might
be diminished by reducing the amount of drug, we tested GF-15 in a concentration of 1 puM
maintaining an incubation time of 6 hrs. In a first step, we investigated declustering potency
via intercentrosomal distance analyses in fixed mature CETN2-GFP expressing BMDCs with
additional centrosomes. In parallel, we measured intracentrosomal distances for potential
linker impairment in cells with regular centrosome content. In contrast to GF-15 at a
concentration of 12.5 uM, the lower amount of drug caused declustering in only about 6% of
cells with extra centrosomes (declustering potency decreased). However, the proportion of
cells with only one centrosome that showed potential linker integrity impairment was
substantially smaller as well (3%) (side effects decreased) (Fig. 25 c¢). Next, we conducted IF
stainings and found that low-dose GF-15 had no obvious effect on MTs, but led to mild
spreading of the PCM even after shortening the incubation time from 6 to 3 hrs resulting in
“‘empty” (acentrosomal) MTOCs (Fig. 25 d, white arrows). Since the PCM carries the MT
organization activity of centrosomes?522°3 PCM spreading created even more MTOCs than the
declustering already did. Additionally, we observed polarization problems of cells with multiple
dispersed MTOCs (Fig. 25 d).

These experiments led us to conclude that GF-15 has undesirable side effects in addition to
the intended declustering effect: impairment of the MT cytoskeleton and probably also the
centrosomal linker as well as spreading of the PCM generating more (acentrosomal) MTOCs.
Side effects could only be partially prevented by a reduction of the drug concentration, but at
the expense of declustering potency. Because of the multiple side effects that affect or prevent
polarization and proper cell locomotion, the extent to which centrosome declustering itself

contributes to impaired DC migration could not be addressed with GF-15.

94



Results

WT BMDC under agarose, multiple centrosomes

Il GF-15[12.5 uM], 6 hrs
ol
|
— |
9|
|
|
|
|
||
|
|
|
|
il ac-tubulin y-tubulin
WT BMDC under agarose, one centrosome
r ac-tubulin
\‘ y-tubulin
a1
1|
ol
\
|
|
|
|
|
|
|
|
|
\
GF-15[12.5 uM], 6 hrs

GF-15[12.5 gM], 6 hrs _CETN2-GFP BMD_Cs with one centrosome
¥ intracentrosomal distances

35+ 1.26
= : m GF-15[12.5 uM]
X 304 H
- mm control (DMSO)
O 254
=
5 201
£ 154 i 61.7 % cells indicating impaired linker R
£ 104 "
&
ER
-QN?@@QNTQ@QNTQ@QN?Q@QN?QWQN#QQQN?Q@QN?
OO0O0O0OHHHAHANANNNNMMMNMNIIIITIIOOOOONOOOOONNNS
distance [um]
CETN2-GFP BMDCs, multiple centrosomes CETN2-GFP BMDCs, one centrosome
intercentrosomal distances intracentrosomal distances

3.52

B GF-15[1 uM]
Em control (DMSO)

1 5.6 % declustered
i centrosomes

[N
o
)

v

relative frequency [%)]
=
o
i
=
i

a
)

relative frequency [%]
N
o

N W oW A
o © O O
A M

1.36

3 % cells indicating
impaired linker

v

o
I

N ONONTORONTONONTONONTONVONTONONT,

OCOO0OHTHHANANNNNMMMMOMNIITITIT IOV
distance [um]

OCOO0CO0OTATAAANNNNNMMNMOMOMN I T TN
distance [um]

B GF-15[1 uM]
Em control (DMSO)

95



Results

CETN2-GFP BMDC under agarose
CETN2-GFP CETN2-GFP

y-tubulin
o

y-tubulin

CCL19

GF-15[1 uM], 3 hrs

Figure 25. GF-15 has severe side effects on dendritic cells with one and multiple centrosomes

(a) IF staining of MT filaments in GF-15 treated (12.5 pM, 6 hrs) mature WT BMDCs with multiple (upper panel)
and one centrosome(s) (lower panel) fixed during migration under agarose toward a chemokine source. Individual
and indicated merged channels of ac-tubulin (green), y-tubulin (grey) and a-tubulin (red) are shown. Nuclei were
stained with DAPI. Post-processing of images: deconvolution. Dotted white lines mark cell outline. Scale bars: 5 pm.
(b) Left: Representative image of mature fixed CETN2-GFP expressing BMDCs after treatment with GF-15
(12.5 pM, 6 hrs). Nuclei were stained with DAPI. White arrows mark scattered centrioles in cells with only one
centrosome. White box marks region of magnification showing one representative cell with one centrosome and
scattered centrioles. Dotted white line depicts cell outline. Scale bars: 5 pm. Right: Corresponding histogram
showing relative frequencies of intracentrosomal distances from N = 541 DMSO treated (control, blue) and N = 426
GF-15 treated (12.5 pM, 6 hrs,red) fixed mature CETN2-GFP expressing BMDCs with one centrosome. Based on
the mean of the distances in control cells and the corresponding standard deviation (SD), a threshold was defined
(mean + 2x SD, black dotted line), beyond which centrosomal integrity is considered destroyed. (c) Histograms
showing relative frequencies of intercentrosomal (left) and intracentrosomal (right) distances in fixed mature
CETN2-GFP expressing BMDCs with multiple and one centrosome(s), respectively, after treatment with a lower
concentration of GF-15 (1 uM, 6 hrs, red) or control treatment (DMSO, blue). The threshold for defining when
centrosomes are considered declustered (left) and centrosomal integrity is considered destroyed (right) is
calculated as described in b). Numbers of analyzed cells with multiple and one centrosome(s): N = 115 (DMSO),
N =161 (GF-15) and N = 255 (DMSO), N = 469 (GF-15), respectively. (d) IF staining against a-tubulin and y-tubulin
for visualization of MT filaments and PCM, respectively, in mature CETN2-GFP expressing BMDC with multiple
centrosomes fixed during migration under agarose toward a chemokine source after treatment with GF-15 in a
lower concentration and shorter incubation time than previously (1 uM, 3 hrs). Indicated merged channels of
CETN2-GFP (green), a-tubulin (red) and y-tubulin (grey) are shown. Nucleus was stained with DAPI. Post-
processing of image: deconvolution. Dotted white line represents cell outline. White box marks area of magnification
showing scattered centrosomes/centrioles. White arrows indicate acentrosomal PCM. Cell does not show a
polarized morphology. Scale bars: 5 pm.
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To test whether the observed side effects depend on the drug type, we switched to PJ-34, a
compound of a different chemical class inducing centrosomal declustering to a lesser extent
than GF-15 (15 vs. 64 %), as shown in fixed BMDCs (Fig. 23 c¢). We found that PJ-34 (50 uM,
3 hrs incubation) also showed a much lower impairment of the integrity of single centrosomes,
as analyses of intracentrosomal distances demonstrate (Fig. 26 a). In situ ear sheet assays
with PJ-34 (25 and 50 uM, 48 hrs) and water control showed a concentration-dependent
impairment of DC migration (Fig. 26 b). IF stainings of PJ-34 treated mature CETN2-GFP
expressing BMDCs that have migrated under agarose revealed that multiple centrosomes
were successfully declustered (Fig. 26 ¢, green arrows) and MTs themselves showed an intact
appearance, but PCM spreading was very pronounced, resulting in a large number of
additional acentrosomal MTOCs similar to GF-15 (Fig. 26 ¢, white arrows). In the light of these
side effects, it is difficult to dissect to what extent declustering contributes to migration effects,
such as those we observed in the ear sheet assay (Fig. 26 b).
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Figure 26. PJ-34 as an alternative declustering agent to GF-15 has less severe but still adverse side effects
on dendritic cells

(a) Histogram showing relative frequencies of intracentrosomal distances from N = 378 control treated (water, blue)
and N = 342 PJ-34 treated (50 uM, 3 hrs, orange) fixed mature CETN2-GFP expressing BMDCs with one
centrosome. Threshold beyond which centrosomal integrity is considered destroyed (mean distance in control cells
+ 2% SD) is depicted as black dotted line. (b) Left: IF in situ staining of lymphatic vessels via LYVE-1 (green) and
dermal DCs via MHC-II (orange) after control (water, left) or PJ-34 treatment (25 uM middle, 50 uM right) for 48 hrs.
Scale bar: 50 um. Right: Quantification of dermal DCs that are located on or in the vessels. Graph displays mean
values = SD with cells from N = 28 (water, blue), N = 27 (PJ-34, 25 pM, light orange) and N = 26 (PJ-34, 50 uM,
dark orange) images of ear sheets from 5 different mice (counted cells: 3068 control, 2478 PJ-34 25 uM, 2734
PJ-34 25 uM treated). */**/*** P = 0.0205/0.0042/0.0002 (one-way ANOVA followed by Tukey-Kramer test). (c) IF
staining against a-tubulin and y-tubulin for visualization of MT filaments and PCM, respectively, in mature CETN2-
GFP expressing BMDC with multiple centrosomes fixed during migration under agarose toward a chemokine
source after treatment with PJ-34 (50 puM, 3 hrs). Indicated merged channels of CETN2-GFP (green), a-tubulin
(red) and y-tubulin (grey) are shown. Nucleus was stained with DAPI. Post-processing of image: deconvolution.
Dotted white line marks cell outline. Green and white arrows indicate single scattered centrioles and acentrosomal
MTOCs, respectively. Cell does not show a polarized configuration. Scale bars: 5 um

Table 1 provides an overview of some of the experiments performed with the declustering
compounds GF-15 and PJ-34, thereby listing side effects, drug potency, inter- and
intracentrosomal distances, among others. Figure 27 summarizes the distance analyses
graphically. Note that, with the exception of treatment with GF-15 (12.5 uM), the variance of
the values was very low in cells with only one centrosome regardless of drug or control
treatment, and also in untreated cells with multiple centrosomes hardly any variance was
found.
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Table 1. Overview declustering conditions
CETN2-GFP BMDCs

treatment AC side effects 1 centros.: 2 2 centros.: | analyzed
[%] mean intra- | mean inter- cells

centr. dist. centr. dist. total
[um] (SD) [um] (SD)

DMSO, 6 hrs 22 2.89 0.7 (0.28) 1.53 (0.68) 695

DMSO, 3 hrs 25.5 3.36 0.72 (0.26) 1.59 (0.89) 499
DMSO, 6 hrs 311 3.52 0.74 (0.31) 1.6 (0.96) 370
GF-15 306 3.8 MTs intact, linker ~ 0.70 (0.31) 1.37 (0.74) 431
1uM, 3 hrs impaired*, PCM

readed
GF-15 256 5.6 sp 0.65 (0.31) 1.54 (1.0) 630
1M, 6 hrs
DMSO, 3 hrs 317 3.19 0.71 (0.29) 1.54 (0.82) 536
GF-15 30.2 10.6 MTs intact, few 0.7 (0.27) 1.7 (1.02) 563
0.5 uM, 3 hrs cases of

impaired linker*
+ spreaded PCM

GF-15 MTs curly/
0.1 uM, 3 hrs tensionless, rare
cases of

spreaded PCM +
impaired linker*

H,O 33.9 3.2 0.72 (0.26) 1.61 (0.79) 572
PJ-34 288 15 MT intact, PCM 0.76 (0.63) 2.11 (1.48) 480
50 pM, 3 hrs spreaded, linker

impaired*
H,O 22 3.0 0.68 (0.25) 1.46 (0.77) 541
PJ-34 235 134 inconspicuous, 0.74 (0.67) 1.77 (1.56) 285
50 uM, 16/24 only 5 images
hrs
PJ-34 MT intact, few
25 uM, 3+6 hrs cases of PCM

spreading +

impaired linker*

AC: additional centrosomes (> 1); centros.: centrosome; decl.: declustered; dist.: distance; hrs: hours;
intercent.: intercentriolar; intracent.: intracentriolar; MTs: microtubules; PCM: pericentriolar material; SD:
standard deviation. Related test series are separated from each other by thick black lines.
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Figure 27. Inter- and intracentrosomal distances in declustering agent treated and control BMDCs

Visualization of inter- and intracentrosomal distances listed in Tab. 1, displayed by centriole number. Data derive
from experiments with fixed mature CETN2-GFP expressing BMDCs previously treated with the indicated
declustering agent or the corresponding control (ctr).

Overall, we found that declustering drugs cause varying degrees of centrosomal declustering
in BMDCs with extra centrosomes and impair migration of dermal DCs in tissues as well as
locomotion of BMDCs in vitro. Due to drug-induced side effects that affect cell polarization and
directed migration, such as potential centrosomal linker impairment and PCM spreading, it was
not possible to decipher the contribution of centrosome declustering to the observed migratory
impairment. Therefore, the approach of chemical declustering in its present form cannot help
to unequivocally answer the question of whether a clustered centrosomal configuration is
required for proper cell migration. However, we found that the drugs — known for their effects
in cancer cells — also induce declustering in non-malignant cells (BMDCs) with supernumerary
centrosomes. Here, we observed that drug induced adverse events in BMDCs occur already
far below drug concentrations that are considered side effect-free in trials with cancer cells.
Moreover, we found that declustering agents were not specific for cells with extra centrosomes
as stated in the literature®%-397; instead, they also affect cells with normal centrosome numbers,
as we have seen from the disturbance of the configuration of centriole pairs in BMDCs with

one centrosome.
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4 Discussion

4.1 Primary and peripheral dendritic cells have excess centrosomes

Most non-malignant cells harbor one centrosome in G1 phase and — after duplication in S
phase — two centrosomes in G2 and M phase?®>3%°. The presence of two or more centrosomes
is a typical feature of cancer cells and is rarely found in non-malignant cells®*-3%7, Interestingly,
analysis of centrosome numbers in mature primary DCs, generated from murine bone marrow,
and tissue resident DCs revealed that, at 20-30 %, a non-negligible proportion of cells carries
two and more centrosomes®’°. In contrast, centrosome numbers in immature BMDCs were
predominantly regular, suggesting that the emergence of excess centrosomes is related to the
process of maturation. Quantification of centrosome numbers required high resolution of
centriolar structures allowing us to resolve distinct centrioles. Although many of the tested
antibodies gave unsatisfying results when trying to label single centrioles (data not shown) we
were able to assess centrosome numbers with antibodies against ac-tubulin, CEP135 and with
the use of cells generated from CETN2-GFP reporter mice that express a GFP-labeled version
of the cetriolar protein centrin2. Visualizing the PCM worked well by staining the PCM proteins
Cdk5Rap2 (not shown) and y-tubulin, but is not well suited to resolve individual centrioles
because of the diffuse staining pattern. Since ac-tubulin is not a genuine centriolar marker and
to prove that CETN2-GFP overexpression does not trigger centrosome amplification, we
verified our analysis by staining the centriolar protein CEP135. We demonstrated a clear “triple-
colocalization” of ac-tubulin, CEP135, y-tubulin in WT cells and CETN2-GFP, CEP135,
y-tubulin in CETN2-GFP cells, ensuring that we precisely stained and counted bona fide

centrosomes.

Deviations in counting centrosomes when using different proteins for visualization and
counting most likely are a result of the spatial organization of the respective centriolar marker.
While the whole centriolar cylinder consists of ac-tubulin units, CEP135 and centrin are
localized at the proximal and distal end of a centriole, respectively (see Fig. 10). Due to the
small distance between the two proximal centriole ends, the two cylinders may not be resolved
properly when staining CEP135 potentially leading to an underestimation of centrosome

numbers?*%7.

Multinumerous centrosomes were not only observed in BMDCs and isolated dermal DCs but
also in DCs within tissues suggesting that the phenomenon of additional centrosomes is not

caused by the crawl out process or culture conditions. To our knowledge, the presence of extra
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centrosomes has not yet been detected in immune cells and opens a multitude of questions,

some of which have been further addressed in this work.

Multiple centrosomes have previously been observed in trophoblasts*®®4% megakaryocytes*°
and cycling progenitors of olfactory sensory neurons®!!. In addition, some highly differentiated
cell types such as hepatocytes*'? and osteoclasts*'® show supernumerary centrosomes, as do
multiciliated cells, for instance, in the ventricles of the adult brain, the respiratory and
reproductive tracts of vertebrates*4. While these findings suggest that cells with excess
centrosomes are part of physiological developmental and differentiation processes, the
presence of multinumerous centrosomes is also well known from cancer/malignant cells3. It
has long been debated whether aberrant centrosome numbers are a cause or conseguence
of tumorigenesis, but there is increasing evidence that centrosome amplification can cause
chromosomal instability and tumor onset®28-3%°, Moreover, amplified centrosomes have been
shown to confer beneficial properties to malignant cells and are positively associated with
tumor aggressiveness328:329.337.392415-418  |ndeed, cell division of cancer cells with multiple
centrosomes often leads to lagging chromosomes and low-grade (non-lethal) chromosome
missegregation**® which can result in aneuploid daughter cells that have a proliferation or

survival advantage conferring (more) malignant properties to the cell#1°420,

To expand the knowledge of supernumerary centrosomes and their origin, it might be
informative to look for additional centrosomes in pDCs, which develop differently from cDCs
and leave the bone marrow as terminally differentiated cells. Furthermore, the study of mo-
DCs and other immune cells beyond DCs may provide deeper insights into the occurrence of
multinumerous centrosomes in the immune system and the potential uniqueness of the
phenomenon for specific cell types. In addition, it would be interesting to study the situation of
centrosomes in DCs of other species, especially in human samples. Also, systematic analysis
of different TLR agonists to stimulate DCs together with the respective stimulus-specific
transcriptional programs may provide further insight into the biology of supernumerary

centrosomes in DCs.

Beside the number of centrosomes, it might be interesting to take a closer look at structural
aspects of excess centrosomes in DCs trying to find out whether there are differences to
‘regular’ centrosomes. Cancer cells, for instance, often exhibit structural abnormalities of
centrosomes in addition to numerical aberrations, which is reflected by altered centrosome
size/shape or centriole length332421422 " |n these cases, the regulation of centrosomal proteins
and/or their PTMs is disrupted*?42* which can lead to enhanced or suppressed intracellular
MT nucleation thus potentially influencing cell shape, polarity, motility and/or the potential to

metastasize*?4425
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4.2 Cell cycle modifications are responsible for the emergence of extra
centrosomes in dendritic cells

4.2.1 Activated dendritic cells arrest in G1 phase of the cell cycle

Differentiated DCs were shown to have a low turnover rate*?, making it unlikely that the excess
of centrosomes we observed in mature BMDCs and tissue resident DCs arise from ongoing
cell proliferation. However, to investigate this issue, we stained for the proliferation markers
EdU in mature BMDCs and dermal DCs in murine ear sheets as well as pH3 in mature BMDCs.
IF analysis revealed only few positive signals in the analyzed cell populations indicating that

multinumerous centrosomes are not a result of ongoing cell cycling processes.

In a next step, we examined whether the cells arrest during the cell cycle, for which we made
use of cyclins, Cdks and Cdk inhibitors. In contrast to mature BMDCs and dermal DCs, only
immature BMDCs expressed high levels of the typical S/G2/M phase cyclins (A2 and B1),
confirming that only immature DCs are actively cycling; cyclin E1, on the other hand, was found
in all maturation stages. While immature cells showed high levels of cyclin E1 as a snap shot
from the cell cycle when the cells pass G1 phase during cycling, mature/activated (arrested)
DCs retain high levels of cyclin E in G1 phase.

Compared to other cyclins, cyclin D1 expression levels do not reach a high or distinct
expression peak in proliferating cells (see Fig. 15 a). Thus, this cyclin is not an optimal marker
to distinguish cell cycle phases from one another — a fact that also applies to its binding partner
Cdk4. Additionally, cyclin D1’s minor expression levels may explain why overall Cdk4 levels
were comparatively low (see Fig. 15 b, middle panel). The insufficient informative value of
Cdk4 as well as its low protein levels in dermal DCs and the limited number of dermal cells

prompted us to test Cdks only in BMDCs but not in dermal DCs.

In addition to the cyclins, Cdks and Cdk inhibitors shown, we tested further markers to obtain
information about a cell cycle arrest. Preferred markers were geminin and chromatin licensing
and DNA replication factor 1 (Cdtl), replication licensing factors whose levels oscillate
inversely during the cell cycle*?®; while Cdtl levels peak during G1 and drop after initiation of
S phase*?’, geminin levels are highest during S/G2/M phase?*?®42%, Unfortunately, no antibody
against Cdtl worked in our assays (data not shown). Finally, we received the possibility to get
information about the phase of the cell cycle arrest with a more elegant method, the use of
fluorescent ubiquitination-based cell cycle indicator (FUCCI) transgenic mice. The principle
according to which phases are distinguished is also based on the cell cycle regulators Cdtl
and geminin: A fragment of Cdt 1 and geminin, respectively, is fused to different fluorescing

proteins*?® resulting in FUCCI cell-nuclei that fluoresce in different colors depending on the cell
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cycle phase they are in (G1: red, S/G2/M: green). Newly generated daughter cells are colorless
since geminin degrades rapidly in late M phase while Cdtl is expressed in early G1 phase.
Orange cells, on the other hand, appear when both Cdtl and geminin are present (G1-S
transition)*?%. After generating BMDCs from FUCCI mice, we quantified all cells according to
their colors and showed that 25 hrs after LSP stimulation the majority (about 98 %) of cells
appeared red or colorless indicating that mature BMDCs rest in G1 phase of the cell cycle
(Fig. 28)%7°.
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Figure 28. Determination of the cell cycle phase in which mature BMDCs and dermal DCs arrest

Quantification of the proportions of FUCCI-derived BMDCs in the indicated cell cycle phases after different time
periods of stimulation with LPS. Graph displays mean values + SD of three independent experiments (analyzed
cells per condition: =228). Bone marrow from FUCCI mice was kindly provided by Prof. Andreas Villunger, Institute
for Developmental Immunology, Biocenter, Medical University of Innsbruck, Austria. Generation and cultivation of
FUCCI-derived BMDCs was done by Ann-Kathrin Weier.

FUCCI: fluorescent ubiquitination-based cell cycle indicator

A similar arrest of the cell cycle after stimulation is known from studies with lentiviruses and
CD4 T lymphocytes, a T lymphoblastoid cell line and several mammalian cell lines*3%-432, The
human immunodeficiency virus type 1 (HIV-1) protein Viral Protein R (Vpr) for example as well
as primate lentiviruses other than HIV-1 induce a cell cycle arrest in G2/M by keeping Cdk1 in
the phosphorylated (inactive) state thus preventing the activation of the Cdk1/cyclin B complex
which is required for entry into M phase**°#31, The aim behind is thought to be the delay or

prevention of apoptosis of infected cells increasing the amount of virus*3!.

In summary, using different approaches, we showed that the proliferative capacity of DCs after
activation is negligible in vitro and in situ and we reliably demonstrated that mature DCs arrest

in G1 phase of the cell cycle.
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4.2.2 Additional centrosomes in dendritic cells emerge through several
pathways

4.2.2.1 Premature mitotic exit

With the help of the FUCCI system“2® we were able to clearly show that mature BMDCs arrest
in G1 phase of the cell cycle. Additionally, we unraveled that the population of G1 arrested
cells consists of 2N and 4N cells rising the question of how tetraploid cells (carrying two or
more centrosomes) can occur in G1. The presence of 4N cells in G1 phase indicates an

incomplete mitosis.

To investigate mitosis of DCs in more detail, we analyzed the levels of BubR1 and cyclin B1
during maturation in immunoblot analysis and found an opposite development: While cyclin B
levels continued to decrease and eventually became undetectable, BubR1 levels increased
and persisted on the same level in the absence of cyclin B indicating mitotic slippage (see Fig.
17 b, right panel). These findings are in line with the current paradigm stating that a mechanism
behind/triggering this process is the successive degradation of cyclin B1 during prolonged
mitotic arrest®®l. There are currently two hypotheses as to why cyclin B1 can be degraded in
the presence of an active SAC: The first one suggests a low APC/C activity, which is able to
escape SAC-mediated inhibition leading to the leakage of cyclin B1 degradation®’®. A second
hypothesis proposes that a fatigue in SAC activation and/or strengthening of SAC-inactivating
mechanisms weakens the SAC gradually leading to cyclin B1 degradation®’®. Recently, data
appeared that support the second hypothesis: Reduction of Mad2 at kinetochores of cells
during mitotic arrest weakens the SAC, which in turn enables the proteasomal degradation of

cyclin B by APC/C promoting mitotic slippage3’.

In accordance with the indications on mitotic slippage from immunoblot analysis, IF stainings
in BMDCs revealed that chromosomal accumulation of BubR1 did not decrease at metaphase
and was even clearly detectable in anaphase, a stage in which BubR1 signals are normally
absent374382_ At this point, kinetochore stainings would have been advantageous, but were not
successful so that we restricted ourselves to visualizing the DNA using DAPI. Although our IF
findings do not prove the presence of mitotic slippage due to lack of kinetochore stainings, they
strongly indicate a premature mitotic exit in combination with the results from our immunoblot
experiments explaining the presence of mononucleted 4N cells with two centrosomes in G1
phase. A BubR1 reporter construct for live cell imaging could be suitable to study the process

of mitotic slippage in more detail.

A modified cell cycle with conversion from diploidy to polyploidy (and the emergence of multiple
centrosomes), as it is known from the development of other highly differentiated cells, can be

part of a developmental program that physiologically produces polyploid progeny. In this
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context, a mitotic slippage like phenomenon, also known as “endomitosis™*3, is for example
used by megakaryocytes upon maturation leading to globulated polyploid nuclei®*343, After
entering mitosis, the cells start to condense chromosomes and at most anaphase A can be
achieved, but then fully separation of sister chromatids does not occur, nor cytokinesis*36-43,
Instead, cells enter a G1-like state, re-enter S phase and start another round of endomitosis**°.
Besides this form of endomitosis (no nuclear division, no cytokinesis), an endomitotic cycle
variant is known, in which nuclear division occurs without cytokinesis leading to multinucleated
polyploid giant cells*?°. This form of abortive mitosis occurs in postnatal cardiomyocytes*,
mammalian hepatocytes*?442 and osteoclasts**3. Placental trophoblast giant cells in turn
have skipped mitosis altogether (endocycling or endoreduplication) and appear as
mononucleated polyploid cells*3444, Another mechanism that leads to multinumerous
centrosomes is cell fusion. These fusion events occur in very specific processes during
development, such as syncytiotrophoblast cell formation in the mammalian placenta through
the fusion of post-mitotic diploid progenitor cells*®®444 or the formation of osteoclasts from
precursors*®, Similarly, mature skeletal myotubes arise from the fusion of myoblasts*'3446, The
pathway of cell fusion is also being discussed for the emergence of polyploidy in
hepatocytes**’. Most of the described pathways are accompanied by the emergence of
multiple centrosomes, however, this is not necessarily the case, as shown by the differentiation

process of muscle cells, in which centrioles are lost upon fusion312448:449,

The process of mitotic slippage is also known from non-physiological conditions. Prolonged
mitosis can result in cell death — a fate cancer cells try to avoid and therapeutic approaches
are taking advantage of. Antimitotic therapies such as antimicrotubule drugs perturbe MT
dynamics leading to sustained activation of the SAC and mitotic arrest344%0, In some cases,
arrested cells undergo mitotic cell death (“mitotic catastrophe®) explaining the anti-proliferative
effect of antimicrotubule drugs®**. However, cancer cells often acquire resistance mechanisms
helping them to circumvent mitotic cell death and prematurely exit mitosis via mitotic
slippage®®. When “slipping” from mitosis to interphase without undergoing proper
chromosome segregation and cytokinesis, tetraploid multinucleated cells arise that either
arrest in G1 phase, die as post-slippage cells or continue cycling as genomically unstable
cells®*. The premature exit from drug-induced mitotic arrest to avoid subsequent cell death is

thought to be a major mechanism contributing to patient resistance to such drugs3*.

Just like the non-malignant and malignant cells listed above, activated DCs undergo an
alternative mitosis thereby increasing their centrosome number, but different from many of the
others, they arrest in G1 afterwards. This might be a reason why DCs — in contrast to cancer

cells*?°4%1 that can go on cycling with a magnitude of centrioles potentially promoting their

106



Discussion

malignancy — can "afford" multiple centrosomes without running the risk of accumulating

defects and becoming malignant (see next section).

4.2.2.2 Cytokinesis failure

Beside the process of mitotic slippage, which is mainly responsible for the presence of
mononucleated 4N DCs®*"°, we observed some other mitotic peculiarities after LPS stimulation.
We found evidence of cytokinesis failure in BMDCs, resulting in mononucleated and
binucleated 4N cells with excess centrosomes. Other outgrowth of and reason for abortive
cytokinesis was the presence of anaphase bridges, i.e., chromatin structures in the cleavage
plane leading to polyploid cells®*. Binucleated cells as well as chromosome bridges or lagging
chromosomes (not shown) can be caused by overriding the checkpoint leading to premature
chromosome separation and anaphase onset without prolonged mitotic arrest®34%2, The
presence of BubR1 at chromosomes of anaphase BMDCs (see Fig. 17 ¢, right panel) indicates
that the cells progressed into mitosis in the presence of an active SAC. Overriding the SAC
implies a weak checkpoint and might be dangerous, since there are still unattached or not
properly attached kinetochores potentially resulting in aneuploidy*>3. Aneuploidy is considered
a hallmark of cancer*®* and can drive tumorigenesis although recent findings show that an
aneuploid karyotype is not a universal promoter of tumorigenesis**>4°¢, For activated DCs, the
occurrence of aneuploidy is most likely not a dangerous event to the organism since mature
BMDCs and tissue resident DCs are terminally differentiated cells with only low proliferative
capacity*? and a short life-span**”4%8 reducing the risk of malignant cell transformation.
Accordingly, tumors very rarely arise from DCs. DC neoplasms can affect the lymphatic system
as well as extranodal sites**® but due to the small number of patients and the incompleteness
of published data only little is known about incidences and prevalences (for example, the
incidence of blastic plasmacytoid DC neoplasm is 0.000045 %)*5°46° Moreover, cancer
originating from DCs is very heterogeneous making it difficult to draw conclusions from single

case studies.

In summary, we found that mature BMDCs and dermal DCs arrest in G1 phase and we
demonstrated for BMDCs that this population contains diploid and tetraploid cells. One
proportion of 4N cells arises from a modified cell division cycle the cells go through. After LPS
stimulation, the cells that have already passed the G1 restriction point duplicate their DNA and
centrosome in S phase, before they enter M phase. Here, suppression of mitosis takes place
with a proportion of cells exiting mitosis prematurely via mitotic slippage ending up as
mononucleated 4N cells in G1 phase carrying two centrosomes. Another proportion of G1

arrested 4N cells results from cytokinesis failures during mitosis giving rise to mono- and
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binucleated cells with double number of centrosomes as well as mitotic figures such as
chromosome bridges or lagging chromosomes. Similar to what we observed in activated
murine DCs, some non-malignant human cells were shown to exit the cell cycle and undergo
polyploidization in response to physiological or pathological stimuli, such as injury, hypoxia,
starvation, temperature, and aging*°. For instance, there is evidence that hypertension is
associated with polyploidization of heart muscle and vascular smooth muscle cells#61462,
Whether LPS or mechanical stimuli that we use to induce murine DC activation can be

classified as comparable stimuli to those described above is not yet known.

4.2.2.3 Centriole overduplication

In addition to differentiated tetraploid DCs with two centrosomes, we found 4N cells with more
than two centrosomes and 2N BMDCs with two and more centrosomes suggesting that
centrosome accumulation due to incomplete mitosis is not the only mechanism for the

emergence of multinumerous centrosomes in G1 arrested DCs.

Besides the centrosome, the DNA is also duplicated exactly once per cell cycle. Under
physiological conditions, the two cycles are coordinated: In case of a delay of the chromosome
cycle, the centrosome cycle stops preventing the production of extra centrosomes?®2. If this
coordination gets lost, a mechanism called “(over)duplication” can cause extra centrosomes.
Overduplication is a phenomenon well known from cancer cells®38-340 and has been identified
in melanoma cells as the major pathway for the development of excess centrosomes®¢, During
overduplication observed in cancer cells, DNA and centriole duplication are uncoupled333463
resulting in an untimely centriole duplication, i.e., centrioles continue to duplicate while DNA
duplication has stopped3#342, Keyplayers of the centriole duplication cycle are PLK2 and
PLK4. Experimentally, centrosome amplification was induced by PLK4 overexpression in a
human osteosarcoma cell line®"44 and in flies*®, whereby this occurs through the
simultaneous generation of multiple procentrioles in S phase®*. Similar evidence was found

for PLK2 overexpression in malignant and non-malignant cells®®°.

While suppressed mitosis and cell fusion are mostly accompanied by tetraploidy and two
centrosomes (four centrioles), overduplication can cause considerably more centrioles and is
independent from ploidy. This is exactly what we observed in a proportion of differentiated
DCs, giving a first hint that centriole overduplication may play a role for the emergence of
excess centrosomes in DCs. This suspicion was supported by our group by showing that PLK2
upregulation upon LPS stimulation leads to centriolar overduplication in BMDCs®*". In this
context, it might be also worthwhile to further investigate the nucleolar protein nucleophosmin,

which is involved in the process of centriole duplication 4.
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In summary, multinumerous centrosomes in activated DCs arise by two pathways, occurring
in equal proportions of about 50%°°. 2N cells in G1 phase have acquired their extra
centrosomes through centriole overduplication, while 4N cells harbor multiple centrosomes
due to centrosome accumulation during abortive (incomplete) mitosis or due to a
combination of both processes resulting in approximately 30% of cells having additional
centrosomes®’°. Both pathways are known from neoplasia development*’, but the combined

occurrence has not yet been described in a physiological context.

It has not yet been clarified whether it would in principle be possible for DCs to increase the
proportion of cells with extra centrosomes beyond 30% after LPS stimulation. This issue is for
instance also related to the question of whether all cells that have passed the restriction point
in G1 at the time of stimulus acquire additional centrosomes or whether there might be a “cell
reservoir’ from which further cells with multiple centrosomes can arise. Moreover, in
preliminary experiments with different TLR agonists, we observed that the proportion of DCs
with additional centrosomes varies depending on the stimulus. In addition, we discovered that
mature BMDCs stored under non-optimal culture conditions, in our case in a non-humidified
environment, had a strikingly higher poportion of cells with multiple centrosomes and,
moreover, remarkably more centrosomes per cell. This suggests that the formation of extra
centrosomes may be related in some way to adaptation processes and/or stress responses.
Therefore, it might be of interest to systematically expose DCs to different stimuli and cellular
stressors and investigate the percentage of cells with extra centrosomes and the amount of

extra centrosomes per cell.

4.3 Supernumerary centrosomes affect dendritic cell migration

4.3.1 Multiple centrosomes stay close together during drastic cell shape
changes

To get an impression of the spatial organization of centrosomes in DCs with one and multiple
centrosome(s), we determined intracentrosomal and intercentrosomal distances in fixed
BMDCs that have migrated under agarose as well as in BMDCs during migration along
chemotactic gradients. Both parameters were slightly lower in fixed cells than during migration,
possibly because forces acting on the centrioles during migration pull them apart.
Intracentrosomal distances in migrating BMDCs were comparable in cells with one and
multiple centrosome(s) while intercentrosomal distances were found to exceed
intracentrosomal distances (see Fig. 18 c, lower panel). The latter finding might be explainable

by the linker fibers that connect the two centrioles of a G1 phase centrosome and/or the
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significant shape changes that DCs undergo during migration, which may also affect the
localization of the centrosomes leading to higher intercentrosomal distances. However,
considering the distances in absolute terms rather than comparing intra- and intercentrosomal

distances, it is apparent that multiple centrosomes are located in close proximity to each other.

In DCs, we almost exclusively found intracentrosomal distances below 2 um — a value that in
many studies serves as threshold for intact centrosome cohesion. Regardless of the cell cycle
stage, in case of an intracentrosomal (intercentriolar) distance of more than 2 um, the
connection is assumed to be destroyed (“centrosome splitting”) as deduced from experiments
with cancer cell lines?’846846%  Moreover, experiments with human retinal pigmented epithelial
(RPE1) cells revealed that in the majority of cells, the two centrioles stay close together
(< 2 ym) during interphase“®. In outer hair cells, stereocilia-bearing sensory cells of the
mammalian cochlea, the intercentriolar distance is less than 1 um*7°. Similar results were found
in centrosomes isolated from human, calf, mouse and rat thymocytes, bovine peripheral
lymphocytes and from a human cell line of T lymphoblastic origin®’*. Besides, many other
studies examining centrosomal cohesion with a plethora of cell types use an intercentriolar

distance of 2 um for the definition of centrosome splitting?76:468:472-475,

Centrosome splitting was observed, for instance, in cells lacking the linker (associated)
proteins C-NAP1, rootletin or Cep68277472473475-477  However, there are findings from
experiments with human RPE1 cells suggesting that the loss of centrosomal linker function is
a reversible event*% indicating that the linker between two centrioles is a highly flexible
structure®®, Consistent with these findings are observations from experiments with neutrophils:
After activation with a chemoattractant, transient centrosomal splitting occurs reaching
intercentriolar distances of 8-10 um, in some cells even higher4’®, It should be noted however,
that the results of the migration studies come from experiments that — in contrast to our studies

— were conducted in a uniform chemokine field leading to non-directional migration.

We also conducted preliminary studies with mature BMDCs migrating under agarose in a
homogeneous chemokine field and observed that, as expected, the cells did not maintain their
direction of migration for long and changed their shape permanently and sometimes drastically;
nevertheless, the centrioles of single centrosomes as well as multiple centrosomes stayed
close together all the time (not shown). Thus, we concluded that neither the chemokine
gradient provides signals for the grouping (clustering) of centrosomes, nor are centrosomes
passively forced together by the shape of the cells as they migrate toward the highest
chemokine concentration. Furthermore, due to the low cell density in those assays (and later

also confirmed in migration assays with a chemokine gradient and low cell density), we
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excluded the possibility that migrating cells under agarose — and with them their

centrioles/centrosomes — are squeezed together by neighboring cells.

Additionally, we demonstrated in mature BMDCs migrating in Y-formed channels that even
during path decision making processes, which are often accompanied by extreme changes in
cell shape due to mechanical deformations, multiple centrosomes stay close together. We do
not assume that the narrow canals of the Y-channels foster a clustered configuration of extra
centrosomes, since, for example, in under agarose migration assays multiple centrosomes
also remained close together. Moreover, at the bifurcation, i.e., the point of decision making,
cells showed two competing protrusions and the centrosome was subject to directional
changes at this point (see Fig. 22 b), which opposes centrosomal compression by constriction.
Despite this challenging circumstances, we found that the centrosomes stay close together
suggesting that they are actively hold together.

In summary, using different assays and migration models, we were able to demonstrate that
multiple centrosomes are located in close proximity to each other in fixed cells as well as during

migration.

4.3.2 Dendritic cells with extra centrosomes show more microtubules and less
actin around the centrosomes

Having confirmed the presence of multiple centrosomes in different types of DCs, we turned
to functional aspects and investigated the significance of additional centrosomes for DC
biology focussing on directional migration. To exclude potential effects of ploidy, we only
included 2N cells in our analyses. In a first step, we analyzed the role of excess centrosomes
as MTOC. After having found that MTOCs with multiple centrosomes are as functional in
organizing MTs as their counterparts with one centrosome, we investigated in BMDCs whether
there is a correlation between the surplus of centrosomes and the number of MTOC nucleated
MTs (nucleation capacity). Analysis revealed a statistically significant difference between these
two groups with cells carrying extra centrosomes nucleating about 33% more MTs than cells
with normal centrosome numbers. Performing this analysis in dermal DCs would have
strengthened this finding, however, stainings of MT filaments in ear explants only worked well
for fibroblasts and we did not succeed in resolving individual MTs in dermal DCs making valid
MT counting impossible. What we have not yet investigated, but which may be of interest, is
whether the structure of MTs in BMDCs with multiple centrosomes is altered in addition to the

number.

Since centrosomes do not only function as MTOC but also as actin filament organizing

center3%327 we investigated the amount of centrosomal actin in BMDCs and found that, unlike
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MTs, there was less centrosomal actin in cells with a surplus of centrosomes than in cells with
normal centrosome content. This observation of an inverse relationship is in line with findings
from other groups showing, for example, in interphase lymphocytes, that increasing density of
centrosomal actin correlates with reduced amounts of MTs*?’. Others studied centrosomal
actin nucleation during mitosis and found a burst in centrosomal actin as cells enter anaphase,
which was accompanied by a decrease in centrosomal MT density*’®. Since the two filament
types seem to compete for space around the centrosome, it is conceivable that steric issues
could arise, such that “a plus of MTs filaments” as we found in 2N DCs with extra centrosomes

may lower the capacity for actin polymerization.

Since the PCM plays an important role in MT nucleation, it seems worthwhile to study this
component of the centrosome more intensively. Preliminary results from immunoblot
experiments with 2N BMDCs indicate that cells with multinumerous centrosomes have more
y-tubulin than cells with only one centrosome. Since y-tubulin is one of the PCM proteins that
promote MT nucleation?®®, more y-tubulin could point to more PCM, which in turn could lead to
more space for MTs (and consequently less for actin). Therefore, it might be interesting to
pursue the question of whether more centrosomes are associated with more PCM (and
therefore with enhanced MT nucleation capacity). In this context, PLK1 and whether altered
levels lead to altered amounts of y-tubulin may be of interest since PLK1 facilitates the

recruitment of y-tubulin®.

The findings regarding MT nucleation capacity and the amount of PCM are diverse in the
literature. Analysis of tissue from high grade human breast tumors, for example, revealed that
multinumerous centrosomes exhibited increased MT nucleation compared to centrosomes of
normal breast tissues, while centrosomes were characterized by an excess of PCM3%2, Studies
from tumor endothelial cells (TECs) which often carry multinumerous centrosomes, showed
that cells with supernumerary centrosomes had significantly less centrosomal y-tubulin than
control cells which was supposed to decrease MT nucleation*®!. However, it should be
mentioned that we analyzed y-tubulin levels in immunoblot analysis detecting total cell
y-tubulin, whereas the results from TECs come from IF analysis of centrosomal y-tubulin.
Another important difference to our results is that DCs predominantly exhibit a clustered
centrosomal configuration whereas multiple centrosomes in the mentioned examples were
scattered within the cytoplasm showing high intercentrosomal distances®324t, When
comparing studies in terms of the number of nucleated MTs, it should be noted that in the
presence of declustered centrosomes, there can be two types of quantification, counting MTs
per cell and MTs per centrosome. Moreover, classification of centrosome status regarding

“normal content” and “excess centrosomes” can differ between studies.
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As an example of non-malignant cells where similar results to our DCs were found, studies
with a human mammary epithelial cell line with inducible centrosome amplification/
accumulation can serve. Analysis revealed a clustered configuration of multiple centrosomes
in interphase, elevated centrosomal y-tubulin levels and increased centrosomal MT nucleation
capacity®*’. However, in contrast to our findings, additional centrosomes in these cells were

shown to promote features of malignant transformation (see also 4.3.4).

4.3.3 Directional persistence is significantly higher in dendritic cells with
additional centrosomes

To explore the functional relevance of multinumerous centrosomes in DCs we followed
activated 2N BMDCs during chemotactic migration under agarose and analyzed migration
parameters at a single cell level. The same was done with dermal DCs isolated from ear
sheets, but it was not possible to derive a threshold for ploidy via nucleus size here, as it was
the case with BMDCs (see Fig. 16 a). It can be assumed that this might be feasible with higher
numbers of dermal DCs, however, these experiments require a not insignificant number of test
animals, which must be kept in mind. In both BMDCs and dermal DCs, we found no
appreciable difference in migration velocity between cells with multiple and one centrosome(s),

but directional persistence was significantly higher in cells with two or more centrosomes.

Euclidean distance analyses showed a trend of higher values in cells with additional
centrosomes suggesting that these cells have moved further away from the starting point (point
at which the cells were located at the start of the analysis) within the same time period than
cells with only one centrosome. Transferred to a “real life setting“, such as the dermis of the
skin, this could mean that activated DCs with excess centrosomes have already reached the
lymphatic vasculature while cells with regular centrosome content have not yet come so far.
To study this issue in more detail and strengthen our findings, in vitro migration assays in a
competitive setting would be an option. Here, we would expect, that the first cells that arrive at
a designated destination carry predominantly multinumerous centrosomes. However, such
approaches require a common or comparable starting point and a sufficient number of cells to
be retrieved, both of which are technically difficult to achieve. As a corresponding in vivo
experiment, DCs could conceivably be sorted on diploid cells with one and multiple
centrosomes, stained differently, and then injected as a mixture into the footpad of a mouse.
After a defined period of time, the ears would then be analyzed to see if there are more cells
with additional centrosomes in/on the lymphatic vessels of the dermis. However, this approach

is experimentally very challenging.
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At this point, modeling approaches and the inclusion of DC migration beyond a gradient setting
can be useful. Modeling can help to overcome limitations in study design that may occur with
certain questions. Preliminary results from studies with ear sheets, for example, revealed that
direct analyses (e.g., the time cells with one and more centrosome(s) require to enter the
lymphatics) in this physiological environment were not possible: Although imaging of centrioles
in skin DCs located infon lymphatic vessels was possible in principle, valid determination of
centrosome numbers was not due to overlapping of the cells preventing a reliable assignment
of the centrioles to the cells. In addition, extending analyses by in vitro migration experiments
with homogeneously distributed or without chemokine seem necessary in this context, since
in vivo, for example in dermal tissue, DCs do not permanently reside in a gradient environment.
Instead, they are predominantly located somewhere between the lymphatics where they are
not in close proximity to a vessel with its perilymphatic chemokine gradient (see Fig. 6).
Therefore, it is important to understand the contribution of extra centrosomes to non-guided
migration. Beyond the perilymphatic chemokine gradient, DCs have to migrate and find the
vessel without external guidance cues, exhibiting a mode of locomotion described as persistent
random walk motility, which is characterized by alternating phases of persistent movements
and random walks (see section 1.2.3). The physiological relevance behind the mentioned in
vitro assays is based on the questions I) how efficiently can DCs with different centrosome
numbers navigate in uniform chemokine fields after activation and approach the zone of
chemokine gradient in order to enter the lymphatic vessels and Il) whether DCs with additional
centrosomes also show a migration advantage under these conditions. In addition to
velocity/accumulated distance and directional persistence as readout parameters, it would be
interesting to determine and compare the scanned area of cells with one and multinumerous
centrosome(s). From a physiological point of view, the interest behind this is to find out how

comprehensively, accurately and quickly DCs scan their environment.

Here, migration parameters obtained from these assays, such as velocity and directional
persistence, can be used for the calculation of the mean square displacement (MSD) which
represents the squared distance between the cell and the tracking origin over time. The MSD
as a measure of how far cells can move in time gives an impression on how directional
persistence affects the distance that cells travel during a defined timeperiod. Migration data
obtained can then be fitted to a suitable migration model, which for DCs would be a persistent
random walk model. From the MSD analysis, the persistence time can be derived which is the
time the cells migrate persistently before changing direction, i.e., the time until the next random
walk phase begins, thus being a measure of the ability of a cell to maintain its direction of
motion. With the mentioned parameters, it is possible to investigate the effect of extra

centrosomes on migration using mathematical modeling. This provides information about the
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time it takes for DCs with one and more centrosome(s) until they enter the lymphatic vessels
and answers the questions, whether and to which extent cells with multiple centrosomes

possess an advantage over cells with only one centrosome.

4.3.4 Enhanced persistent cell migration is caused by excess centrosomes

In order to ascertain whether multiple centrosomes are not only associated with, but also cause
enhanced persistent locomotion we sought to remove (extra) centrosomes in migrating
CETN2-GFP BMDCs via laser ablation techniques. The project required the identification of
suitable laser settings that were sufficient to destroy centrosomes but mild enough to ensure
cell function. To this end, we performed several pre-tests, including the analysis of remaining
fluorescence intensity of the centrosome after laser exposure, which revealed a clear reduction
of the fluorescence signal. Even though we could not definitely rule out the possibility that this
was merely bleaching, we were able to switch off the centrosome as MTOC, as following IF
stainings revealed: We performed control and full centrosomal laser ablations in CETN2-GFP
expressing BMDCs migrating under agarose and stained the cells for MTs. Cells experiencing
control ablations, consisting of laser treatment of an area in close proximity to the centrosomes,
showed a normal cellular shape as well as regular looking MTs emanating from the
centrosome. Itis conceivable that a few MT filaments might have been destroyed by the control
laser treatment but probably have regrown from the centrosome. After complete centrosomal
ablation, however, the centrosome in its function as MTOC was destroyed, very likely going
back to the fact that the loss of centrioles usually leads to PCM dispersal®®®2%6482 which
prevents the regrowth of MTs resulting in reduced MTs numbers. Moreover, we observed a
decrease in MT filament length and a curly configuration after full centrosomal ablation
compared to control treatment indicating a loss of tension. These findings led us to conclude
that the technical conditions were suitable to efficiently switch off the centrosome as MTOC,
so we used these settings for the following ablation experiments. Alternatives to laser ablation
to eliminate centrosome’s MTOC function could be chromophore-assisted light inactivation
(CALI), which uses a phototoxic fluorescent protein for the light-induced inactivation of target
proteins (in our study, centrosomal proteins including PCM components)*®, or the PROteolysis
TArgeting Chimera (PROTAC) technique, that utilizes endogenous E3 ligases to degrade
target proteins via the ubiquitin-proteasome system. PROTACs have also been available for
some time with a light-inducible switch (opto-PROTACS) enabling the degradation of protein
targets in a spatiotemporal manner*®. Both approaches could be gentler than laser ablation
techniques, but cannot be applied in primary cells, requiring another cellular system, such as
Homeobox B8 (HoxB8)-derived DCs.

115



Discussion

We conducted laser ablation experiments in CETN2-GFP BMDCs during migration under
agarose toward a chemokine source and measured migration velocity and persistence before
and after laser treatment. We were not able to distinguish between 2N and 4N BMDCs, but
since we analyzed migration parameters of one and the same cell before and after laser
intervention, this was not mandatory. Control ablations that did not target the centrosomes did
not influence persistent migration at all and velocity only showed a marginal decrease, the
latter could be due to a disturbance of actin, the main driving force of DC locomotion®87,
Complete as well as partial centrosomal ablation led to a significant decrease in directional
persistence compared with control-ablated cells; velocity, on the other hand, was only slightly
reduced. These results demonstrate that the centrosome is decisive for directional persistent
locomotion and, moreover, revealed a causal relationship between supernumerary

centrosomes and enhanced persistent migration.

After having demonstrated that extra centrosomes lead to more efficient chemotaxis of BMDCs
compared to BMDCs with one centrosome the question arises as to how exactly additional
centrosomes improve persistent migration. One conceivable mechanism would be that
multinumerous centrosomes contribute to stable polarization. Against the backdrop, that MTs
are mainly responsible for persistent migration it is conceivable that our findings are due to the
enhanced capacity of extra centrosomes to nucleate/anchor MT filaments. In addition to the
function of MTs as asymmetric structure in generating front-back polarity, it is also worth
recalling their function as tracks for the directed transport of new membrane and cytoskeletal
components and signaling molecules to the leading edge to maintain polarity and directional
persistent cell migration. Not to forget, MTs are able to resist high compressive loads thereby
contributing to the formation and maintenance of membrane protrusions. Moreover, there is
growing evidence that not only actin is driver of the pushing forces required for cell protrusions,
but also MTs seem to contribute to providing pushing forces for cell protrusions/migration
(reviewed in &’). To prove the hypothesis that multiple centrosomes contribute to stable
polarization, one of the next steps could be to analyze the amount and the size of lateral
protrusions in DCs with one and multiple centrosome(s) to decipher whether lateral membrane
extensions are correlated with the number of centrosomes. Based on our findings so far, we
would expect that DCs with additional centrosomes exhibit fewer lateral protrusions being more
“focused” on their goal giving preference to the protruding central membrane part over all
lateral membrane outgrowths. MTs may also be an indirect driver of enhanced migration by
influencing the Golgi apparatus, which is explained by the fact that centrosome nucleated radial
MT arrays are crucial for the organization of a polarized Golgi apparatus during cell migration.
There is evidence from cancer cells, that cells with multiple centrosomes nucleate more MT

filaments and that this might provide an enriched signal for polarized Golgi assembly with a
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possibly more pronounced cis-trans Golgi polarization allowing enhanced trafficking of vesicles

with migration promoting factors to the leading edge (reviewed in 416).

While we identified a potentially positive/advantageous role of supernumerary centrosomes for
immune effector functions of DCs showing that additional centrosomes promote persistent
chemotactic migration, multiple centrosomes in cancer cells have similar yet quite different
effects. The excess of centrosomes in malignant cells appears to confer cytoskeletal
advantages that enhance cell polarization and Golgi-dependent vesicular trafficking, but this
favors stromal invasion and other aspects of metastatic progression. There is evidence from a
human mammary epithelial cell line that acquires malignant characteristics after induced
generation of extra centrosomes, as well as from tumor cells, that increased centrosomal MT
nucleation occurring via clustered extra centrosomes results in increased Racl activity. This
in turn can lead to invasive protrusions that disrupt normal cell-cell adhesions®¥7:48548  These
findings illustrate that multinumerous centrosomes not only play a role in mitotic processes in

the context of cancer, but also can profoundly disrupt interphase activities, such as migration.

Interestingly, TECs, which are not malignant themselves but differ from healthy endothelial
cells and also harbor a surplus of centrosomes, show potentially malignant features even
though MT nucleation is decreased*!. Multiple centrosomes in TECs, however, exhibit a
dispersed configuration throughout the cytoplasm, which seems to be critical for the potentially
harmful properties of the cell. As the underlying model, it is assumed that decreased MT
nucleation capacity compromises centrosome clustering at the MTOC leading to fragmentation
of the Golgi apparatus due to scattered centrosomes and randomized vesicle trafficking*!. In
consequence, the cells show impaired cell polarity, disrupted cell migration and perturbed
vessel sprouting thereby contributing to tissue disorganization and pathology. In addition,
reduced MT nucleation capacity itself is assumed to directly impair cell migration. The ablation
of excess centrosomes partially rescued centrosome scattering and restored directed cell
migration demonstrating how important a clustered configuration of extra centrosomes is for

proper cell locomotion*&t,

In line with these findings, we observed problems with polarization and stable migration in DCs
whose extra centrosomes showed a declustered configuration (see Fig. 22 c), even though
these cases are very rare. This led us to hypothesize that the postulated relationship between
multiple centrosomes and enhanced migration only exists when centrosomes are clustered

(further discussed in the next sections).
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4.4 Scattering of multiple centrosomes in dendritic cells has negative
effects on migration

4.4.1 Centrosomal clustering is beneficial for dendritic cells

DCs predominantly show a clustered configuration of their supernumerary centrosomes as
proven in fixed samples as well as in DCs migrating in different in vitro approaches. In the rare
cases of DCs with declustered centrosomes, the cells have problems with polarization and
stable migration. Preliminary quantification of migration parameters of mature BMDCs in a bulk
under agarose migration assay supports the assumption of migration impairment in the
presence of declustered centrosomes (Fig. 29). Therefore, we hypothesized that a clustered

configuration of multiple centrosomes is required for proper cell migration.
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Figure 29. A declustered centrosomal configuration adversely affects cell migration

Quantification of persistence and velocity of mature CETN2-GFP expressing BMDCs with multiple centrosomes in
the indicated configuration during migration under agarose toward a chemokine source. Box plot diagrams display
median, 25% and 75 % percentile with whiskers marking minimum and maxium. Graph is based on N = 19
(clustered) and N = 4 (declustered) cells pooled from 8 independent experiments.

Indications of a possible mechanism behind disturbed migration in the presence of declustered
centrosomes came from MT stainings revealing that single declustered centrosomes can act
as individual MTOCs (see Fig. 22 d). This phenomenon has been observed in many different
cell types and also applies to single centrioles in DCs (see Fig. 26¢c and Fig. 30). The presence
of multiple MTOCs potentially influences the spatial alignment of the cell during polarization
and/or hinders directed migration. MTOCs together with MTs are indispensable for inducing
and maintaining cell polarity and are known to act as pathfinder during cell locomotion by
stabilizing a selected direction of movement3?®*4¢’, The scattering of centrosomes therefore
generates multiple sites of MT nucleation and pathfinders, which could lead to difficulties in
MT coordination, problems with polarizaiton, or conflicts in decision making about which
direction to take. Interestingly, we observed (rare) cases of mature BMDCs under agrose,

which exhibited a well-polarized shape and appeared to migrate properly, although their
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centrosomes were declustered and formed multiple MTOCs. Unlike in most BMDCs with
declustered centrosomes, the declustered centrosomes/MTOCSs in the successfully polarized
cells were not spreaded throughout the cell, but aligned on an imaginary line along the axis of
migration, suggesting that the geometric/spatial arrangement of supernumerary centrosomes
plays an important role (Fig. 30, left). As a side note, persistent migration was also observed
in DCs with two split centrioles when both cylinders were aligned along the axis of migration
(Fig. 30, right).
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Figure 30. Successful polarization is possible when multiple centrosomes/scattered centrioles are aligned
along the migration axis

Left: IF staining of MT filaments and PCM in mature CETN2-GFP expressing BMDC with multiple
centrosomes/MTOCs fixed during migration under agarose toward a chemokine source. Merged channels of
CETN2-GFP (green), a-tubulin (red) and y-tubulin (grey) are shown. Nucleus was stained with DAPI. Post-
processing of image: deconvolution. Dotted white line marks cell outline. Scale bar: 5 um. Right: mature CETN2-
GFP expressing BMDCs with scattered centrosome during migration under agarose along a chemotactic gradient.
White dotted line indicates cell outline. Scale bar: 10 pm.

The occurrence of multiple MTOCs in non-malignant motile cells is rarely reported. In zebrafish
primordial germ cells, duplicated MTOCSs lead to impaired organization and dynamics of MTs,
thereby interfering with cell polarization and migration*®. Studies with baby hamster kidney
fibroblasts that were fused into syncitia revealed that more than 3/4 of the cells harbor multiple
MTOCs and that the syncitia were able to locomote if the MTOCs aggregated into a common

cluster*®® pointing to an important role of centrosomal clustering for migration.
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4.4.2 Centrosomal clustering is a known phenomenon in cancer cells

In contrast to the majority of non-malignant cells, tumor cells frequently carry multinumerous
centrosomes®31:33 which they acquire by centriole overduplication or divison failure33®. In
malignant diseases, extra centrosomes are associated with various features of tumor
aggressiveness, such as chromosomal instability, aneuploidy, increased invasiveness, tumor
grade and size, aberrant stem cell divisions or recurrence in various types of
cancer3?8:329.337,392415-418 * Indeed, supernumerary centrosomes are sufficient to drive
spontaneous tumorigenesis in mammals®¥, raising the question of the link. At first glance, the
connection between additional centrosomes and the ambition of cancer cells to survive and
proliferate appears contradictory, since extra centrosomes pose a great danger to a cell as
they promote the formation of a multipolar spindle during mitosis**1. This is not well tolerated
by the cell and leads to mitotic catastrophe (cell death during mitosis) or multipolar
mitosis®*+4% |f the cell resists mitotic catastrophe and divides in a multipolar fashion, this often
results in high-grade aneuploid daughters that are very likely to go into apoptosis#®4%2, To
avoid these tumor-suppressive events, cancer cells have developed a strategy to deal with
extra centrosomes and avert the emergence of a multipolar spindle. By clustering their extra
centrosomes into two functional poles (MTOCSs), they generate a “pseudo-bipolar spindle”
which ensures bipolar mitosis and cell survival similar to normal diploid cells3893944% (see
Fig. 23 a). Although the SAC presumably provides enough time for effective clustering prior to
anaphase®*, a transient multipolar spindle intermediate occurs during the process of bipolar
spindle creation promoting the formation of merotelic kinetochore attachments (one
kinetochore is connected to MTs emanating from opposite spindle poles)328:3%4494Since these
irregular MT kinetochore attachments are not detected by the SAC, the emergence of lagging
chromosomes and low-grade (non-lethal) chromosome missegregation is promoted*'°. This
might give rise to aneuploid daughter cells with a proliferation advantage or survival benefit

conferring (more) malignant properties to the cell*1°42°,

Against this backdrop, it becomes obvious that molecules that disturb centrosomal clustering
are of great interest for research into anti-cancer therapies. Several substances are known
from cancer research to induce centrosomal declustering in mitosis®®, which prompted us to
try these drugs as tool in interphase DCs to prove the hypothesis that a clustered configuration

of multiple centrosomes is a prerequisite for persistent DC migration.
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4.4.3 Declustering drugs are not suitable for analyzing the dependence of
proper dendritic cell migration on centrosomal clustering

We designed experiments to perturb centrosomal clusters in BMDCs to study the migratory
behavior of DCs with scattered centrosomes and check for a potential connection between
successful clustering and proper migration. Therefore, we used declustering agents, which are
mainly used in cancer research to study mitotic processes, and planned to establish the drugs
for our interphase settings. From the variety of substances available, we have selected the
declustering compounds GF-15 and PJ-34. The griseofulvin derivative GF-15 is in pre-clinical
development and has been shown — at concentrations that do not significantly affect tubulin
polymerization — to reduce spindle tension in mitotic cancer cells, possibly by inhibiting MT
dynamic stability®®’. Since spindle tension is necessary for centrosome clustering, cells with
supernumerary centrosomes experience centrosome declustering, multipolar cell division, and
ultimately cell death3%74954% |n vitro and in vivo studies revealed that GF-15 potently inhibits
tumor cell growth3’. PJ-34 is a PARP inhibitor in pre-clinical state and was shown to induce a
G2/M arrest in human cancer cells in vitro via activation of p21 and subsequent cell death via
disrupting the bipolar clustering of extra centrosomes®°129339%:3% |t should be mentioned that
some PJ-34 related PARP inhibitors are already approved for marketing as first-line, second-
line, third-line or maintenance therapy for some specific cancer entities or are tested in clinical
trials*974%8, Both declustering agents were said to affect exclusively cancer cells harboring

multiple centrosomes without affecting normal cell proliferation®°5-3%7,

We oriented ourselves to the published concentrations, but ultimately set them significantly
downward in our assays to prevent potential toxic effects on DCs. In fixed BMDCs, we
analyzed the potency of the drugs by determining the proportion of cells with multiple
centrosomes that have declustered centrosomes. We approached this topic by measuring the
distances between centrosomes (intercentrosomal), which we first recorded in control treated
cells (DMSO, H;0) to get an idea, which distances are “normal“. Note that the obtained mean
values from this analysis (see Fig. 23 c, right panel) are very similar to the mean
intercentrosomal distances recorded in completely untreated fixed cells (see Fig. 18 a and
Fig. 27) demonstrating that control treatments had no influence on the process of

(de)clustering.

It could be worth considering cell size in the analysis, as distances between
centrosomes/centrioles may be greater in larger cells. Alternatively, separation of 2N and 4N
cells based on nuclear size could be targeted with subsequent exclusive analysis of 2N cells,
similar to the procedure used in untreated BMDCs under agarose (see Fig. 16 a). In addition

to this procedure, other approaches are conceivable to determine when a centrosome is

121



Discussion

declustered. A recent study in osteoclasts, for example, defines a cluster as “having 3 or more
adjacent CEP164 signals within 1 um of each other”®, Others worked with 3D reconstructions
of Z-stack images and quantitated the spread of interphase centrosomal clusters using an
appropriate software3%®, After calculating the volume of the cluster, the ratio of the average

volume of clusters to the average volume of the corresponding cell was determined.

Since GF-15 led to higher percentages of centrosomal declustering in fixed BMDCs than PJ-34,
we initially focused on that drug and used it in different migration assays. In situ migration
assays in skin explants revealed a migration disadvantage of drug treated DCs compared to
control-treated cells as evidenced by the fact that fewer of the treated cells reached the
lymphatic vessels. We have attempted to resolve centrioles at higher magnification (40x), but
since the cells partially overlap, making it impossible to assign the centrioles to specific cells,
we were unable to make a statement about a relationship between migratory phenotype and
centrosomal declustering; here, it would be worth considering whether a 3D reconstruction
could be an option. Although the finding that after drug treatment fewer cells have reached the
lymphatic vessels supports our hypothesis, it is important to keep in mind that the drugs could
also have effects other than centrosomal declustering and that DCs may be less able to reach
the lymphatic vasculature after treatment because, for example, the cells may have problems
with gradient sensing.

The following in vitro migration assays in live imaging mode allowed us to quantify migration
parameters, such as persistence and velocity, and to better dissect the cause of the impaired
migratory phenotype. The limitation with the 3D collagen and 2D under agarose migration
assays performed is that both are bulk assays in which the centrosomes could not be resolved.
Since "only" about 30 % of BMDCs contain multinumerous centrosomes, potential impact could
be lost in the mass, which limits the significance of the assays. However, if enough cells are
analyzed, effects should still be reflected in the results. Sorting by cells with multiple
centrosomes was not considered as an option because the stress on the cells from the sorting
process, drug treatment, and live cell migration assays would have been too high. To overcome
the aforementioned limitations of bulk assays, we attempted under agarose live cell migration
assays at single cell level, as individual centrioles can be resolved here and cells with different
centrosome numbers can be distinguished. However, all attempts failed since the cells were

too stressed after drug treatment for the following, also stressful, migration assay.

Cell migration analysis in artificial 3D systems better reflects physiological cell behavior than
results obtained from 2D in vitro systems!?!, but as can be seen from the comparison of the
two assay types, the impairment of migration after treatment with GF-15 was more evident in

the 2D setting (see Fig. 24 b and c). The observed difference in migration ability might go back
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to the fact that DCs in geometrically more complex environments, such as tissue or artificial
collagen fiber networks, were able to compensate migration impairment with the help of the
surrounding structures and pores, while in the simpler 2D settings they lack compensation
possibilities and migration defects become fully apparent. Since after drug treatment, no
BMDC did migrate at all in under agarose assays we assumed an overall effect of the drug
that is independent from its declustering capacity and targets all cells. Therefore, we decided
to study the cytoskeleton, in particular MTs, which are needed by all cells for persistent
migration, and took a closer look at the centrosomal configuration in cells with only one

centrosome.

IF stainings of BMDCs with multiple centrosomes revealed that after treatment with GF-15
(12.5 uM, 6 hrs) the declustering of centrosomes was induced successfully resulting in multiple
scattered centrosomes. We do not know whether the centrosomes are "ejected" from the PCM
cloud during the process of declustering or whether they are distributed in the cell together
with the PCM. However, this made no difference for our investigations, since single centrioles,
and even small centrioles, can recruit PCM*%501 and it is conceivable that “naked”
centrosomes/centrioles just recruit new PCM and therefore can nucelate MTs. In addition to
the expected effect of centrosome declustering, we observed that MTs were almost completely
atrophied. A similar pattern of MT degeneration was found in cells with one centrosome.
GF-15 was reported to inhibit tubulin polymerization only above concentrations of 25 pM, which
is 25-fold higher than required for the induction of spindle multipolarity*®’. Although we reduced
this concentration by half in our experiments, it appears to be sufficient to inhibit tubulin
polymerization in interphase DCs, suggesting that DCs’ drug response may be different from

that of tumor cells.

In addition, we found scattering of centrioles in GF-15 treated cells with one centrosome,
whereas the mean intracentrosomal distance in control (DMSO) treated cells (see
Fig. 25 b, right panel) was almost the same as in completely untreated fixed cells (see
Fig. 18 a and Fig. 27), showing — as already in cells with multiple centrosomes — that control
treatment had no effect on the process of (de)clustering. Scattering of centrioles is possible
when the linker is impaired and when MTs, that were reported to position centrioles relatively
close together in the absence of the linker*®, cannot perform this task. However, in case of
linker impairment, it might be possible that this is only a transient event as reported from other
cells*®®. Further information about the situation of the linker fibers can be obtained from the
proteins C-Nap1, rootletin, and CEP68, but this aspect was of secondary importance for our
purpose. What was shown with certainty, and what differs from what is reported by cancer

cells, is that GF-15 not only targets cells with multinumerous centrosomes.
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Further reduction of drug concentration or switching to PJ-34 abolished the occurrence of
scattered centrioles in BMDCs with one centrosome and, moreover, left MTs intact in cells with
one and multiple centrosome(s). However, the proportion of cells with declustered
centrosomes was remarkably smaller after these drug modifications, illustrating the challenge
of finding a drug concentration that is high enough to produce a significant effect, i.e., a high
proportion of cells with declustered centrosomes, on the one hand, and low enough to avoid
undesired side effects on the other. That low drug concentrations are not a guarantee for the
absence of side effects was shown by the fact that we still observed undesirable side effects
in cells with extra centrosomes even at low GF-15 or PJ-34 concentrations, such as spreading
of the PCM with the formation of acentrosomal MTOCs. It was shown very early that MTs
nucleate mainly from the PCM and not from centrioles explaining the presence of both
centriolar and acentriolar MTOCs?®. The organization of MTs without centrosomes is known,
for example, from mitotic spindle assembly in mammalian cells®®2, Furthermore, there are
examples of acentriolar MTOCs that organize MTs during meiosis and early development in

some animal species®%35%,

Additional sites of MT nucleation due to PCM spreading represent for us an undesirable side
effect of the drugs, which makes it difficult to investigate a potential dependence of proper
migration on clustered centrosomes. This is explained by the relationship between MT
nucleation and proper migration: Declustering substances lead to the (intended) declustering
of centrosomes and, in some cases of cells with extra centrosomes, we additionally observed
scattered centrioles (see Fig. 26 c¢). In both cases, higher numbers of MTOCs occur, so that
MT nucleation and coordination occurs at many sites in the cell, with the numerous MTOCs
presumably "working in different directions”, which might lead to impaired polarization and thus
disturbed migration (see above). With additional MTOCs due to empty PCM, there are even
more sites for MT nucleation, which increases the probability of disrupted cell migration, but is
not due to declustering per se. In summary, at low drug concentrations, we found intact MTs,
but due to the side effect of PCM spreading, more MTOCs were generated than would have

been caused by declustering of centrosomes alone.

Following the study of TECs that have excess centrosomes in a scattered configuration*8-5%
and exhibit reduced MT nucleation capacity compared to TECs with 1-2 centrosomes*!, we
repeated our study of MT nucleation capacity in untreated BMDCs (see Fig. 19 a) with drug
treated cells. Although it is questionable whether the naturally occurring centrosomal scattering
in TECs is comparable to the drug-induced declustering in BMDCs, preliminary results from
2N BMDCs treated with PJ-34 (50 uM, 3 hrs) show that the effect of increased centrosomal
MT nucleation capacity we observed in untreated BMDCs with extra centrosomes (see Fig.

19 a) was abolished after drug treatment (both cell populations nucleate equal numbers of
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MTSs) (Fig. 31). Thereby, it did not matter whether we looked at all MTOCs (i.e., including empty
MTOCSs) or only at the pure centrioles and centrosomes that nucleate MTs. Moreover, reduced
MT nucleation in TECs was observed to correlate with impaired Golgi integrity*8, which is
essential for cell migration, and therefore excess centrosomes in TECs were supposed to
disturb cell migration by Golgi scattering. In BMDCs treated with declustering agents, we
observed that the Golgi apparatus was slightly dispersed (not shown), but systematic analysis

is still pending.
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Figure 31. Extra centrosomes do not nucleate more MT filaments after treatment with declustering agents

Preliminary data: Quantification of nucleated MTs per MTOC (left) and of nucleated MTs per
centrosome(s)/centriole(s) (right) in 2N CETN2-GFP expressing BMDCs under agarose. Graph displays mean
values + SD with N = 73 (one centrosome) and 27 (multiple centrosomes) cells pooled from 2 independent
experiments.

Experiments with nocodazole to manipulate MT numbers in BMDCs also led to centrosome
declustering in BMDCs with supernumerary centrosomes as well as massive PCM spreading.
Since MTs undergo constant depolymerization processes and nocodazole prevents the
addition of tubulin subunits, MT filaments disappear indicating that MTs keep the centrosome

clusters together.

In summary, we observed that declustering agents have multiple side effects in BMDCs, such
as MT degeneration or PCM spreading with the generation of additional empty MTOCs. While
we could avoid the former by lowering the drug concentration — which unfortunately resulted
in only a few cells having declustered centrosomes — spreading of the PCM also occurred at
lower drug concentrations. Therefore, we were not able to assess whether the migration effects
we saw after drug treatment were caused by the declustering of centrosomes or by the side

effects of the drug.
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It is stated that GF-15 and PJ-34 specifically affect cells with multiple centrosomes, which were
cancer cells in the drug studies. Not investigated in these studies and very likely not known at
all are DCs with additional centrosomes, which we found to be impaired by the drugs, as well
as DCs with only one centrosome. Thus, our results "contradict” the literature, respectively, we
see that the drugs seem to act differently in immune cells than in cancer cells. It is conceivable
that DCs (with additional centrosomes) are more sensitive to (certain) drugs than, for example,
cancer cells. In this context, it is important to keep in mind that everything that is known about
declustering of extra centrosomes comes from experiments with cancer cells or cancer cell

lines, focusing on mitosis and not on interphase processes as we study.

It is conceivable that the search for appropriate drug concentrations or declustering agents for
the study of interphase processes in DCs will have to be extended. In any case, the data from
the literature do not seem to be easily transferable (from cancer cells to DCs, from mitotic to
interphase processes). Conversely, the question arises to what extent our findings are
transferable to in vivo situations. However, on the basis of our experiments, it should be kept
in mind that when declustering agents are administered, non-cancer cells that have extra
centrosomes, namely DCs, and cells with only one centrosome (DCs and possibly also other
cells) could also be targeted. This raises the question of what the side effects of therapy with
declustering agents would be, assuming that humans also have DCs with multiple
centrosomes. To evaluate the extent to which the side effect profile of declustering agents is

justifiable, a careful risk-benefit assessment and further research is required.

4.4.4 Alternative approaches and complementary experiments

The statement “Declustering drugs, such as griseofulvin [...] and PJ34, all appear to selectively
eradicate tumor cells, sparing healthy ones, since only cancer cells harbor excess
centrosomes that can be declustered.” published in a review from 2013%® can be clearly
contradicted with our results. What we can see from the experiments with declustering
agents — which we initially conducted to investigate DCs’ dependence of proper migration on
clustering of extra centrosomes — is that the drugs do not only affect cancer cells with their
supernumerary centrosomes, but also non-malignant cells with extra centrosomes. Moreover,
these substances are not that specific for cells with a surplus of centrosomes as they were
awarded in the literature, as they also affect cells with normal centrosome numbers. This not
only raises questions regarding clinical use, but also excludes declustering agents (at least
GF-15 and PJ-34) in the manner used for our studies, since we cannot assess where the

observed migration defects come from (whether from declustering or side effects). While we
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know that MT integrity is not an issue since it is intact at lower drug concentrations, we cannot

rule out PCM spreading, making alternatives to the current approaches necessary.

One possibility would be to further vary the concentrations and incubation times of the drugs
to find suitable conditions, or to change the compound class of declustering agents. One
candidate, with which some preliminary assays have also been run, is the substance CW069.
This declustering agent is in pre-clinical development and acts as an allosteric inhibitor of the
protein human spleen embryonic tissue and testis (HSET)31:%6, HSET, which is also known
as kinesin family member C1 (KIFC1), is part of the kinesin-14 family whose members are
specific minus-end MT directed motors that cross-link MTs and coordinate spindle
assembly®075% Beside dynein, HSET/KIFC1 belongs to the major MT motors and was found
to be crucial for centrosome clustering®?°3%4, In cancer cell lines, CW069 was shown to
increase multipolar mitotic spindles by inducing centrosome declustering in cells containing
supernumerary centrosomes without compromising the formation of bipolar mitosis in non-
malignant cells®®°09511 |n our studies, the effect of CW069 on multiple centrosomes in
interphase BMDCs was inconsistent, which might have several reasons. On the one hand, it
is reported that knockdown of HSET in non-malignant cells or cancer cells with ‘low-level’
centrosome amplification does not inhibit bipolar spindle formation, allowing the cells to
undergo normal division3%4464 suggesting that DCs whose centrosome numbers we would
classify as low are therefore not affected either. On the other hand, studies with a murine
cancer cell line revealed that HSET is crucially involved in mitotic centrosome clustering, but
dynein has the major role in maintaining the centrosomal clusters during interphase®. So for
us, dynein would be the protein of interest, but targeting this protein would have severe side

effects, so no conclusions could be drawn about (de)clustering.

To determine the proportion of migration effects due to centrosomal declustering and effects
due to drug side effects, a proper control is needed. One idea, which however does not allow
working with primary cells, is to tether the centrosomes together and treat the cells with
declustering agents, so that declustering is excluded as reason for migration effects, before
the migration behavior of the cells are checked. As a tether, an anti-GFP nanobody in an
inducible lentiviral vector would seem appropriate and HoxB8-derived CETN2-GFP DCs could

serve as a cell model.

The approaches presented below can help to learn more about a potential dependence of
proper migration on a clustered centrosomal configuration, but require the natural occurrence
of declustered centrosomes. Since this is very rare, experiments would be very inefficient in
their yield and are therefore not the first choice. In a correlative approach, directional

persistence and intercentrosomal distances of BMDCs migrating along a gradient would be
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recorded and correlated. A negative correlation (the greater the distance between
centrosomes (declustered configuration), the lower the persistence) would indicate that
clustering is required. If it turns out that centrosome clustering is indeed needed for persistent
cell migration, a possible next step could be to look for a causal link between clustering and
persistent migration. For this, declustered centrosomes could be laser ablated during cell
migration. Readout in this “rescue experiment” would be the persistence of locomotion before
and after the ablation process to answer the question of whether persistence increases after
removal of "disturbing" centrosomes. As mentioned before, natural declustering rarely occurs
in BMDCs. Inducing declustering first with declustering agents seems to be problematic due
to the side effects of the drugs. In addition, it can be assumed that the cells would not survive

laser ablation at all due to the additional stress caused by the drugs.

Another approach we have considered and taken initial steps in, is a CRISPR-based screen
to find out which components are required for centrosome clustering in DCs. With the
knowledge gained therefrom, it would be possible to design experiments in which relevant
structures and molecules could be specifically targeted. Drug-wash-out experiments could
possibly help provide helpful information on needed (re)clustering factors.

In any case, it is worthwhile to further investigate the process of centrosomal cluster formation,
as the data collected so far suggest that this process plays an important role in the effector
functions of DCs. Probably the most obvious and simplest option would initially be to expand
the spectrum of declustering agents to include substances from other drug classes and/or to

further titrate the drugs already in use.
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4.5 Conclusion and outlook

Our results show that 20-30% of activated BMDCs and dermal DCs harbor two or more
centrosomes. We found that this phenomenon is neither a result of ongoing cell cyle
progression nor the artifact of in vitro culturing conditions by demonstrating that both cell types
no longer have appreciable proliferative activity and proving that supernumerary centrosomes
are also present in situ. Rather, we unraveled that activation of primary DCs leads to an arrest
in G1 phase of the cell cycle and an accumulation of centrosomes due to suppressed
karyokinesis or cytokinesis. At the functional level, we looked at the migratory behavior of DCs
with multiple centrosomes compared to DCs with one centrosome. Here, we found that
multinumerous centrosomes form a functional MTOC nucleating more MT filaments than
MTOCs with only one centrosome. While migration velocity between both cell populations was
comparable, a surplus of centrosomes led to enhanced persistent migration. In addition, we
observed that multiple centrosomes predominantly exhibited a clustered configuration, which
prompted us to examine whether proper DC migration depends on the clustering of extra
centrosomes. Treatment with declustering agents caused an impaired migration behavior of
DCs; however, these substances had serious side effects on DCs, e.g., on the cytoskeleton,
which did not allow attributing any migration effects to centrosomal declustering and

necessitates the search for alternative approaches.

We found in these experiments that declustering agents — at least in DCs — already caused
adverse effects far below the concentration considered to be side effect-free for cancer cells.
Moreover, our studies revealed that declustering agents, which are said to exclusively target
cells with excess centrosomes, as assumed so far from experiments with malignant cells (that
typically have many centrosomes), |) also act on non-malignant cells and Il) target cells with

onIy one centrosome.

In summary, our results overcome the paradigm that cells in G1 phase have only one
centrosome by showing that the phenomenon of additional centrosomes is present in
terminally differentiated immune cells. The emergence of multinumerous centrosomes goes
back to two paths, one of which is described in the present work. Known for their potential in
cancer cells to drive malignancy, extra centrosomes in mature DCs appear to be part of a
physiological program. They contribute to the regular tasks of the cell by conferring beneficial
properties to it with respect to centrosome- and MT-associated immune processes, such as
directional locomotion. Thus, our findings open up a completely new perspective on

supernumerary centrosomes for regular cell and tissue homeostasis.
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Although DCs are in a way the "counterparts” of tumor cells, both cell types share many
parallels. Starting with the presence of multiple centrosomes and the two pathways of
origin®9512 to the clustering of centrosomes and the ability to switch between an amoeboid and
a mesenchymal migration mode, to the phenomenon of enhanced migration when extra
centrosomes are present. Still, there is hardly any cancer from DCs; on the contrary, the listed
aspects that worsen the nature of tumor cells have positive aspects for the organism in DCs.
Nevertheless, for research on the phenomenon of extra centrosomes, we currently only have
cancer cells to look at, because most data on additional centrosomes and declustering come
from experiments with malignant cells and the appearance of extra centrosomes in DCs was
previously unknown. Our experiments with declustering agents show that it is not always

possible to use findings from cancer cells as a guide.

Future research approaches could involve other organelles in DCs with multinumerous
centrosomes, such as mitochondria and especially the Golgi apparatus, whose state may play
a major role in locomotion during centrosomal declustering. Metabolism could also be an
interesting subject of investigation associated with the question of whether DCs with a surplus
of centrosomes generate energy differently than DCs with only one centrosome. It is further of
great interest whether the phenomenon of extra centrosomes also occurs in human DCs. In
addition, the finding that 70 % of DCs have only one centrosome, although the presence of
additional centrosomes has obvious advantages, leaves some questions to be answered. Do
the 30% of cells with extra centrosomes represent only a subset of a larger number of cells
that could theoretically have multiple centrosomes? Is it conceivable that the organism retains
some flexibility here that allows it to further increase the proportion of cells with excess

centrosomes under certain circumstances?

The selection of questions and possible approaches, as well as the results presented in this
work, make clear that there is a great need for further research on the phenomenon of extra
centrosomes. Since supernumerary centrosomes have so far been known mainly from cancer
cells and not from immune cells, this opens up a wide field of research that needs to be

explored.
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