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1. Summary 

The centrosome, nucleating microtubules (MTs) and serving as the primary microtubule-organizing 

center (MTOC), is a core component establishing eukaryotic cell architecture. It is composed of two 

centrioles, which are surrounded by pericentriolar material (PCM). The centrosome’s major functions 

include enabling cell division, regulating intracellular organization, and facilitating cell polarity and 

signaling – several functions being important, for instance, in cells of the immune system. For the 

initiation of adaptive immune responses, dendritic cells (DCs), which are professional antigen-

presenting cells (APCs), form specialized and highly dynamic cell-cell contacts with T cells. During 

immune synapse (IS) formation, interaction of surface molecules and the supply of soluble mediators 

instruct T cell activation and, importantly, centrosome polarization in T cells is critical for efficient T 

cell priming. However, surprisingly little is known about the MT cytoskeleton within DCs during IS 

formation. 

In this study, we elaborated on the role of centrioles and MTs within DCs and their impact on cellular 

function, particularly in the context of the induction of CD4+ T cell activation and proliferation. Through 

various drug treatments, we have uncovered that both components of the cytoskeleton – centrioles 

and MTs – are important for T cell priming. 

While most non-proliferating cells contain two centrioles, previous research from our group has 

revealed that DCs acquire elevated numbers of centrioles (>2) upon immune activation. This 

phenomenon, although commonly observed in cancer cells, is rare in non-malignant cells. 

Functionally, extra centrioles form a single over-active MTOC, characterized by increased PCM 

recruitment and MT nucleation. Here, we showed that cells with multiple centrioles exhibit a higher 

capacity to activate T cells. 

To understand the underlying processes, we visualized the spatio-temporal dynamics of centrioles in 

DCs upon antigen-specific T cell contacts. We observed that multiple centrioles tightly cluster during 

DC-T cell interactions. Additionally, unlike in T cells, MTOC polarization was absent in DCs. Instead, DC 

centrioles remained centrally located in the cell, in close proximity to the nucleus. Three-dimensional 

(3D) visualization of DC-T cell conjugates in peripheral lymph nodes (LNs) confirmed these findings in 

vivo. In further experiments, pharmacological perturbation of centriole clusters in DCs resulted in 

diminished T cell activation. 

The secretion of soluble mediators has been described as intracellular process linked to the MT 

cytoskeleton. Thus, a comprehensive secretome analysis of DCs with distinct centriole numbers was 

performed. The results indicated that the secretory profile of DCs differs between cells with two and 

multiple centrioles. Given that DC secretion largely impacts the microenvironment of other immune 
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and non-immune cells, these findings provoke further questions regarding the response of 

surrounding cells. 

Altogether, our results highlight the crucial role of centrosome integrity and proper MT array 

organization in DCs for T cell activation (summarized in Figure 1.1). The acquisition of multiple 

centrioles and their optimal spatial configuration and positioning within DCs facilitate the efficient 

initiation of adaptive immune responses. Future studies elucidating the impact of centrosome or MT 

array alterations will substantially advance our understanding of immune cell functionality and may 

facilitate the development of novel therapeutic strategies for example in the context of cancer 

treatment.  

 
Figure 1.1 Graphical summary 
Centrosome and MT integrity in DCs are key for CD4+ T cell priming. During antigen-specific T cell contacts, 
multiple centrioles in DCs cluster and localize in close proximity to the cell center. Moreover, DCs with multiple 
centrioles show an altered secretory phenotype and induce augmented T cell responses. 
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1.1. Zusammenfassung (German) 

Das Zentrosom, welches Mikrotubuli (MT) nukleiert und als primäres Mikrotubuli-organisierendes 

Zentrum (MTOC) dient, ist eine wichtige Komponente für die Architektur eukaryotischer Zellen. Das 

Zentrosom besteht aus zwei Zentriolen, die von perizentriolärem Material (PCM) umgeben sind. Zu 

den wichtigsten Funktionen des Zentrosoms gehören die Ermöglichung der Zellteilung, die Regulation 

der intrazellulären Organisation und die Unterstützung der Zellpolarität und der Signalübertragung – 

einige Funktionen davon sind beispielsweise in Zellen des Immunsystems wichtig. Für die Ausbildung 

adaptiver Immunantworten bilden dendritische Zellen (DCs), die professionelle Antigen-

präsentierende Zellen (APCs) sind, spezialisierte und hochdynamische Zell-Zell-Verbindungen mit T-

Zellen aus. Während dieser Ausbildung der Immunsynapse (IS) leiten die Interaktion von 

Oberflächenmolekülen und die Versorgung mit löslichen Mediatoren die T-Zell Aktivierung ein und 

zudem ist eine Polarisation des Zentrosoms in T-Zellen entscheidend für effiziente T-Zell Aktivierung. 

Überraschenderweise ist jedoch nur wenig über das MT Zytoskelett in DCs während der Ausbildung 

der IS bekannt. 

In diesem Projekt haben wir die Rolle von Zentriolen und MT in DCs und deren Einfluss auf die 

Zellfunktion, insbesondere im Zusammenhang mit der Induktion der Aktivierung und Proliferation von 

CD4+ T-Zellen, näher untersucht. Durch das Verwenden verschiedener Wirkstoffe haben wir 

herausgefunden, dass beide Komponenten des Zytoskeletts – Zentriolen und MT – wichtig für T Zell 

Aktivierung sind. 

Während die meisten nicht-proliferierenden Zellen zwei Zentriolen besitzen, haben vorherige 

Untersuchungen unserer Arbeitsgruppe gezeigt, dass DCs bei Immunaktivierung eine erhöhte Anzahl 

an Zentriolen (>2) erwerben. Obwohl dieses Phenomen bereits oft in Krebszellen beobachtet wurde, 

ist es in nicht-bösartigen Zellen selten. Funktionell bilden zusätzliche Zentriolen ein überaktives 

MTOC, welches durch erhöhte PCM-Rekrutierung und MT-Nukleation gekennzeichnet ist. Hier haben 

wir gezeigt, dass Zellen mit mehreren Zentriolen eine höhere Kapazität zur Aktivierung von T-Zellen 

aufweisen. 

Um die zugrunde liegenden Prozesse zu verstehen, haben wir die räumliche und zeitliche Dynamik 

der Zentriolen in DCs bei Kontakt mit Antigen-spezifischen T-Zellen visualisiert. Wir haben beobachtet, 

dass multiple Zentriolen während der DC-T-Zell Interaktionen eng gruppiert auftreten. Darüber 

hinaus, im Gegensatz zu T-Zellen, war keine MTOC Polarisation in DCs zu beobachten. Stattdessen 

blieben die DC Zentriolen zentral in der Zelle in unmittelbarer Nähe zum Zellkern lokalisiert. Die 

dreidimensionale (3D) Veranschaulichung von DC-T-Zell-Konjugaten in peripheren Lymphknoten hat 
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diese Ergebnisse in vivo bestätigt. In weiteren Experimenten führte pharmakologische Störung der 

Zentriolen-Gruppierung in DCs zu verminderter T-Zell Aktivierung. 

Die Sekretion löslicher Mediatoren wurde bereits als intrazellulärer Prozess beschrieben, der mit dem 

MT Zytoskelett in Verbindung steht. Daher wurde eine umfassende Sekretomanalyse von DCs mit 

bestimmter Zentriolenanzahl durchgeführt. Die Ergebnisse deuteten darauf hin, dass sich das 

Sekretionsprofil von DCs mit zwei und multiplen Zentriolen unterscheidet. Angesichts der Tatsache, 

dass die Sekretion von DCs einen großen Einfluss auf das Mikromillieu anderer Immun- und Nicht-

Immunzellen hat, werfen diese Ergebnisse weitere Fragen bezüglich der Antwort umliegender Zellen 

auf. 

Insgesamt unterstreichen unsere Ergebnisse die entscheidende Rolle der Integrität des Zentrosoms 

und der korrekten Organisation der MT in DCs für die T-Zell Aktivierung (zusammengefasst in Figure 

1.1). Die Anhäufung von Zentriolen und deren optimale räumliche Konfiguration und Position 

innerhalb DCs fördern die effiziente Auslösung adaptiver Immunantworten. Zukünftige Studien, die 

den Einfluss von Veränderungen des Zentrosoms oder der MT Anordnung aufklären, werden unser 

Verständnis der Funktionsweise von Immunzellen voranbringen und könnten die Entwicklung neuer 

therapeutischer Strategien, beispielsweise im Zusammenhang mit der Krebsbehandlung, 

ermöglichen. 
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2. Introduction 

2.1. The centrosome as microtubule-organizing center 

2.1.1. Centrosome structure and duplication cycle 

The initial discoveries of the centrosome trace back to Edouard van Beneden and Theodor Boveri in 

the 1870s and 1880s (Sluder 2014). In over a century of research, a detailed knowledge about the 

structure, assembly and function of this membrane-less organelle has emerged. Here, in this scope, 

only major structural and functional components are described. Centrosomes are present in most 

eukaryotic cells and in interphase one centrosome consists of two centrioles and a surrounding 

proteinaceous matrix called pericentriolar material (PCM) (Figure 2.2 A)(Bornens et al. 1987). Each 

centriole has a cylindrical structure composed of microtubule (MT) triplets arranged in a nine-fold 

radial symmetry (Bornens 2012). Notably, the centriole is also the core structure which can initiate 

the formation of a cilium in cell cycle arrested cells (Figure 2.2 B)(Breslow and Holland 2019). In a 

mature centrosome, one centriole, which is called parent centriole, carries distal and subdistal 

appendages involved in cilia formation and responsible for anchoring MTs while the second centriole 

(daughter centriole) lacks these proteins (Paintrand et al. 1992; Piel et al. 2000). The two centrioles 

are connected via a flexible linker composed of multiple proteins such as centrosomal Nek2-associated 

protein 1 (C-Nap1), Rootletin and centrosomal protein 68 (CEP68) (Fry et al. 1998; Bahe et al. 2005; 

Graser et al. 2007; Theile et al. 2023). Despite the fact that the structure of the linker is still not fully 

understood, impairment of linker function has been shown to induce centriole separation which 

subsequently can have detrimental effects for cell division (discussed in (Remo et al. 2020)). To 

administrate diverse functions, the PCM surrounding the centrioles is a structured compartment build 

of multiple proteins which are subject to constant exchange (Mennella et al. 2012; Lawo et al. 2012; 

Sonnen et al. 2012). For example, γ-tubulin ring complex (γ-TuRC) forms the platform for MT 

nucleation (Joshi et al. 1992; Moritz et al. 1995). To this end, γ-TuRC is associated with the adapter 

neural precursor cell expressed, developmentally down-regulated 1 (NEDD1) and multiple copies of 

CDK5 regulatory subunit-associated protein 2 (CDK5RAP2) which promote γ-TuRC closure and 

activation (Gao et al. 2025). Also, another centrosomal protein, called pericentrin (PCNT), which is 

involved in recruitment of other PCM proteins and new centriole assembly and elongation, is often 

used in immunofluorescent staining as PCM marker (Ito et al. 2019). Additionally, numerous recruited 

proteins regulate centriole duplication and thereby cell cycle progression. Examples are the 

localization of multiple cyclin-dependent kinases (CDKs) to the centrosomes or PCM1 which recruits 

polo-like kinase 1 (PLK1) for centrosome maturation processes (Arquint et al. 2014; Loncarek et al. 

2010). 
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Importantly, centrosome duplication is strongly coordinated with the cell cycle to ensure exactly two 

centrosomes (four centrioles) for proper formation of two spindle poles which enable accurate 

chromosome separation (Nigg and Holland 2018; Fırat-Karalar and Stearns 2014). The centrosome is 

duplicated in a semi-conservative manner, meaning that at each centriole one new centriole is formed 

and the daughter cell later contains one older and one younger centriole. The duplication of the 

centrosome starts during G1/S transition where the mother and the daughter centriole disengage by 

separase activity and new procentriole formation begins at the cartwheel (Figure 2.2 B)(Tsou and 

Stearns 2006). This step is controlled by PLK4 which recruits spindle assembly abnormal 6 (SAS-6) (Kim 

et al. 2013). SAS-6 is a structural component of the cartwheel which forms the template structure for 

the new centriole (Nakazawa et al. 2007). The centrioles elongate during S phase. In G2 phase the cell 

contains four centrioles: two parental centrioles associated with PCM and two younger procentriole 

still lacking appendages and the ability to recruit PCM (Loncarek et al. 2008). During G2/M transition 

PLK1 dependent centrosome maturation is induced resulting in PCM expansion and the linker is fully 

resolved to separate the two centriole pairs (Faragher and Fry 2003; Lane and Nigg 1996). 

An accurate centrosome duplication is important for bipolar spindle assembly. To this end, correct 

centriole numbers rely on the one hand on coordination with the cell cycle and on the other hand on 

precise control of only one copy number per pre-existing centriole. Thus, duplication is regulated by 

several proteins which need to be expressed and localize to the centrioles to initiate reduplication 

(Breslow and Holland 2019). In addition, disengagement of the centrioles is required for new 

procentriole formation (Tsou and Stearns 2006). Despite regulatory mechanisms of centrosome 

duplication are in place ensuring that centriole numbers match cell cycle progression, alterations in 

centriole numbers occur during organismal development and cell differentiation or specialization 

which give rise to cells without centrioles or with amplified centrioles (Meyer-Gerards and Bazzi 2025). 

Mechanisms by which cells acquire amplified centrioles and the subsequent consequences for cellular 

function and organismal health will be discussed in chapter 2.1.3. 
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Figure 2.2 Centrosome structure and duplication cycle 
(A) The centrosome consists of two centrioles: a parent centriole with distal and subdistal appendages and a 
daughter centriole lacking appendages. The two centrioles are connected by a flexible linker and surrounded by 
PCM containing the proteins for MT nucleation. Specific proteins and their location at the centrosome or MTs 
are depicted in the scheme. (B) Centrosome duplication starts with centriole disengagement at the G1/S 
transition. Next, procentrioles form and elongate during S phase. During G2/M phase transition the centrosomes 
mature and separate in order to build two spindle poles during mitosis. In G0 arrested cells, the centrosome can 
build the core structure of a cilium. Figure created using Biorender. 

 

2.1.2. Core functions of centrosomes and microtubules 

The centrosome serves as main microtubule-organizing center (MTOC) in most animal cells. Its 

capability to nucleate and anchor MT filaments evokes pivotal functions within the cells. It is worth 

noting that in some cells like hepatocytes, neurons or muscle cells, MT nucleation can also take place 

at the Golgi or nuclear envelope (Tassin et al. 1985; Chabin-Brion et al. 2001; Ori-McKenney et al. 

2012). MTs are composed of alpha-(α-)/beta-(β-)tubulin dimers which build cylindrical and inherently 

polar filaments with a diameter of approximately 25 nm (Goodson and Jonasson 2018). While the 

relatively static minus-end is attached to the site of MT nucleation, MT growth mainly takes place at 

the plus-end (Mitchison and Kirschner 1984; Moritz et al. 1995). Furthermore, tubulin isotypes and 

post-translational modifications (PTMs) strongly influence MT shape, stability and interactions with 

MT-associated proteins (MAPs) which mediate additional functionalities of MTs (Janke and Magiera 

2020). 

Centrosome and MT array organization are crucial for several cellular processes. Briefly, during 

mitosis, MTs emanating from the centrosome – or more precisely – from two centrosomes capture 

the chromosomes at the kinetochore which enables proper segregation of the genetic material into 



Introduction 

14  
 

daughter cells. Centrosome abnormalities have been shown to interfere with stable bipolar spindle 

assembly leading to chromosomal instability and cancer progression which will be discussed in chapter 

2.1.3 (Pihan et al. 2003; Ganem et al. 2009). Moreover, during cellular navigation through the body, 

cells constantly need to adapt their cell shape and polarity (Kopf and Kiermaier 2021). The pivotal role 

of MTs for this process is highlighted by MT depolymerization in leukocytes resulting in cell rupture 

during locomotion in complex environments (Kopf et al. 2020). In addition, cell polarity marked by 

centrosome reorientation is established during immune synapse (IS) formation (Kupfer and Dennert 

1984a). Further, MTs form tracks within the cytoplasm which allows targeted vesicle and organelle 

transport to specific sites (Yaffe et al. 1996; Lasek and Brady 1985). For example, vesicle secretion is 

reduced by drug-induced depletion of MTs (Schmoranzer and Simon 2003). To enable directed 

movement, the motor protein dynein drives ATP-dependent transport from MT plus-end to minus-

end while kinesins transport cargos from minus- to plus-end (Barlan and Gelfand 2017). Additionally, 

the centrosome has been reported to act as important signaling hub contributing to inflammasome 

assembly in macrophages which is formed in response to pathogen encounter (Magupalli et al. 2020). 

Collectively, centrosome and MT array organization play important roles for enabling cell division, 

regulating cell polarity and motility as well as facilitating intracellular transport and cellular signaling 

(Figure 2.3). 

Figure 2.3 Centrosome and MT 
functions 
Centrosomes with their capacity to 
nucleate and anchor MTs fulfill various 
functions in the cells: forming spindle 
poles during mitosis, enabling stable cell 
polarization and migration, building a 
cilium, facilitating intracellular transport 
and cellular signaling. Figure created 
using BioRender. 

 

 

 

 

 

 

2.1.3. Centriole amplification in cancer and non-malignant cells 

The centrosome duplication cycle is strongly regulated by requiring the action of multiple kinases at 

the right time and localization. Thus, classically all interphase cells harbor one centrosome consisting 

of two centrioles while a cell contains two centrosomes (4 centrioles) before entering mitosis. 
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However, elevated centriole numbers occur in cancer cells and in highly specialized cell types such as 

hepatocytes, osteoclasts, megakaryocytes, cardiomyocytes, early B cell progenitors and mature 

dendritic cells (DCs) (Schapfl et al. 2024; Weier et al. 2022; Philip et al. 2022; Guidotti et al. 2003; 

Becker et al. 2024; Chan 2011; Zebrowski et al. 2015). We refer to the phenomenon of extra centrioles 

– more than two centrioles in interphase cells – as multiple centrioles or centriole amplification. The 

underlying mechanisms of centriole acquisition vary ranging from overduplication and failed mitosis 

to cell fusion events (Denu et al. 2018; Godinho et al. 2009). As example and important for the present 

study, elevated centriole numbers in DCs are provoked by antigen encounter (Weier et al. 2022). Upon 

maturation, DCs arrest in G1 phase of the cell cycle and acquire more than two centrioles by 

incomplete mitosis and/or PLK2 upregulation which is a kinase required for centriole duplication 

(Weier et al. 2022; Cizmecioglu et al. 2008). 

Once amplified centrioles are acquired, especially highly proliferating cancer cells need to cope with 

this alteration during mitosis. Therefore, cells cluster multiple centrioles to form pseudo-bipolar 

spindles, which helps limit chromosome mis-segregation and cell death (Ring et al. 1982; Quintyne et 

al. 2005; Kwon et al. 2008). Nevertheless, a high centriole amplification rate is associated with 

chromosomal instability and increased metastasis (Pihan et al. 2003; LoMastro and Holland 2019; 

Ganem et al. 2009). Mechanistically, increased metastasis is caused by several processes such as 

formation of invasive protrusions, disrupted E-cadherin junctions and secretion of pro-invasive 

molecules (Godinho et al. 2014; Arnandis et al. 2018). Whether centriole amplification is a cause or a 

consequence of cell transformation and cancer progression is controversially discussed. On the one 

hand, centriole amplification induced by PLK4 overexpression was shown to be sufficient for tumor 

development – even in the absence of additional genetic defects (Levine et al. 2017). On the other 

hand, centriole amplification can trigger apoptosis and thereby limit tumorigenesis (Braun et al. 2024). 

Overall, targeting amplified centrioles is a promising approach for cancer treatment. For example, de-

clustering agents as well as MT-destabilizing agents were shown in vitro or in vivo to inhibit cell 

migration and/or induce cancer cell apoptosis (Raab et al. 2012; Pannu et al. 2014; Perez 2009; 

Altmann et al. 2000). Additionally, cells with amplified centrioles have been studied extensively in vitro 

discovering altered signaling events and intracellular organization. More precisely, at mature 

amplified centrioles PIDDosome assembly, which is a multiprotein complex with structural similarity 

to the inflammasome, induces cell cycle arrest and cell death via a Caspase-2 and p53-, p21-dependent 

pathway (Fava et al. 2017). Moreover, PIDD1-dependent immune cell activation has been observed 

(Garcia-Carpio et al. 2023). In response to centriole amplification, tubulin acetylation is changed 

resulting in broad organelle repositioning and enhanced nucleus deformability (Monteiro et al. 2023). 
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The changed nucleus rigidity, in turn, enables more efficient cellular transmigration through 

constriction sites. 

In contrast to the context of cancer and malignancy, the effects and functions of amplified centrioles 

in non-cancerous cells are studied to a lesser extent. Extra centrioles recently observed in B cell 

progenitors are tolerated and do not perturb differentiation, even though they are cleared in more 

mature B cell stages. This leaves the question unanswered whether a biological function is linked to 

the presence of extra centrioles (Schapfl et al. 2024). Intriguingly, in DCs carrying multiple centrioles, 

enhancement of directional migration and T cell priming capacity has been documented (Weier et al. 

2022). Further evidence for beneficial effects of extra centrioles comes from experiments in which 

centrioles were artificially duplicated in B cells and microglia. Extra centrioles promoted T cell 

stimulation by B cells and enhanced dead cell clearance by microglia (Möller et al. 2022; Yuseff et al. 

2011). 

In summary, amplified centrioles potentially play a double-edged role depending on whether they are 

found in harmful cancerous cells or benign cells of the immune system. 

 

2.2. Dendritic cells induce adaptive immune responses 

In 1973, Ralph Steinman and Zanvil Cohn described a new cell type in murine spleen which they named 

according to the morphology: dendritic cells (DCs) (Steinman and Cohn 1973). Only a few years later, 

the role of DCs in stimulating mixed lymphocyte reactions (MLRs) was discovered (Inaba and Steinman 

1987). Until today, the knowledge of DC diversity, distribution, function and also their potential in 

clinical therapy has expanded enormously (Rowley and Fitch 2012). DCs are known as professional 

antigen-presenting cells (APCs), which are key for linking innate and adaptive immunity. DCs arise from 

hematopoietic stem cells which reside in the bone marrow (Cabeza-Cabrerizo et al. 2021). They exit 

from the bone marrow into the blood stream as precursor cells and enter peripheral tissues where 

they fully differentiate and patrol to protect the body. Under inflammatory conditions, also monocyte-

derived DCs develop and enter the tissues to facilitate the immune response. For sensing danger 

signals, DCs bear various pattern recognition receptors (PRRs) on their cell surface and intracellularly 

(Figure 2.4 A). Upon antigen encounter, a specific maturation program is induced leading to migration 

towards lymphatic vessels (Figure 2.4 B). Through the lymphatics, DCs reach the draining lymph nodes 

(LNs) where they face lymphocytes, which enter the LN through high endothelial venules (HEVs). In 

the LN, direct DC-T cell interaction induces clonal expansion of antigen-specific T cells (Figure 2.4 C). 

In addition to the LNs, T cell activation also takes place in the spleen where the cells mainly encounter 

blood borne pathogens. Furthermore, DCs influence B cell expansion and antibody production (Dubois 
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et al. 1997). In the following paragraphs, mechanisms of antigen uptake and presentation as well as 

the induction of T cell activation by DCs will be explained in more detail. 

 

Figure 2.4 Route of DCs to prime 
T cells in the lymph nodes 
DCs patrol for antigens in 
peripheral tissues (A). Upon 
antigen uptake and processing, 
they undergo a maturation 
program which upregulates 
chemokine receptors and 
enables migration towards 
lymphatic vessels (B). Through 
the lymphatics they can reach 
the LNs where they induce T cell 
activation (C). Figure created 
using BioRender. 

 

 

 

 

 

 

 

 

2.2.1. Antigen uptake, processing and presentation by DCs 

Immature DCs patrol in peripheral tissues, constantly sampling their surroundings to detect antigens 

and propagating potentially harmful signals to induce an immune response. Uptake of environmental 

samples can be achieved by different mechanisms (Liu and Roche 2015). Macropinocytosis is an actin-

driven process in which extracellular fluid is taken up via the formation of large membrane ruffles 

which then fold back onto the cell and fuse with the plasma membrane (Mylvaganam et al. 2021). The 

process of clathrin-mediated endocytosis as well as phagocytosis are mediated via PRRs on the cell 

surface (Janeway et al. 1996). PRRs discriminate between self-structures and pathogen-associated 

molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (Matzinger 2002). 

Most prominent receptors include C-type-lectin family members as well as Toll-like receptors (TLRs) 

(Théry and Amigorena 2001; Medzhitov 2001; Sallusto et al. 1995). Upon recognition by one of the 

receptors, either antigen uptake, various intracellular signaling pathways, or a combination of both is 

initiated. 
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After antigen uptake, exogenous antigens first enter the endosomal compartment. To enable antigen 

recognition by T cells, antigens need to be presented on major histocompatibility complexes (MHC) I 

or II. As only short peptide fragments can be loaded on MHC molecules (MHCI: 8-10 amino acids; 

MHCII: 9-22 amino acids) antigen processing is required (Madden 1995; Stern and Wiley 1994). For 

presentation of exogenous antigens on MHCII, antigen fragmentation is achieved by acidification of 

early endosomes or phagosomes when maturing into late phago-/endosomes and (phago-)lysosomes 

(McCoy et al. 1989). The acidic pH activates proteases to degrade the antigens into peptide fragments. 

Next, antigen containing vesicles fuse with vesicles containing MHCII molecules which enables 

antigenic peptides to bind MHCII. In addition, cytosolic antigens such as viruses or self-proteins can 

be presented on MHCII when they are enclosed by membrane during the process of autophagy and 

thereby enter the vesicular compartment. The resulting complex of a peptide bound to MHCII (pMHC) 

can be recognized by the T cell receptor (TCR) of cluster of differentiation 4+ (CD4+) T cells which is 

necessary for T cell activation. Alternatively, antigens can be presented on MHCI to enable recognition 

by CD8+ T cells. To this end, classically cytosolic proteins are degraded by the proteasome and 

delivered via the transporter associated with antigen processing (TAP) to the endoplasmic reticulum 

(ER) where MHCI is retained until peptide binding (Norbury et al. 1997). This is a ubiquitous process 

nearly all cells perform. In contrast, MHCII is only expressed on particular antigen presenting cells 

(APCs) like DCs, B cells, macrophages and thymic epithelial cells (Roche and Furuta 2015). In addition, 

a process called cross-presentation enables – mostly in DCs – the presentation of internalized antigens 

on MHCI. Therefore, either antigens remain in the endosomal-lysosomal compartment and are loaded 

directly after lysosomal degradation on MHCI or alternatively they are translocated from the vesicular 

system into the cytosol and then follow the path of proteasomal degradation and MHCI loading 

(Kovacsovics-Bankowski and Rock 1995; Embgenbroich and Burgdorf 2018; Shen et al. 2004; 

Ackerman et al. 2003; Palmowski et al. 2006). The presentation of exogenous antigens on MHCI by 

professional APCs is important to drive a CD8+ T cell response against tumor cells or viruses which do 

not infect APCs. 

2.2.2. DC maturation and migration 

Apart from processing of antigens, recognition of a stimulus by PRRs induces intracellular signaling 

cascades leading to DC maturation. For example, the bacterial cell wall component lipopolysaccharide 

(LPS) activates TLR4 which then in turn activates the transcription factors (TFs) AP-1, NF-κB, IRF-3 and 

IRF-5 (Akira et al. 2006). Subsequent TF translocation into the nucleus induces changes in gene 

transcription. 

Thus, DC maturation leads to C-C motif chemokine receptor 7 (CCR7) upregulation which enables 

migration via chemokine gradients towards lymphatic vessels and allows propagation to the LNs 
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(Förster et al. 1999; Sallusto et al. 1998; Dieu et al. 1998). In the LNs, DCs prime antigen-specific T cells 

leading to clonal expansion. To this end, maturation evokes elevated levels of the antigen-

presentation molecule MHCII and T cell co-stimulatory molecules such as CD80 and CD86 on the cell 

surface (Cabeza-Cabrerizo et al. 2021; Steinman 1991; Banchereau and Steinman 1998). Furthermore, 

a variable set of soluble mediators is secreted by DCs. Diverse cytokines direct naïve T cell 

differentiation into different classes of effector or memory T cells (see chapter 2.2.3). Cytokines like 

tumor necrosis factor (TNF)-α or interferons activate the endothelium to facilitate immune cell entry 

or alternatively modulate immune cell activation (Detmar et al. 1990; González-Navajas et al. 2012). 

Chemokines like C-X-C motif chemokine ligand 1 (CXCL1), Chemokine C-C Motif Ligand 17 (CCL17) and 

CCL22 recruit other immune cells to the site of infection or attract T cells to interact with DCs in the 

LNs (Korbecki et al. 2022; Imai et al. 1999; Lieberam and Förster 1999; Imai et al. 1998). Of note, the 

DC secretory response is highly diverse which highlights the crucial role of DCs for shaping the immune 

response. 

2.2.3. Induction of T cell responses 

Immunity against infections and tumors relies on proper T cell responses while dis-balanced immune 

functions can cause autoimmune diseases. For T cell priming, naïve T cells scan through multiple DCs 

in secondary lymphoid organs until they recognize the respective antigen with their T cell receptor 

(TCR). The cell-cell interaction between APC and T cell is called immune synapse formation and the 

distinct structure of this contact will be discussed in chapter 2.3. Altogether, the synapse provides a 

well-organized area which allows efficient binding and signaling of receptors and subsequent initiation 

of T cell clonal expansion. Importantly, T cells recognize antigens on MHC molecules via the highly 

specific TCR and the co-receptors CD4 or CD8 (Meuer et al. 1982). The TCR of conventional T cells 

consists of alpha (α)- and beta (β)-chains and a zeta (ζ)-chain homodimer which contains three 

immunoreceptor tyrosine-based activation motifs (ITAMs) to enable induction of a phosphorylation 

cascade within the T cell (Klausner et al. 1990; Reth 1989). Additionally, the TCR is coupled to four 

chains of CD3 (epsilon gamma, epsilon delta) with each chain containing one ITAM (Borst et al. 1983). 

As a second signal, DCs provide co-stimulation necessary for T cell survival and proliferation. 

Furthermore, DC cytokine secretion drives T cell activation and differentiation into subtypes and 

thereby determines the direction of the immune response. 

Two main conventional T cell classes are determined by either CD4 or CD8 expression on their surface. 

After activation, CD4+ and CD8+ T cells differentiate into effector or memory cells to mediate direct 

killing, diverse immune regulation or long-term protection (Sun et al. 2023). CD8+ T cells are also called 

cytotoxic T cells and are important for fighting against intracellular pathogens as well as malignant 

cancer cells. After priming in the LN, effector cytotoxic T cells fulfill their function by recognizing 



Introduction 

20  
 

infected cells and secreting cytotoxic granules containing effector molecules such as perforin, 

granzymes, granulysin (Tschopp and Nabholz 1990; Rouvier et al. 1993; Sun et al. 2023; Suda et al. 

1993). Alternatively, killing is achieved by expressing Fas Ligand on their surface which directly induces 

apoptosis in target cells (Suda et al. 1993). In addition, activated CD8+ T cells secrete TNF-α and 

interferon (IFN)-γ which induce cell death programs in target cells or activation of surrounding 

immune cells (Chun et al. 2021; Nathan et al. 1983). CD4+ T cells are also called T helper cells as they 

directly interact with B cells to stimulate their proliferation and antibody production (Miller and 

Mitchell 1968). Additionally, after priming within the LNs T helper cells secrete cytokines supporting 

macrophage activation or CD8+ T cells survival, expansion and memory (Novy et al. 2007). There are 

different subclasses of T helper cells which allow specialization of the immune response according to 

the type of infection. The specialization of CD4+ T helper cells is reviewed by (Aguiar and Vieira 2024) 

and summarized in Figure 2.5. 

Briefly, Th1 cells are induced by interleukin-12 (IL-12) in response to viruses, intracellular bacteria or 

tumors and respond by secreting IFN-γ and TNF-α. Th2 cells develop in the presence of IL-4 in response 

to allergens or helminths and Th2 cells secrete IL-4, IL-5 and IL-13 which induce tissue repair and 

mucus production. Th9 cells are relatively newly identified cells involved in infectious diseases, cancer, 

allergy and autoimmune diseases (Veldhoen et al. 2008; Li et al. 2016). Th9 cells are induced in the 

presence of IL-4 and transforming growth factor (TGF)-β and produce IL-9, IL-10 and IL-21 (You et al. 

2017). Th17 cells develop as response to extracellular bacteria and fungi via the cytokines IL-6 and 

TGF-β and Th17 cells in turn secrete IL-17 and IL-22 and recruit neutrophils. Th22 cells are induced for 

epithelial barrier protection in response to IL-6 and TNF-α and subsequently secrete IL-22. T follicular 

helper (Tfh) cells are induced by OX40L and ICOSL binding and IL-6 in response to all encounters. Tfh 

cells secrete IL-21 and are necessary for B cell activation including germinal center formation, affinity 

maturation and class switching. Another important subset are T regulatory (Treg) cells which are 

induced by TGF-β and retinoic acid and B and T lymphocyte attenuator (BTLA) binding in response to 

harmless self-antigens, dietary antigen or microbiota. Treg cells secrete IL-10 and TGF-β to reduce 

inflammation and induce tolerance. 
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Figure 2.5 CD4+ T cell differentiation into different subsets 
Three DC-derived signals are required for efficient T cell expansion: pMHC, co-stimulation and secreted 
cytokines. The specific cytokines directing naïve CD4+ T cell into different subtypes are depicted on the arrows 
above the cell type. Then, these cell types (Th1, Th2, Th9, Th17, Th22, Tfh, Treg), in turn, secrete effector cytokines 
mentioned below the dashed arrow. Figure created using BioRender. 

 

2.3. The immune synapse as specialized cell-cell junction 

The term immune synapse (IS) commonly refers to the cell-cell junction formed between APC and T 

cell. This contact bears similarities with the cytotoxic synapse formed between a cytotoxic T cell or a 

natural killer (NK) cell and a target cell. Notably, on the T cell or NK cell side, this involves significant 

cytoskeletal rearrangement. Additionally, some features are shared with synapses of the nervous 

system such as the organization in microdomains with a central active zone and surrounding adhesion 

molecules (Dustin and Colman 2002). The IS formed between APC and T cell is a key step for the 

induction of an adaptive immune response and supplies the three necessary signals for T cell activation 

described already above (see chapter T cell activation 2.2.3). Imaging cell dynamics in murine LNs as 

well as in vitro co-culture of APCs and T cells revealed consecutive stages of T cell activation by APCs 

which are marked by distinct T cell migratory behavior and intracellular and membrane organization 

changes (Ueda et al. 2011; Miller et al. 2004). First after LN entry, T cells make short contacts with 

multiple DCs before a long-lived and stable interaction follows. Next, T cells get highly migratory and 

start to proliferate. Through this, the final aim of the interaction is accomplished. 
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2.3.1. Structure of the APC – T cell synapse 

The dynamic cell-cell interaction between APC and T cell integrates different receptor molecules to 

allow efficient downstream signaling. The classical IS structure can be described as a “bull’s eye” 

(Figure 2.6 A monocentric synapse). In the center – the so called central supramolecular activation 

cluster (cSMAC) – TCR/CD3 interact with peptide-MHC molecules (Monks et al. 1998). In addition, co-

stimulatory receptors such as CD28 are localized on the T cell surface and interact with CD80/86 on 

the APC surface in the cSMAC (Tseng et al. 2008; Harding et al. 1992; Green et al. 1994). Another well 

characterized receptor-ligand pair is CD40L (T cell) and CD40 (APC) (Boisvert et al. 2004). The central 

structure is surrounded by the peripheral SMAC (pSMAC) enriched in the integrin lymphocyte 

function-associated antigen 1 (LFA-1) (T cell) binding the intercellular adhesion molecule 1 (ICAM-1) 

on the APC side to stabilize the synapse (Monks et al. 1998; Grakoui et al. 1999). In the distal SMAC 

(dSMAC) structure, small microclusters of TCR-MHC are formed and then move through the pSMAC 

into the cSMAC in an actin-dependent manner (Yokosuka et al. 2005). Therefore, actin in the dSMAC 

area assists to form initial microclusters and protrusions and actin in the pSMAC area, which is linked 

to integrins, generates forces for centripetal movement of TCR microclusters (Campi et al. 2005; 

Kaizuka et al. 2007; Leithner et al. 2021). The dSMAC also excludes molecules from the IS center such 

as CD45 and CD43 on the T cell side which are phosphatases having potential inhibitory functions 

(Delon et al. 2001; Leupin et al. 2000). On the APC side, actin is excluded from the central region and 

forms a ring structure which controls contact duration and T cell priming efficiency (Leithner et al. 

2021). 

Of note, an alternative structure has been described and referred to as ‘multifocal’ or ‘multicentric’ 

synapse (Figure 2.6 B multicentric synapse) (Brossard et al. 2005). Multicentric synapses are marked 

by small accumulations of TCR bound to MHC and LFA-1-ICAM-1 spread throughout the cell-cell 

interphase (Thauland et al. 2008). Potential factors or conditions determining which synapse structure 

is formed include interacting cell types and strength of antigen recognition (Verboogen et al. 2016; 

Thauland et al. 2008; Thauland and Parker 2010; Tseng et al. 2008). 
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Figure 2.6 Immune synapse structure 
APC and T cell form a close cell-cell contact to initiate T cell activation. Variable surface molecules interact on 
the APC and T cell side either in a monocentric synapse (A) with organization of a cSMAC, pSMAC and dSMAC or 
divided into smaller clusters in a multicentric synapse (B). Additionally, some cytokines are secreted in a 
polarized manner towards the synapse region which allows communication across the interphase. In T cells, 
MTOC reorientation is also associated with efficient IS formation. Figure created using BioRender. 

 

2.3.2. Communication at the APC – T cell synapse 

Communication across the synapse area is established by direct receptor-ligand binding like MHC-TCR 

and CD80-CD28 or secretory mechanisms such as DC cytokines stimulating T cell differentiation (Figure 

2.6). T cells in turn secrete exosomes or ectosomes upon antigen-trigger in a polarized unidirectional 

manner (Mittelbrunn et al. 2011; Choudhuri et al. 2014). Exosomes have been shown to contain micro 

RNAs which have the capability to alter gene expression in the recipient cell (Mittelbrunn et al. 2011; 

Okoye et al. 2014). Ectosomes arise from the cSMAC surface area and therefore are enriched in TCR 

molecules (Choudhuri et al. 2014). Additionally, cytokines like IFN-γ and IL-2 are secreted in a polarized 

manner which allows high specificity of T cell activation. In contrast, cytokines such as TNF-α and 

several chemokines can be released non-directionally allowing paracrine communication with 

surrounding cells (Huse et al. 2006). Further studies are necessary to clarify the role of different routes 
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and secretion mechanisms to sort cytoplasmic and membrane-associated cargo during IS 

communication. 

Focusing on the DC side, directional secretion of IL-12 to CD8+ T cells during synapse formation has 

been reported (Pulecio et al. 2010). Intriguingly, a study showing that IL-12 production in DCs is driven 

by efficient DC-T helper cell interaction did not report IL-12 localization to the synapse (Bertrand et al. 

2010). Moreover, recruitment of CD40L to the synapse region on the T cell side is required for the 

induction of cytokines such as IL-12 in DCs but the CD40-CD40L axis is not required for expression of 

co-stimulatory molecules in DCs (Tourret et al. 2010; Ferrer et al. 2012). Further, the crosstalk between 

CD4+ T cells and DCs has anti-apoptotic and survival effects on DCs which are also mediated via CD40 

signaling (Riol-Blanco et al. 2009; Miga et al. 2001). Taken together, these results provide only a 

glimpse into the complex nature of this contact, which is fundamental for the induction of the immune 

response. 

 

2.4. Function of the microtubule cytoskeleton during immune synapse formation 

2.4.1. Centrosome localization and dynamics 

General functions of the MT cytoskeleton have been described in chapter 2.1.2. Here, more detailed 

information on the role of the cytoskeleton for IS formation and functionality will be provided. 

In T and NK cells, centrosome repositioning towards the interacting cell has been reported to be 

particularly important for sustained T cell activation signaling and T cell- or NK cell-mediated killing of 

target cells (Kupfer and Dennert 1984b; Martín-Cófreces et al. 2008; Kupfer et al. 1985; Geiger et al. 

1982). More precisely, T cell centrosome reorientation depends on antigen recognition by the TCR 

(Kupfer and Singer 1989; Sedwick et al. 1999). Centrosome displacement is achieved by MTs docking 

at the cell cortex to the pSMAC area where LFA1 clusters are present (Kuhn and Poenie 2002). For the 

next step, two mechanisms are described: either cortical sliding of dynein to the minus-end of MTs 

pulls the centrosome towards the cell cortex or dynein attaches the MT plus-ends to the cortex and 

MT-depolymerization from the plus-ends induces force generation and MTOC repositioning (Yi et al. 

2013; Kuhn and Poenie 2002). Centrosome movement is accompanied by relocalization of other 

organelles such as the Golgi apparatus or secretory vesicles in cytotoxic T cells and T helper cells 

establishing spatial and temporal cell polarization (Kupfer and Dennert 1984b; Ueda et al. 2011). 

Importantly, perturbance of T helper cell MTOC polarization impairs synapse structure and efficient 

signaling between DCs and T cells (Tourret et al. 2010). Also B cells use this conserved mechanism of 

MTOC polarization to enable polarized lysosome secretion which is important for efficient extraction 

and processing of immobilized antigens (Yuseff et al. 2011; Pineau et al. 2022). In addition to the 
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observations from antigen presenting B cells, one study shows DC centrosome reorientation during 

priming of CD8+ T cells which, in turn, promotes secretion of vesicles containing T cell stimulatory 

molecules (Pulecio et al. 2010). However, other publications focusing mainly on the T cell cytoskeleton 

or on the T cell priming capacity of plasmacytoid DCs (pDCs) note the absence of DC MTOC polarization 

(Mittelbrunn et al. 2009; Bouma et al. 2011). Altogether, centrosome polarization to the cell-cell 

contact site during IS formation is well described in T cells, B cells and NK cells while there are contrary 

studies on DC centrosome positioning. 

2.4.2. Effects of centriole or microtubule loss 

After describing a specific localization of the centrosome during immune cell actions, it is not 

surprising that loss of centrioles impacts the immune response. Depletion of centrioles during B cell 

development induces cell cycle arrest and apoptosis (Schapfl et al. 2024). However, if B cells lacking 

centrioles survive, they are able to proliferate and mount a humoral immune response. Experiments 

depleting centrioles in cytotoxic T cells showed a reduced cytotoxic capacity which is caused by 

impaired lytic granule biogenesis and perturbed filamentous actin (F-actin) remodeling at the synapse 

leading to reduced force exertion (Tamzalit et al. 2020). The authors noted residual PCM and MT 

organization. Thus, they tested the effect of nocodazole-induced MT depolymerization and observed 

that MTs are important for delivering granules to the cell surface. Particularly, overall cytotoxic 

capacity was impaired when MTs were depleted; however, the granules that were secreted still 

localized to the synapse region. This suggests that while the MT cytoskeleton facilitates cytotoxic 

granule secretion, it does not control the direction of secretion (Tamzalit et al. 2020). Furthermore, 

MT depletion in T helper cells disrupted polarized secretion of IFN-γ to the synapse region (Huse et al. 

2006). In addition, MT depletion as well as perturbance of MTOC polarization in T cells impaired proper 

localization of CD40L to the IS, resulting in reduced DC activation and subsequent DC IL-12 secretion 

(Tourret et al. 2010). 

In B cells, MTs are crucial for synapse functionality: on the one hand, MT stabilization is required for 

efficient lysosome secretion  and on the other hand, MTs regulate actin ring formation at the synapse 

(Sáez et al. 2019; Pineau et al. 2022). Thereby, MTs ensure the formation of a single, focused synapse 

rather than multiple synapses across the cell body, with maintaining a single polarity axis, which may 

help to effectively stimulate T cells. 

Overall, multiple studies report impaired IS formation and efficiency when B or T cells were lacking 

centrioles or MTs, while the understanding of centriole or MT alterations in other immune cells is still 

incomplete. 
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2.5. Aim of the thesis 

Cytoskeletal integrity and dynamics are essential for behavior of immune cells. However, precise roles 

and molecular mechanisms of centrioles and MTs during immune cell functions are only partially 

understood. For instance, how the centrosome in DCs contributes to IS formation remains largely 

unknown. With this research, we aim to understand how centrosome integrity, function and 

organization in DCs impact T cell priming. Therefore, in this project, we manipulated centrosomal 

components or MT array organization in DCs and investigated the impact on T helper cell activation. 

Additionally, we focused on the remarkable phenomenon of extra centrioles occurring in DCs, which 

was reported by previous members of the working group (Weier et al. 2022). While multiple centrioles 

have long been observed in cancer cells, they have recently been identified in physiological contexts 

as well, which suggests more diverse functions of the centrosome but to date these functions are 

rarely described (Guidotti et al. 2003; Schapfl et al. 2024). For example, DCs with multiple centrioles 

show enhanced directional locomotion and augmented induction of T cell proliferation, although the 

detailed mechanisms remain unclear (Weier et al. 2022). Thus, we shed light on the organization of 

multiple centrioles in DCs during antigen-specific T helper cell interactions in single cells and within 

lymphoid tissues. Ultimately, to elaborate on the effects of centriole multiplication, we thought to 

perform comprehensive secretome analysis correlating DC centriole numbers with their secretory 

profiles. In summary, elucidating the function and organization of centrioles and MTs in DCs during IS 

formation provides novel insights into the initiation of immune responses and might identify potential 

targets for therapeutic interventions. 
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3. Materials 

3.1. Mice, cell lines, bacteria 

Name Source 

CETN2-GFP mice  

(CB6-Tg (CAG-EGFP/CETN2)3-4Jgg/J) 

Jackson Laboratory (Higginbotham et al. 2004) 

Nur77GFP mice 

(B6N.B6-Tg(Nr4a1-EGFP/cre)820Khog/J) 

Jackson Laboratory (Moran et al. 2011) 

Flt3-ligand producing hybridoma cells Prof. Dr. Michael Sixt, IST Austria 

GM-CSF producing hybridoma cells Prof. Dr. Michael Sixt, IST Austria 

HEK293T (human embryonic kidney cells) Sigma-Aldrich 

Hoxb8 CETN2-GFP cell line Prepared by Kiermaier group 

One Shot Stbl3 E. coli Invitrogen 

One Shot OmniMAX 2T 1R E. coli Invitrogen 

OT-II mice (B6.Cg-Tg(TcraTcrb)425Cbn/J) 

(or inter-crossed with B6.SJL-Ptprca Pepcb/BoyJ) 

Prof. Dr. Sven Burgdorf, LIMES, Bonn University or 

Charles River (Barnden et al. 1998) 

wildtype (WT) mice  

genetic background: C57BL/6JRcc 

Genetic Resources Centre, LIMES Institute, Bonn 

University 

 

3.2. Reagents, dyes, kits 

Name Source/Company 

2-Chloroacetamide Thermo Fisher Scientific 

Acetonitrile Thermo Fisher Scientific 

ACK Lysing Buffer  Gibco 

Agarose VWR Avantor 

Ampicillin Carl Roth 

Ascorbic acid Sigma-Aldrich 

BAMHi-HF New England Biolabs 

Blasticidin Carl Roth 

Bovine serum albumin (BSA) Sigma-Aldrich 

BSMBI New England Biolabs 

C18 solid phase extraction with Evotips Evosep Biosystems 

Cal520 Abcam 

Ce3D tissue clearing solution BioLegend 

CellTrace CFSE Cell Proliferation Kit Invitrogen 

CellTrace Far Red Cell Proliferation Kit Invitrogen 

Centrinone Tocris 

CutSmart 10 x Buffer New England Biolabs 

DAPI Sigma 

Dimethylsulfoxid (DMSO) Sigma 

DMEM (Dulbecco’s Modified Eagle Medium) 

Medium 

Gibco 

DNA loading dye 6x Thermo Fisher Scientific 

Doxycycline Sigma 

DRAQ7 DNA Dye (used 1:500) BioLegend 
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EasySep Mouse Naïve CD4+ T cell Isolation Kit STEMCELL Technologies 

eBioscience Foxp3/Transcription Factor Staining 

Buffer Set 

Thermo Fisher Scientific 

EDTA (Ethylenediaminetetraacetic acid) (0.5 M), pH 

8.0, RNase-free 

Life Technologies 

EndoFree Plasmid Maxi Kit Qiagen 

Estradiol Sigma-Aldrich 

Fetal bovine serum (FBS) Gibco 

Flt-3-ligand (supernatant from Flt-3-ligand 

hybridoma cells) 

Self-produced (Kiermaier group) 

Fluoromount-G Mounting Medium with DAPI Thermo Fisher Scientific 

Formaldehyde 16 %, methanol free Thermo Fisher Scientific 

Gateway BP Clonase II enzyme-mix Thermo Fisher Scientific 

Gateway LR Clonase II enzyme-mix Thermo Fisher Scientific 

GM-CSF (supernatant from GM-CSF hybridoma 

cells), 250-300 ng/mL 

Self-produced (Kiermaier group) 

HBSS 10x Gibco 

IL-2 ELISA Kit Invitrogen 

Kanamycin Carl Roth 

LB (lysogeny broth) agar Carl Roth 

LB medium Carl Roth 

Lenti-X Concentrator Takara 

Lipofectamine 2000 Transfection Reagent Invitrogen 

Lipopolysaccharide (LPS) Sigma-Aldrich 

LysC Wako Chemicals 

MagReSyn® Hydroxyl magnetic microparticles Resyn Biosciences 

Monarch DNA Gel Extraction Kit New England Biolabs 

Monarch Plasmid Miniprep Kit New England Biolabs 

Opti-MEM, Reduced Serum Medium Gibco 

Ovalbumin-peptide 323-339 (ova323-339) InvivoGen 

Paraffin wax Sigma 

Penicillin/streptavidin Gibco 

Phenol red-free RPMI (Roswell Park Memorial 

Institute) 1640 Medium 

Gibco 

Phosphate buffered saline (PBS) (pH 7.4) Gibco 

PJ-34 hydrochloride hydrate Sigma-Aldrich 

Platinum Hot-Start Green PCR Master Mix (2x) Thermo Fisher Scientific 

Polybrene Infection/Transfection Reagent Sigma-Aldrich 

Pretubulysin Provided by Uli Kazmaier and Laura Schaedel 

Quick-Load 1 kb DNA Ladder New England Biolabs 

Rneasy Mini Kit Qiagen 

RPMI (Roswell Park Memorial Institute) 1640 

Medium 

Gibco 

S.O.C. Medium Thermo Fisher Scientific 

SalI-HF New England Biolabs 

Sodium bicarbonate solution, 7.5 % Sigma 

Sodium deoxycholate Thermo Fisher Scientific 

Sucrose Carl Roth 
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SYBR Safe DNA Gel Stain Thermo Fisher Scientific 

TaqMan RNA-to-CT 1-Step Kit Thermo Fisher Scientific 

Tissue-Tek O.C.T. Compound Sakura 

TopVision Agarose Thermo Fisher Scientific 

Trifluoracetic acid Thermo Fisher Scientific 

Tris(2-chlorethyl)phosphate Thermo Fisher Scientific 

Triton X-100 Carl Roth 

Trypsin Sigma 

UltraPure agarose Invitrogen 

UltraPure DNase/RNase-Free Distilled Water 

(=ddH2O) 

Gibco 

Vybrant DyeCycle Violet Stain (used 1:1000) Invitrogen 

Zombie Aqua Fixable Viability Kit BioLegend 

β-mercaptoethanol (β-ME)  Gibco 

 

3.3. Media and buffers 

Name Components 

FACS buffer PBS + 2 mM EDATA + 2 % FBS 

HEK293T cell medium DMEM + 10 % FBS + 100 U/mL Penicillin, 100 µg/mL 

Streptomycin 

Hoxb8 medium RPMI-10 medium + 5 % Flt3-ligand containing 

supernatant + 1 µM Estradiol 

RPMI-10 medium RPMI 1640 + 10 % FBS + 100 U/mL Penicillin, 

100 µg/mL Streptomycin + 50 µM β-ME 

RPMI-20 medium RPMI 1640 + 20 % FBS + 100 U/mL Penicillin, 

100 µg/mL Streptomycin + 50 µM β-ME 

 

3.4. Antibodies 

Antibodies for flow cytometry 

Target Fluorochrome Clone Dilution Company 

mouse CCL5 PE 2E9/CCL5 1:300 BioLegend 

mouse CD11c PE N418 1:500 BioLegend 

mouse CD11c APC N418 1:500 Thermo Fisher 

Scientific 

mouse CD16/CD32 unconjugated 93 1:100 eBioscience 

mouse CD19 PE 6D5 1:500 BioLegend 

mouse CD19 Pacific Blue 6D5 1:500 BioLegend 

mouse CD4 APC RM4-5 1:500 BioLegend 

mouse CD62L PE-Cy7 MEL-14 1:500 BioLegend 

mouse CD69 FITC H1.2F3 1:200 BioLegend 

mouse CD69 PE-Dazzle H1.2F3 1:200 BioLegend 

mouse CXCL1 Alexa Fluor 594 1174A 1:300 R&D Instruments 

mouse IL-6 PE MP5-20F3 1:300 BioLegend 
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mouse MHCII (I-A/I-E) APC-Cy7 M5/114.15.2 1:800 BioLegend 

mouse MHCII (I-A/I-E) eFluor450 M5/114.15.2 1:800 Invitrogen 

mouse MHCII (I-A/I-E) PE-Dazzle M5/114.15.2 1:600 BioLegend 

mouse OX40 (CD134) BV711 OX-86 1:300 BioLegend 

 

Primary antibodies for immunofluorescence staining 

Target Host Species Clone Dilution Company 

mouse acetylated-

tubulin 

mouse 6-11B.1 1:500 Sigma-Aldrich 

mouse α-tubulin rat YL1/2 1:500 Invitrogen 

mouse CDK5RAP2 rabbit polyclonal 1:500 (LNs: 1:100) Sigma-Aldrich 

mouse pericentrin rabbit EPR21987 1:200 (LNs: 1:100) Abcam 

mouse TCRß chain-

Biotin 

hamster H57-597 1:100 BD Bioscience 

mouse γ-tubulin mouse GTU-88 1:500 Sigma-Aldrich 

mouse γ-tubulin rabbit polyclonal 1:500 Abcam 

 

Secondary antibodies/dyes for immunofluorescence staining 

Target Conjugate Host Species Dilution Company 

mouse IgG (H+L) Cy3 donkey 1:400 Jackson Immuno 

Research 

mouse IgG (H+L) Alexa Fluor 647 donkey 1:400 Jackson Immuno 

Research 

rabbit IgG (H+L) Cy3 goat 1:400 Jackson Immuno 

Research 

rabbit IgG (H+L) Alexa Fluor 647 donkey 1:400 Jackson Immuno 

Research 

rat IgG (H+L) Cy3 donkey 1:400 Jackson Immuno 

Research 

Streptavidin Cy3 - 1:400 Jackson Immuno 

Research 

 

3.5. Primer 

Name Sequence Company 

Nedd1_pDonR_FW 5’GGGGACAAGTTTGTACAAAAAA

GCAGGCTTAATGCAGGAAAACCTC

AGATTTGCC3’ 

Eurofins 

Nedd1-rCM1_pDonR_REV 5’GGGGACCACTTTGTACAAGAAAG

CTGGGTATTAGTAGATGTGCTCTGT

GGG3’ 

Eurofins 

TaqMan Mm01277042_m1 

Tbp (TATA-binding protein) 

FAM 

 Thermo Fisher Scientific 
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3.6. Plasmids 

Name Resistance 

[bacteria/mammalian cells] 

Source Catalogue number 

pDonR221 Kanamycin / - Invitrogen 12536017 

pBactin-Nedd1-

mOrange2-rCM1 

Ampicillin / - Frank Bradtke, 

Addgene 

 

196861 

pInd20-blast Ampicillin / Blasticidin Addgene 109334 

pInd20-blast-Nedd1-

mOrange2-rCM1 

Ampicillin / Blasticidin Self-produced - 

psPAX2 Ampicillin / -  Addgene 12260 

pMD2.G Ampicillin / - Addgene 12259 

 

3.7. Consumables 

Name Source 

Cell culture dishes (10 cm) Greiner Bio-One 

Cell strainer (40 µm and 70 µm) VWR Avantor 

Cover glasses (10 mm) VWR Avantor 

Filter tips (10/200/1000 µL) Sarstedt 

Glass bottom dishes (Ø 35 mm): Ø glass 14/20 mm MatTek 

Hard-Shell 96-well PCR plate Bio-Rad Laboratories 

Microscope slides Epredia 

Needles Braun 

Petri dishes (6 or 10 cm) VWR Avantor or Sarstedt 

Plastic tips (10/200/1000 µL) Starlab 

Tubes (15/50 mL) Sarstedt 

Tubes for flow cytometry (5 mL) Sarstedt 

96-well plate, U-bottom, non-treated VWR Avantor 

Cell culture plates (6/12/24/96 wells) Greiner Bio-One International 

Reaction tubes (0.5/1.5/2 mL) Starlab 

Syringe filters (0.22 or 0.45 µm) Carl Roth 

Syringes (2/10 mL) Braun 

Serological pipettes (5/10/25 mL) Sarstedt 

 

 

TaqMan Mm00446190_m1 IL-

6 FAM 

 Thermo Fisher Scientific 

TaqMan Mm01302427_m1 

CCL5 FAM 

 Thermo Fisher Scientific 

TaqMan Mm04207460_m1 

CXCL1 FAM 

 Thermo Fisher Scientific 
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3.8. Laboratory equipment 

Device Company 

BD FACS Aria III BD Biosciences 

BD LSR II BD Biosciences 

Bravo automated liquid handling platform Agilent 

Centrifuges (8510R, 5424R, 5415R) Eppendorf 

ChemiDoc MP Imaging System Bio-Rad Laboratories 

Cryotome Leica CM3050S 

Electrophoresis chamber and power supply Bio-Rad Laboratories 

Evosep One LC system Evosep Biosystems 

Heating plate: Cimarec+ Thermo Scientific 

HSC Ceramic Hotplate Stirrer VELP Scientifica 

Incubator (5 % CO2, 37°C) Binder or Labotec 

Incubator/Shaker Innova 44 New Brunswick Scientific 

Laminar flow hood BDK or Nunc 

LSM880 with Airyscan module 
Objectives: EC Plan-Neofluar 10x/0.30, Plan-
Apochromat 63x/1.4 oil DIC 

Carl Zeiss Microscopy 

Neubauer improved counting chamber Marienfeld 

Nikon Eclipse Ts2 Nikon 

Objective Heater temp control 37-2 digital Pecon 

Pipettes (2.5-1000 µL) Eppendorf 

Plate reader Infinite M200 Tecan 

Radio Terris 

Scales (microscale AG285, JB2002-G) Mettler Toledo 

Spectrophotometer NanoDrop 2000 Thermo Scientific 

TempController 2000-2 Pecon 

Thermocyclers (C1000 Touch Thermal Cycler, CFX 
Touch Real-Time PCR detection system) 

Bio-Rad Laboratories 

Thermomixer Eppendorf 

timsTOF Pro 2 mass spectrometer 
with Aurora Elite CSI 15 cm length x 75 µM inner 
diameter C18 UHPLC column 

Bruker 
Ionopticks 

Vacuum pump BVC Professional Vacuubrand 

Waterbath VWR Avantor or Memmert 

 

3.9. Software 

Software Company 

Affinity Designer 2 Serif 

BioRender BioRender 

CFX Manager Software Version 3.1 Bio-Rad 

Citavi 6 Citavi 

Compass Data Analysis software Bruker 

FACS Diva Software 6.1.3 BD Bioscience 

FlowJo X 10.8.1 FlowJo 

Graphpad Prism 10 GraphPad 

ImageJ v1.54 ImageJ 

ImageLab Bio-Rad 

Imaris 10.2.0 Bitplane 

ND-1000 V3.5.2 NanoDrop Technologies 

Perseus v1.6.15 MaxQuant 
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TECAN Plate reader software i-control 1.10 Tecan 

ZEN 2.3 SPI Carl Zeiss Microscopy 
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4. Methods 

4.1. Mice 

All mice used in this study were bred on a C57BL/6J background and maintained at the institutional 

animal facilities in accordance with the German law for animal experimentation. Permission of all 

experimental procedures involving animals was granted and approved by the local authorities 

(Landesamt für Verbraucherschutz und Ernährung North Rhine-Westphalia [LAVE NRW under AZ81-

02.05.40.19.022 and AZ81-02.04.2021.A319]). CETN2-GFP and Nur77GFP mice were purchased from 

Jackson (CB6-Tg(CAG-EGFP/CETN2)3-4Jgg/J and B6N.B6-Tg(Nr4a1-EGFP/cre)820Khog/J). OVA-specific 

OT-II mice were a gift of Sven Burgdorf. Alternatively, OT-II mice were purchased from Charles River 

and intercrossed with B6.SJL-Ptprca Pepcb/BoyJ (congenic CD45.1 mice, also purchased from Charles 

River) for one generation to obtain heterozygous OT-II CD45.1/2 mice that were then used as donors 

for the in vivo experiments. 

4.2. Adoptive transfer experiments 

Mouse experiments were performed in collaboration with Luisa Bach from Dirk Baumjohann’s group. 

For in vivo DC-T cell interaction experiments, naïve OT-II T cells were isolated using the EasySep Mouse 

Naïve CD4+ T Cell Isolation Kit according to the manufacturer’s instructions. Naïve CD4+ OT-II T cells 

were labelled with the CellTrace Far Red Cell Proliferation dye at a concentration of 0.5 µM and 2*106 

naïve OT-II cells were injected into the tail vein of wildtype mice. After 24 h, 1*106 mature CETN2-GFP 

expressing BMDCs, which were loaded with 1 µg/mL OVAp, were injected subcutaneously into the 

hocks of both hind legs. Popliteal and inguinal LNs were harvested after 48 h and incubated in 1 % 

paraformaldehyde (PFA) in PBS over night at 4°C. Subsequently, LNs were washed with PBS and 

dehydrated in a sucrose gradient (10 % - 30 % sucrose in PBS). LNs were embedded in cryomedium 

(Tissue-Tek O.C.T. Compound) and stored at -80°C until they were cut into 20 µm thick sections. 

4.3. Cell isolation, generation and culturing 

4.3.1. BMDC generation and culture  

Femurs and tibias from legs of 3–5 month-old CETN2-GFP expressing mice were removed and placed 

in 70 % ethanol for 2 min. Bone marrow was flushed with PBS using a 26 gauge needle. 2*106 cells 

were seeded per 10 cm petri dish containing 9 mL of RPMI-10 medium and 1 mL of granulocyte-

macrophage colony-stimulating factor (GM-CSF). On day 3 and 6 RPMI-10 medium supplemented with 

20 % GM-CSF was added to each dish. To induce DC maturation, cells were stimulated overnight 

(starting day 7 or 8) with 200 ng/mL LPS and used for experiments on day 8 or 9. Alternatively, DCs 

were frozen in FBS containing 10 % DMSO on day 7 and for experimental use, they were thawed the 

day before the experiment and stimulated with 200 ng/mL LPS overnight. 
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4.3.2. BMDC drug treatments 

To prevent new pro-centriole formation BMDCs were cultured in the presence of the PLK4 inhibitor 

Centrinone (250 nM or 500 nM) or control (solvent DMSO) during differentiation and maturation. To 

induce microtubule depolymerization, cells were treated with 1 µM pretubulysin or control (solvent 

DMSO) after antigen-loading either for 1 h or for the duration of the experiment. Cells were washed 

(wash-out) or not (w/o wash-out) with full media before T cell addition. To induce centrosome de-

clustering PJ-34 was used. Cells were loaded with OVAp for 2 h and subsequently treated with 50, 100 

or 200 µM of PJ-34 or control (solvent H2O) for 3 h. Cells were washed two times with RPMI-10 medium 

and incubated with OT-II-specific T cells at the indicated time points. 

4.3.3. Hoxb8 CETN2-GFP Nedd1-mOrange2-rCM1 cell line generation and 

differentiation 

To boost MT nucleation in DCs, we were inspired by the recent publication of Vinopal et al. (2023) 

showing that Nedd1-rCM1 overexpression in neurons induces elevated MT nucleation events. For 

manipulating DCs, we made use of a hematopoietic progenitor cell line (Homeobox b8: Hoxb8) 

expressing CETN2-GFP which was already described in (Redecke et al. 2013; Weier et al. 2022). Shortly, 

this cell line was generated by retroviral introduction of an estrogen-regulated form of the Hoxb8 TF 

into bone marrow cells of CETN2-GFP expressing mice (virus plasmid: addgene #212932). Hoxb8 

CETN2-GFP cells were cultured in the presence of estradiol to retain the progenitor cell stage. Estradiol 

removal and GM-CSF addition induces the differentiation into the DC lineage. 

Generation of pInd20-blast-Nedd1-mOrange2-rCM1 plasmid 

We are very thankful that we got a plasmid containing the sequence of Nedd1-mOrange2-rCM1 fusion 

protein from Frank Bradtke. 

Nedd1-mOrange2-rCM1 was cloned into the pInd20-blast vector using the Gateway strategy (see 

plasmid scheme Figure 4.7). All kits were used according to the manufacturer’s protocols unless stated 

otherwise. 

First, we performed a PCR, which creates overlaps, with the Platinum Hot-Start Green PCR Master Mix 

and the primers Nedd1_pDonR_FW and Nedd1_rCM1_pDonR_REV according to Table 1. After 

checking the correct size on an agarose gel, we extracted the DNA from the gel using the Monarch 

DNA Gel Extraction Kit. Next, performing the BP reaction (recombination between attB and attP sites) 

with the Gateway BP Clonase II enzyme-mix introduces the PCR product into the pDonR221 vector. 

The resulting plasmid was transformed into One Shot OmniMAX 2T 1R E. coli and colonies grown on 

Lysogeny Broth (LB) agar plates with 50 µg/mL kanamycin antibiotics at 37°C. Next day, colonies were 

selected and bacteria grown in LB medium overnight at 37°C. Then, DNA was extracted using the 
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Monarch Miniprep Kit. After restriction enzyme digest with BAMHi-HF and SalI-HF using the CutSmart 

Buffer, the correct plasmid size was checked on an agarose gel. For additional confirmation of the 

correct sequence, the plasmid was sent for sequencing (Eurofins). Afterwards, ligation-recombination 

(LR) reaction with the Gateway LR Clonase II enzyme-mix introduces the protein sequence into pInd20-

blast vector which contains the gene for blasticidin S deaminase leading eventually to a Blasticidin 

resistant cell line (Figure 4.7). In addition, this plasmid contains components of Tet-on system (Figure 

4.7). Mechanistically, in the Tet-On system, added doxycycline can bind to the reverse tetracycline-

controlled transcriptional activator (rtTA), which is constitutively expressed under the ubiquitin C 

(UbC) promoter (Gossen et al. 1995). The doxycycline-rtTA complex then binds to the tetracycline 

response element (TRE), activating transcription of the target gene. The resulting plasmid was 

transformed into One Shot Stbl3 E. coli and colonies grown on agar plates with 50 µg/mL kanamycin 

antibiotics. Next day, colonies were selected and bacteria grown in LB medium overnight. Then, DNA 

was extracted using the Monarch Miniprep Kit. After restriction enzyme digest with BSMBI using the 

CutSmart Buffer, the correct plasmid size was checked on an agarose gel. The bacterial culture in LB 

medium was expanded overnight and the EndoFree Plasmid Maxi Kit used to extract the DNA. 

 

Temperature Incubation time 

94°C 2 min 

94°C 

66°C 

72°C 

30 sec 

30 sec 

3 min 

➔ 35 cycles 

72°C 10 min 

Table 1: PCR protocol for creating Gateway overlaps 

 

Figure 4.7 Scheme of pInd20-blast vector with Nedd1-mOrange2-rCM1 sequence and Blasticidin resistance 
gene 
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Lentivirus production in HEK293T cells 

For lentivirus production, 3.8*106 HEK293T cells were plated in 7.5 mL DMEM in a 10 cm culture dish. 

The next day, medium was changed to Opti-MEM. A plasmid mixture of psPAX2, pMD2.G and the 

transfer plasmid pInd20-blast-Nedd1-mOrange2-rCM1 was prepared in a ratio of 2:3:4 and a total DNA 

amount of 12.1 µg in 0.7 mL Opti-MEM. 40 µL Lipofectamin-2000 were mixed with 0.7 mL Opti-MEM. 

Both suspensions were incubated for 5 min before combining and waiting for additional 10 min. Next, 

the plasmid-lipofectamine mixture was added gently onto HEK293T cells. After 5 h, medium was 

changed to 7.5 mL DMEM. The virus was harvested after 48 h and three times concentrated using the 

Lenti-X Concentrator. 

Lentivirus infection of Hoxb8 CETN2-GFP cell line 

For infecting the CETN2-GFP expressing Hoxb8 progenitor cells with the lentivirus containing Nedd1-

mOrange2-rCM1 DNA sequence, 3*105 Hoxb8 cells were plated in a 12-well plate in 1 mL Hoxb8 

medium. 500 µL of virus-containing supernatant and polybrene (final concentration 6 µg/mL) were 

added. Plates were centrifuged for 1 h at 1 500 x g at 30°C. 1.5 mL fresh Hoxb8 medium was added 

and the cells cultured at 37°C and 5 % CO2. After 3 days, selection of transfected cells was started by 

adding 10 µg/mL Blasticidin to the medium. When control cells without virus infection were dying, cell 

selection was considered complete and the new Hoxb8 Nedd1-mOrange2-rCM1 cell line frozen, 

cultured at a progenitor cell level or differentiated into Hoxb8-derived DCs. 

Differentiation of Hoxb8 progenitor cells into DCs 

For differentiation of Hoxb8 progenitor cells into DCs, estradiol was removed by two times washing 

with RPMI-10 medium (see composition 3.3 Media and buffers). Next, 3*105 cells were plated on a 

10 cm dish with 10 mL RPMI-10 medium containing 10 % GM-CSF. Blasticidin was continuously 

included in the medium throughout differentiation to maintain selection pressure. On day 3 and day 

6 of culture, 10 mL RPMI-10 medium containing 20 % GM-CSF were added to each dish. To induce DC 

maturation, cells were harvested on day 7 or 8 and stimulated overnight with 200 ng/mL LPS. For 

inducing Nedd1-mOrange2-rCM1 overexpression, doxycycline (2 µg/mL) was added from day 3 of 

differentiation until full maturation. Mature Hoxb8-derived DCs were used for MLRs as described in 

4.4.3). 
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4.4. Cell-based assays 

4.4.1. Flow cytometry 

For flow cytometric analysis, cells were washed with PBS once and incubated 10 min with anti-

CD16/CD32 antibody (1:100) in FACS buffer. Staining with fluorescently labelled antibodies diluted in 

FACS buffer was carried out for 20 min at 4°C. For intracellular cytokine staining, cells were fixed and 

permeabilized with the Foxp3/Transcription Factor Staining Buffer Set according to the 

manufacturer’s protocol. The used antibodies are listed in chapter 3.4. For live dead staining DRAQ7 

(1:500) or the Zombie Aqua Fixable Viability Kit was used. After staining, cells were washed once with 

FACS buffer and data acquired at the LSRII flow cytometer. Data analysis was performed using FlowJo 

v10.8.1. 

To determine T cell activation via CD69 upregulation and CD62L downregulation, DC co-cultures with 

splenocytes were analyzed after 20-22 h via flow cytometry. OX40 upregulation on the T cell surface 

was determined after 2.5 days. T cell proliferation rates were assessed by dilution of CFSE after 2.5 

days of co-culture. To this end, prior to incubation with DCs, splenocytes were stained with a final 

concentration of 0.5 µM CFSE for 7 min at 37°C in PBS and washed with RPMI-10 medium. Nur77-

dependent GFP upregulation was also determined via flow cytometry after the indicated timepoints 

of naïve CD4+ T cell co-culture with DCs. 

4.4.2. Sorting of 2N BMDCs 

To sort DCs based on their DNA content, mature BMDCs were harvested and stained with Vybrant 

DyeCycle Violet Stain (1:1000) in RPMI without phenol red for 20 min at 37°C. Cells were sorted at the 

ARIAIII Sorter according to their ploidy level with focusing on diploid cells (2N) and dismissing polyploid 

cells. Additionally, for some experiments cells were further separated into two DC ‘subpopulations’ 

according to CETN2-GFP signal intensities resulting in CETN2-GFPlow and CETN2-GFPhigh cells. DCs were 

re-analyzed after the sort to ensure purity of the individual subpopulations. Afterwards, cells were 

recovered in RPMI-10 medium at 37°C for at least 30 min. 

4.4.3. Mixed lymphocyte reactions (MLRs) 

For DC-T cell co-culture assays sorted DCs (1-2*104 cells/well) were seeded in 96-well U-bottom plates. 

After recovering time of 30 min, cells were incubated with OVAp antigen (OVA323-339: specifically 

recognized by CD4+ OT-II T cells; 0.01 µg/mL, 0.1 µg/mL, 1 µg/mL) or without OVAp (controls) for 2 h. 

In the meantime, splenocytes were isolated from OT-II mice or Nur77GFP/OT-II mice. Therefore, 

splenic, inguinal, axillary and brachial LNs were removed and smashed through a 70 µm filter using 

PBS and a syringe piston. After centrifugation (400 x g 5 min), ACK lysis buffer was added for 5 min at 

room temperature (RT) before stopping the red blood cell lysis with PBS containing 2 % FBS and 2 mM 
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EDTA. Cells were filtered through a 40 µm filter, centrifuged and adjusted to the respective cell 

number to co-culture with DCs or for subsequent naïve CD4+ T cell isolation. Naïve CD4+ T cell isolation 

was performed according to the manual of the EasySep Mouse Naïve CD4+ T Cell Isolation Kit. After 

removing the antigen from the DCs, T cells were added in a ratio of 1:2 or 1:5 (DCs:T cells). 

4.4.4. Under-agarose interaction assay 

To monitor centrioles during live cell imaging, DC-T cell co-cultures were injected under a block of 

agarose. This prevents cell floating during the imaging period and allows visualization of centrioles 

within a single z-plane. Therefore, a custom-made chamber was built by gluing a 1 cm plastic ring with 

paraffin into a glass-bottom dish. 1 % agarose solution was prepared by mixing 0.2 g UltraPure agarose 

with 5 mL water, 5 mL 2x HBSS and 10 mL phenol red-free RPMI-20 medium. For live cell imaging, 

ascorbic acid was added to a final concentration of 50 µM. 500 µL of the heated agarose was poured 

into each chamber. After polymerization, the dishes were filled with water around the agarose and 

incubated for 45-60 min at 37°C, 5 % CO2 to equilibrate the agarose. For the experiment, cells were 

injected with a 10 µL tip under the agarose in a volume of 0.4-0.6 µL. To allow visualization of 

interaction during time-lapse imaging T cells were stained with the Calcium-sensitive dye Cal520 (Ca2+-

Cal520) prior to injection. For efficient staining, T cells were incubated with 3 µM Cal520 in phenol 

red-free RPMI-20 medium for 30 min at 37°C. To avoid toxic effects, the dye was efficiently removed 

by washing two times. Live cell imaging was started directly after injection of DCs and T cells. 

Alternatively, to allow immunofluorescence staining in flattened cells, cells were fixed after 60-90 min 

incubation with 4 % paraformaldehyde (PFA) solution overnight at 4°C. On the following day, the 

agarose was carefully removed and the cells were washed with PBS two times before staining. For 

assessing MT numbers in Nedd1-mOrange2-rCM1 expressing Hoxb8 CETN2-GFP-derived DCs, Shaunak 

Ghosh kindly helped with under agarose cell injection. 

 

4.5. Biochemical and molecular biology assays 

4.5.1. IL-2 ELISA of MLR 

For quantification of IL-2 cytokine levels via ELISA, DCs and T cells were co-cultured as described above 

(MLR). 5*104 DCs and 10*104 T cells were co-cultured in 200 µL culture volume for 20 h. Supernatants 

were harvested and incubated with the mouse IL-2 ELISA Kit according to the manufacturer’s 

instructions. 
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4.5.2. mRNA expression levels 

For mRNA quantification after PJ-34 treatment, 1*106 BMDCs were harvested in 350 μl Lysis Buffer 

(RNeasy Lysis Buffer + 1 % ß-Mercaptoethanol), and RNA isolation was carried out using the RNeasy 

Mini Kit. RNA concentration was determined using Nanodrop 1000 spectrophotometer. Gene 

expression was assessed using the TaqMan RNA-to-CT 1-Step Kit with a reaction volume of 20 μL 

containing 250 ng RNA template and 1 μL of Taq Man Gene Expression Assay (duplicates performed). 

Samples were run on a CFX96 Real-Time System according to the manufacturer’s instructions. Data 

were normalized according to the expression of a housekeeping gene in DCs (TATA-binding protein). 

Analysis of relative gene expression was carried out using the CFX Manager Software Version 3.1. 

4.5.3. Immunofluorescence 

Cells were immobilized by incubating 1-2 µL of cell suspension on cover slips for 5 min at 37°C before 

adding 4 % PFA for 20 min. For MT staining, cells were fixed after injection under agarose as described 

above. Fixed cells were washed twice with PBS for 10 min. To allow intracellular antibody staining cells 

were permeabilized adding 0.2 % Triton X-100 in PBS for 30 min at room temperature. After washing 

3 × 10 min with PBS samples were incubated in blocking solution (5 % BSA in PBS) for 1 h to prevent 

unspecific binding of the antibodies. Next, samples were incubated with primary antibodies diluted in 

blocking solution over night at 4°C. Staining for PCNT was carried out for 1 h at room temperature. 

Afterwards, cover slips were washed 3 x 10 min with PBS and stained with secondary antibodies 

diluted in blocking solution in the dark for 1 h at room temperature. After three times washing 10 min 

with PBS cover slips were mounted with DAPI-containing mounting medium and sealed with nail polish 

prior to imaging. The utilized primary and secondary antibodies are listed in chapter 3.4. 

Staining of cryosections 

Staining of cryosections was carried out at room temperature. Sections were permeabilized with 0.3 % 

Triton X-100 in PBS for 10 min and then blocked with 1 % BSA in 0.3 % Triton X-100 in PBS for 30 min. 

All primary and secondary antibodies were used in a dilution of 1:200 in 1 % BSA in 0.3 % Triton X-100 

in PBS. Sections were incubated with primary antibodies overnight. After washing 3 x 10 min with PBS, 

secondary antibodies were added for 2 h. DAPI staining (1:1000 in PBS, Stock 1 mg/mL) was carried 

out for 30 min. After 3 × 10 min washing in PBS, sections were incubated in Ce3D tissue clearing 

solution for at least 2 h and then mounted with mounting medium. 
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4.6. Microscopy and image analysis 

Confocal microscopy was performed on a motorized stage at room temperature with an inverted 

microscope equipped with an Airyscan module; an EC Plan-Neofluar 10×/0.30 objective; a Plan-

Apochromat 63×/1.4 oil DIC objective; 488, 561, and 633 laser lines; and a photomultiplier tube (all 

Zeiss). For fixed samples 0.2 µm sections were acquired leading to z-stacks of mostly 4-8 µm height 

(cells) or 16-20 µm height (tissue samples). To analyze MT filaments, images were acquired using the 

Airy module and posttreated by deconvolution. The same confocal imaging set up was used for live 

cell imaging. During live cell acquisition, dishes were placed in a 37°C chamber and cells imaged at a 

10 to 20 second interval for 30-60 min. The auto-focus option was used to keep the centrioles in focus. 

For all experiments, imaging software ZEN Black 2.3 SP1 was deployed. 

Image analysis 

Image processing and data analysis was performed using ImageJ. Centriole numbers were determined 

manually from multi-z-stack images by counting individual CETN2-GFP+ foci co-localizing with a PCM 

marker (γ-tubulin, CDK5RAP2, PCNT) or acetylated-tubulin. Quantitative intensity measurements were 

carried out on maximum z-projections measuring RAW integrated density or integrated density of 

selected region of interests (ROIs). ROIs around the centrioles were selected by keeping the same size 

(~ 8 µm², see also Figure 5.10 a). Overlapping cells were excluded from the analysis. For determining 

intracellular MT numbers, MT filaments were counted manually at a defined round-shaped area (25 

µm²) around the centrioles or acentriolar MTOCs (see also Figure 5.10 c). All z-planes were used to 

precisely detect individual MT filaments. Tracing of MTs was carried out with the NeuronJ plugin using 

maximum z-projections. MTOCs were defined by the following criteria: i) a clear PCM foci (γ-tubulin, 

CDK5RAP2 or PCNT) is visible, which ii) nucleates MT filaments from the respective region. 

For measurements of distances between or from centrioles, maximum z-projections of fixed samples 

were used to determine centriole coordinates in two dimensions leading to x and y values. However, 

whole confocal stacks were used to determine the position of the T cell’s centrosome and identify cell-

cell contacts. In time lapse videos, centrioles were tracked by using the Manual Tracking plugin. 

Obtained coordinates were used to calculate the centriole center point (CP) coordinates using the 

following formulas: xCP =
∑𝑥𝑛

𝑛
 and yCP =

∑𝑦𝑛

𝑛
 with n : number of single centriole. 

In maximum z-projections of fixed samples as well as in time lapse videos, cell outlines were marked 

with the ‘freehand selection’ tool. Subsequent measurement of this ROI revealed area and centroid. 

Distances between two points were calculated using the formula: distance d = (x2-x1)2+(y2-y1)2. 
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3D reconstruction of DC-T cell contacts in LNs 

DCs, their nuclei and centrioles, and T cells were 3D reconstructed from z-stacks of LN sections by 

Philip Weidner and Stefan Uderhardt. Therefore, 3D TIF files were processed and analyzed using Imaris 

10.2.0 (Bitplane) for quantitative analysis. T cells and DCs and their respective nuclei were segmented 

based on DAPI staining or cytoplasmic fluorescence signals from either the CellTrace Far Red Cell 

Proliferation dye (T cells) or from CETN2-GFP expression (DCs). The built-in watershed algorithm in 

Imaris was used for cell boundary delineation, and centriole detection utilized the ‘spots’ function with 

automated size filtering, followed by 3D distance calculations between paired structures using Imaris' 

measurement function. All volumetric reconstructions were generated through Imaris' integrated 

rendering engine. 

 

4.7. Mass spectrometry measurement and data analysis 

BMDCs were sorted into diploid cells and further into two DC ‘subpopulations’ according to CETN2-

GFP signal intensities. The resulting CETN2-GFPlow and CETN2-GFPhigh cells were immobilized and the 

centriole numbers quantified according to CETN2-GFP+/γ-tubulin+ foci. In addition to cell 

immobilization, sorted DCs were recovered for 30 min at 37°C and 5 % CO2 at a cell concentration of 

0.8*106 cells/mL. Cells were washed two times with FBS-free medium and then cultured for 20 h in 

FBS-free medium before supernatant was harvested and frozen until mass spectrometry (MS) sample 

preparation. Following MS sample preparation, measurement and analysis was thankfully carried out 

by Stefan Ebner (group of Felix Meissner). 

A detailed outline of the protein aggregation capture (PAC) method is provided in (Batth et al. 2019). 

Therefore, 20 µL DC supernatants were denatured in 1 % sodium deoxycholate (SDC) in 50 mM Tris 

pH 8.5. Proteins were reduced with 10 mM Tris(2-chlorethyl)phosphate and alkylated with 2-

Chloroacetamide in the dark for 10 min at 90°C while shaking. Supernatant proteins were cooled to 

4°C on ice. Sample preparation was performed using the Bravo automated liquid handling platform 

(Agilent). Per sample, 1 µl MagReSyn® Hydroxyl magnetic microparticles (20 mg/mL suspension) were 

equilibrated in 70 % acetonitrile (ACN) and washed twice with 70 % ACN. Beads were collected at the 

bottom of a 96-well plate, ACN was removed and samples were added to the beads. ACN was added 

to achieve a total concentration of 70 % before incubation for 10 min to achieve on-bead protein 

precipitation. Protein-loaded beads were placed on a magnetic rack to clear and the supernatant was 

discarded. Beads were washed with 100 % ACN, then 70 % ethanol and finally resuspended in 50 mM 

Tris pH 8.5, containing 5 ng Trypsin and LysC per sample, to digest for 5 h at 37°C on a Thermomixer 

(800 rpm). Digestion was quenched with 1 % trifluoracetic acid (TFA). The digested peptides were 
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collected and pooled with a second washout of the magnetic beads with 1 % TFA. Peptides were 

cleaned up using C18 solid phase extraction with Evotips, following the manufacturer’s instructions. 

Samples were measured with the Evosep One LC system coupled to a timsTOF Pro 2 mass 

spectrometer (Bruker) using an Aurora Elite CSI 15 cm length x 75 µM inner diameter C18 UHPLC 

column. Peptides were separated using the Whisper 40 SDP method over a 31 min non-linear gradient 

of 0-80 % buffer B (0.1 % formic acid in acetonitrile), with a constant flow rate of 100 nL/min and the 

column oven temperature set to 50°C. The mass spectrometer was operated in data-independent 

acquisition (DIA) mode, combined with parallel accumulation-serial fragmentation (DIA-PASEF) with 

optimized scan windows, excluding singly charged ions and covering a survey scan range of 300 to 

1200 m/z (mass to charge ratio) with variable windows using Python package for DIA with an 

automated isolation design (py_diAID) according to (Skowronek et al. 2022). MS data was acquired 

using the Compass Data Analysis software (Bruker). MS/MS spectra were searched against the mouse 

UniProt FASTA database (Swissprot, updated 2022.12.28) and a common contaminant database with 

the proteomics platform Spectronaut (Ver. 18, Biognosys). The digestion modes Trypsin/P and LysC/P 

were used, with a minimum peptide length of 7 aa and a maximum of two missed cleavages. Cysteine 

carbamidomethylation was set as a fixed, methionine oxidation and N-terminal acetylation as variable 

modifications. A false discovery rate (FDR) of 1 % was used on peptide and protein level. Peptide 

identification was performed with an allowed initial precursor mass deviation of up to 4.5 ppm and an 

allowed fragment mass deviation of 20 ppm. 

Quality control and statistical analysis of MS/MS data was performed using Perseus (Ver. 1.6.15, 

(Tyanova et al. 2016)). Protein groups were filtered for potential contaminants, decoys and 

modifications. Intensities were Log2 transformed. Missing values were imputed from a normal 

distribution with an imputation window of 0.3 and a downshift form the normal distribution of 1.8. 

Euclidean distance clustering was performed to visualize significantly changing hits identified by one-

way ANOVA (analysis of variance) across all samples. Two-sided t-tests were performed and visualized 

in a volcano plot (FDR cutoff = 0.05; S0 = 0.1). As quality control, the metrics number of protein groups, 

protein occurrence in samples and molecular weight bias were checked. 

 

4.8. Statistical analysis 

Data analysis was carried out with GraphPad Prism 10. Samples were tested for Gaussian distribution 

using D’Agostino-Pearson omnibus normality test to fulfill the criteria for performing Student’s t-tests. 

Welch’s correction was applied when two samples had unequal variances. When data distribution was 

not normal, Mann-Whitney test was carried out. For small data sets, Gaussian distribution was 
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assumed but could not be formally tested. For analysis of Nur77GFP expression, CETN2-GFPlow and 

CETN2-GFPhigh samples derived from one DC differentiation batch were paired. For multiple 

comparisons where data distribution was normal, one-way ANOVA was used followed by Dunnett’s 

multiple comparisons as post-hoc test. When data distribution was not normal, Kruskal-Wallis test 

with Dunn’s multiple comparisons was used. All graphs display mean values ± s.d. (95 % Confidence 

Interval) unless otherwise specified in the figure legends. Investigators were not blinded during 

experiments and outcome assessment, except for counting MT numbers in Nedd1-mOrange2-rCM1 

expressing Hoxb8 CETN2-GFP-derived DCs. Individual experiments were validated separately and only 

pooled if showing the same trend. The level of significance is denoted in the figure legends. 
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5. Results 

5.1. Centrosome and MT integrity in DCs are required for T cell priming 

To investigate the role of the centrosome in APCs for T cell priming, we used antigen-presenting DCs 

derived from bone marrow of CETN2-GFP expressing mice. Cells were differentiated using GM-CSF 

and subsequently stimulated with LPS overnight to induce cell maturation. Mature BMDCs are a 

heterogenous population of diploid (2N) and tetraploid (4N) cells, arising from incomplete mitosis 

(Weier et al. 2022). To exclude effects due to polyploidy, BMDCs were separated based on DNA 

content into 2N and 4N cells (Figure 5.8 a). Unless otherwise stated, all subsequent experiments were 

performed exclusively on the 2N cell fraction. 

To initiate adaptive immune responses, DCs form antigen-specific contacts with T cells. In our 

experimental system, BMDCs were incubated with or without the model antigen ovalbumin-peptide 

(OVAp) and then co-cultured with (naïve) CD4+, OVA-specific T cells, which express a transgenic TCR 

recognizing the OVAp (OT-II T cells). Under these conditions, BMDCs established contacts with either 

one or multiple T cells, even in the absence of antigen, consistent with previous reports (Figure 5.8 b) 

(Mittelbrunn et al. 2009; Benvenuti et al. 2004). T cells were efficiently activated, which was measured 

by the upregulation of CD69 and downregulation of CD62L on the T cell surface (Figure 5.8 c and d). T 

cell proliferation was evaluated by proliferation-mediated dilution of the fluorescent dye 

carboxyfluorescein succinimidyl ester (CFSE) (Figure 5.8 e and f) (Quah et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 



Results 

46  
 

 

Figure 5.8 Sorted diploid BMDCs induce antigen-specific T cell activation and proliferation 
(a) DNA staining of mature CETN2-GFP expressing BMDCs to determine nuclear ploidy. Gating strategy for 
identification of 2N and 4N DCs and histogram of DNA content distribution of CD11c+ cells. Graph displays mean 
values ± s.d. of 18 independent experiments. (b) Left: Merged channels of differential interference contrast (DIC, 
grey) and DAPI (blue) of DC-T cell conjugates after 2 h co-culture without (upper panels) or with (lower panels) 
previous OVAp loading. Scale bars, 5 µm. Right: Quantification of frequency distribution of bound T cells per DC. 
Graph displays normalized values ± s.d. N = 397 (w/o OVAp) /225 (+ OVAp). (c) Gating strategy for analyzing 
CD69+/CD62L- activated CD4+ T cells in the absence of antigen (w/o OVAp) or in the presence of different OVAp 
concentrations. (d) Quantification of T cell activation. Graph shows mean values ± s.d. of three technical 
replicates of one out of four independent experiments. **, P < 0.0021; ***, P < 0.001 (one-way ANOVA with 
Dunnett’s multiple comparisons). (e) Gating strategy for quantifying T cell proliferation via CFSE dilution in the 
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absence of antigen (w/o OVAp) or in the presence of OVAp. (f) Quantification of T cell proliferation. Histograms 
show CFSE signal of CD4+ T cells for different OVAp concentrations. Graph shows mean values ± s.d. of three 
technical replicates of one out of four independent experiments. **, P < 0.0021; ****, P < 0.0001 (one-way 
ANOVA with Dunnett’s multiple comparisons). (a, d, f) N = 10.000 cells per condition. 

 

To investigate the function of centrioles, BMDCs were treated with the PLK4 inhibitor Centrinone 

during differentiation and maturation to inhibit the formation of new daughter centrioles (Figure 5.9 

a) (Wong et al. 2015). BMDC differentiation was not affected by Centrinone treatment, which is shown 

by upregulation of DC-specific surface markers CD11c and MHCII (Figure 5.9 b and c). The frequency 

of diploid cells was mildly reduced indicating the interplay of centriole numbers and cell cycle 

progression (Figure 5.9 c right). Focusing on diploid cells, quantification of centriole numbers showed 

complete depletion of CETN2-GFP+ foci in more than 40 % (250 nM Centrinone) or 60 % (500 nM 

Centrinone) of all mature cells (Figure 5.9 d). As Centrinone treatment only prevents new procentriole 

formation but does not deplete existing centrioles, 2N BMDCs displayed a mixed population of cells 

with no, one, two, three or four, or more than four centrioles. 

 

Figure 5.9 Centrinone treatment of BMDCs during differentiation results in cells lacking centrioles 
(a) Schematic representation of experimental set-up of Centrinone-treatment created with BioRender. (b) 
Gating strategy to assess DC differentiation in Centrinone-treated and control cells. Mature DCs were identified 
as MHCII+/CD11c+ cells and further analyzed for DNA content. (c) Quantification of MHCII+/CD11c+ (left graph) 
and 2N (right graph) cells in Centrinone-treated and control cells. Graphs show mean values ± s.d. of 4 
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independent experiments with cells derived from 4 different mice. N = 10.000 cells analyzed per condition. (d) 
Confocal images of 2N Centrinone-treated and control cells. Maximum z-projections of merged channels of 
CETN2-GFP (green) and DAPI (blue) are shown. White arrowheads indicate cells without centrioles. Scale bars, 
5 µm. Graph shows quantification of centriole numbers after Centrinone treatment. Mean values ± s.d. of three 
independent experiments with N = 224/259/176 (ctrl), 207/263/135 (250 nM Centrinone), 247/210/146 
(500 nM Centrinone) cells are displayed. 

 

To elucidate the effects of centriole depletion on PCM recruitment and MTOC function, 

immunofluorescence staining of the PCM protein γ-tubulin was performed. This showed a reduction 

in γ-tubulin signal in Centrinone-treated BMDCs compared to control cells (Figure 5.10 a). However, 

we observed residual PCM staining in cells lacking centrioles, which prompted us to examine MT 

organization in cells lacking centrioles. Visualization of MT filaments was achieved by staining with an 

α-tubulin antibody followed by high-resolution microscopy. This enabled us to quantify MTs within a 

defined area surrounding PCM and/or CETN2-GFP+ foci (Figure 5.10 b and c). The overall number of 

MTs and MTOCs did not significantly differ in cells treated with Centrinone compared to control cells, 

collectively indicating that BMDCs lacking centrioles still form functional MTOCs by organizing PCM 

and nucleating MTs (Figure 5.10 d). Ultimately, co-culture of antigen-loaded BMDCs with OT-II T cells 

revealed a significantly diminished capacity of Centrinone-treated cells to induce CD4+ T cell 

proliferation compared to control cells (Figure 5.10 e). In summary, these results demonstrate that 

the presence of centrioles and the integrity of PCM in DCs are required for efficient T cell priming. 
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Figure 5.10 Centrioles in DCs are required for efficient T cell priming 

(a) Left: Immunostaining of mature CETN2-GFP BMDCs against -tubulin after 250 and 500 nM Centrinone 

treatment or control. Maximum z-projections of merged and individual channels of CETN2-GFP (green), -tubulin 
(magenta) and DAPI (blue) are shown. Scale bar, 5 µm. White arrowheads indicate cells without centrioles but 

with prominent -tubulin foci. Middle: Example of ROIs drawn around defined areas of -tubulin+ foci for 

quantification of -tubulin signal intensity in mature CETN2-GFP expressing BMDCs after Centrinone treatment. 
Scale bar, 5 µm. Right: Graph shows normalized values relative to cells with two centrioles ± s.d. Each data point 
represents one cell derived from one representative experiment out of three independent experiments. N = 184 
(ctrl) /211 (250 nM Centrinone) /186 (500 nM Centrinone) cells. Dotted line drawn at 1.0. ****, P < 0.0001 (one-
way ANOVA with Dunnett’s multiple comparisons). (b) Immunostaining of MTs in Centrinone-treated and 

control cells. Maximum z-projections of mature CETN2-GFP (green) BMDCs stained against -tubulin (white) and 
α-tubulin (magenta). Nuclei were counterstained with DAPI (blue). Scale bars, 10 µm. Magnifications of the 

indicated regions show individual channels of CETN2-GFP (green) and -tubulin (white). Scale bars, 2 µm. (c) 
Illustration of MTOC and MT number analysis in DCs stained with α-tubulin (grey-inverted) and -tubulin (white). 

MTOCs were defined as MT nucleation sites with visible -tubulin+ foci. MT filaments were counted within the 
indicated ROI (cyan circle, area: 25 µm²). Tracings of MTs (blue) are shown below. Maximum z-projections are 
displayed. For MT counting, whole confocal stacks were used. Scale bars, 10 µm. In magnified insets, 5 µm. (d) 
Quantification of MT filaments (left) and MTOCs (right) in mature CETN2-GFP expressing BMDCs after 
Centrinone treatment. Left graph shows median, interquartile range and minimum to maximum values of at 
least three independent experiments. N = 28 (ctrl) / 32 (Centrinone: 0-1 centrioles)/ 26 (Centrinone: ≥2 
centrioles). ns, non-significant (one-way ANOVA with Dunnett’s multiple comparisons). Right graph shows 
median and distribution of data points of at least three independent experiments. N = 30 (ctrl) /40 (Centrinone: 
0-1 centrioles) /36 (Centrinone: ≥2 centrioles). ns, non-significant (Kruskal-Wallis test with Dunn’s multiple 
comparisons). In both graphs each data point represents one cell. (e) Scheme of experimental set-up to quantify 
T cell proliferation after co-culture with Centrinone-treated BMDCs. Graph displays mean values ± s.d. Each data 
point represents one independent experiment with at least N = 10.000 cells analyzed per condition. Cells were 
derived from three different mice. *, P < 0.0332; **, P < 0.0021 (two-way ANOVA with Dunnett’s multiple 
comparisons). Schematic picture created with BioRender. 

 

To further assess the role of MT filaments in APCs for T cell activation, we depolymerized MTs 

specifically in DCs by treating cells with the MT destabilizing agent pretubulysin (Ullrich et al. 2009; 

Braig et al. 2014). We observed that permanent treatment over 24 h led to complete depolymerization 

of MTs, while 24 h after drug wash-out, regrowth of individual MT filaments was visible (Figure 5.11 

a). Of note, quantification of MT filaments in pretubulysin wash-out and control samples revealed a 

significantly reduced number of MTs in pretubulysin-treated cells compared to controls (Figure 5.11 

b left). Under both conditions, MTs were predominantly emanating from a single MTOC (Figure 5.11 

b right). Moreover, pretubulysin wash-out samples showed significantly reduced MT length and 

straightness, indicating that pretubulysin’s effects are, to some extent, irreversible (Figure 5.11 c). This 

makes pretubulysin treatment well suited for studying the role of MTs specifically in DCs, while leaving 

the T cell’s MT cytoskeleton of co-cultured T cells unaffected, which was also confirmed by MT and 

MTOC analysis of T cells co-cultured with treated DCs (Figure 5.11 d and e). 
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Figure 5.11 Pretubulysin treatment impairs MT structure 
(a) Immunostaining of CETN2-GFP expressing BMDCs after pretubulysin treatment. Maximum z-projections of 

merged and individual channels of CETN2-GFP (green), α-tubulin (magenta), -tubulin (white) and DAPI (blue) 
are shown. Scale bars, 10 µm. (b) Quantification of MT filaments (left) and MTOCs (right) in BMDCs treated with 
pretubulysin. Left graph shows median, interquartile range and minimum to maximum values of three 
independent experiments. N = 33 (ctrl) /34 (24 h pretubulysin wash-out). Right graph shows median and 
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distribution of data points of three independent experiments. N = 39 (ctrl) /43 (24 h pretubulysin wash-out). In 
both graphs each data point represents one cell. ****, P < 0.0001, ns, non-significant. (Mann-Whitney test). nd, 
not determined. (c) Quantification of MT length and straightness in CETN2-GFP expressing BMDCs after 24 h of 
pretubulysin or DMSO (ctrl) wash-out. Both graphs show mean values ± s.d of three independent experiments. 
Each data point represents one cell. N = 13 (ctrl) /12 (pretubulysin wash-out). *, P < 0.0332, **, P < 0.0021 
(Mann-Whitney test). (d) Immunostaining of T cells co-cultured for 24 h with BMDCs previously treated with 
pretubulysin according to scheme Figure 5.12 a. Maximum z-projections of merged and individual channels of 

α-tubulin (magenta), -tubulin (white) and DAPI (blue) are shown. Scale bars, 10 µm. (e) Quantification of MT 
filaments (left) and MTOCs (right) in T cells. Left graph shows median, interquartile range and minimum to 
maximum values of four independent experiments. Each data point represents one cell. N = 93 (ctrl) /183 
(pretubulysin wash-out) /60 (pretubulysin w/o wash-out). Right graph shows median and distribution of data 
points of four independent experiments. N = 103 (ctrl) /184 (pretubulysin wash-out) /61 (pretubulysin w/o wash-
out). ****, P < 0.0001. ns, non-significant. (Kruskal-Wallis test with Dunn’s multiple comparisons). 

 

To evaluate the T cell activation capacity of DCs after perturbing the MT cytoskeleton, we loaded 

mature BMDCs with OVAp and subsequently treated the cells with pretubulysin for 1 h (see scheme 

Figure 5.12 a). Next, treated and control cells were either washed or directly co-cultured with OT-II T 

cells. After 24 h of co-culture, IL-2 levels were measured in the supernatant. IL-2 is a cytokine 

predominantly produced by activated T cells (Smith 1988). We observed that IL-2 levels were markedly 

reduced in the presence of pretubulysin or after drug wash-out compared to controls (Figure 5.12 b). 

Notably, when DCs were loaded with 0.1 µg/mL OVAp, IL-2 levels were below the ELISA detection 

limit. As additional T cell activation measurement, we analyzed the upregulation of the cell surface 

marker OX40 via flow cytometry (Figure 5.12 c and d) (Gramaglia et al. 1998). Similar to IL-2 secretion, 

the frequency of activated T cells (defined by OX40 expression) was reduced in pretubulysin-treated 

or wash-out samples. Next, the impact of MT depolymerization on T cell expansion was assessed by 

CFSE dilution over 2.5 days. Consistent with previous results, frequencies of proliferating T cells were 

significantly decreased when priming with pretubulysin treated DCs (pretubulysin wash-out condition) 

(Figure 5.12 e). Interestingly, the presence of pretubulysin during DC-T cell co-culture, completely 

abolished T cell proliferation, likely due to impaired mitotic spindle formation when perturbing MTs 

in T cells. In summary, our results suggest that reduced and perturbed MT filaments within APCs impair 

T cell activation and proliferation. 

Together, these findings highlight that both – centrosome and MT integrity in DCs – are crucial for 

efficient CD4+ T cell priming and perturbance of these intracellular structures might impact the 

immune response. 
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Figure 5.12 An intact MT array is important for optimal T cell priming 
(a) Schematic representation of experimental workflow of OT-II transgenic T cell activation in the presence of 
pretubulysin-treated OVAp-loaded BMDCs. Picture created with BioRender. (b) Quantification of OT-II T cell 
activation after co-culture with pretubulysin-treated BMDCs in the absence (wash-out) or presence (w/o wash-
out) of pretubulysin during the co-culture. OT-II T cell activation was assessed by measuring IL-2 concentration 
in the supernatant. Graph displays mean values ± s.d. Each data point represents one independent experiment 
with cell derived from six different mice. (c) Gating strategy to assess OX40 expression and proliferation of CD4+ 
T cells after co-culture with pretubulysin-treated BMDCs. Grey filled lines in histograms represent condition w/o 
OVAp; green filled line with 0.1 µg/mL OVAp. (d) Quantification of OX40 upregulation on the T cell surface. Graph 
displays mean values ± s.d. Each data point represents one independent experiment. At least N = 10.000 cells 
analyzed per condition. Cells were derived from six different mice. *, P < 0.0332; **, P < 0.0021 (two-way ANOVA 
with Tukey’s multiple comparison). ns, non-significant. (e) Quantification of OT-II T cell proliferation measured 
by CFSE dilution after co-culture with pretubulysin-treated, OVAp-loaded BMDCs. T cell proliferation was 
assessed in the absence (wash-out) or presence (no wash-out) of pretubulysin. Graph displays mean values ± 
s.d. Each data point represents one independent experiment with at least N = 10.000 cells analyzed per 
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condition. Cells were derived from at least three different mice. *, P < 0.0332; ***, P < 0.0002; ****, P < 0.0001 
(two-way ANOVA with Dunnett’s multiple comparison). ns, non-significant. Experiments assessing T cell 
proliferation after pretubulysin treatment were performed by Jan Böthling (student supervised by Isabel 
Stötzel). 

 

5.2. Enhanced MTOC activity in DCs with multiple centrioles during IS formation 

As shown above, centrosomal components in DCs are essential for T cell priming. Despite centriole 

duplication being strongly regulated in proliferating cells, DCs acquire multiple centrioles (>2) upon 

antigen encounter and maturation. Thus, we aimed to analyze the effect of extra centrioles on MTOC 

function in DCs. The exact number of centrioles within the diploid BMDC population was determined 

by CETN2-GFP+/PCNT+ foci showing approximately 80 % of cells with two centrioles and around 20 % 

of cells with more than two centrioles (Figure 5.13 a). Antibody staining and quantification of the PCM 

proteins PCNT, γ-tubulin or CDK5RAP2 revealed elevated PCM signal intensities in cells with multiple 

centrioles measured at a defined region surrounding the centrioles (Figure 5.13 b, c and d). This 

indicates enhanced recruitment of PCM proteins by extra centrioles. To further address whether this 

could also be observed during DC-T cell interactions, we loaded BMDCs with OVAp and co-cultured 

them for 2 h with OT-II T cells. Following fixation and antibody staining against γ-tubulin, similar results 

were reported: BMDCs with multiple centrioles exhibited enhanced PCM recruitment in comparison 

to cells with two centrioles during IS formation (Figure 5.13 e and f). Next, we hypothesized that 

enhanced PCM protein abundance could enhance MT nucleation. Thus, MT filament analysis in DCs 

conjugated with T cells showed that cells with multiple centrioles displayed enhanced MT numbers 

compared to cells with only a single pair of centrioles (Figure 5.13 e and g) (carried out by Ann-Kathrin 

Weier). Further, we observed that DCs with multiple centrioles similar to DCs with two centrioles 

contained mainly a single MTOC per cell (Figure 5.13 g). Overall, we concluded that extra centrioles in 

DCs form one over-active MTOC, which possesses more PCM and an enlarged number of emanating 

MTs. 
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Figure 5.13 Multiple centrioles form a single over-active MTOC 
(a) Left: Quantification of 2N and 4N cells according to DNA content (see also Figure 5.8 a). Right: Quantification 
of centriole numbers in sorted mature 2N CETN2-GFP BMDCs according to CETN2-GFP+/PCNT+ foci. Graph shows 
mean values ± s.d. of three independent experiments. N = 269/258/242 cells analyzed. (b, c, d) Immunostaining 
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of PCNT, -tubulin or CDK5RAP2 in sorted 2N mature CETN2-GFP BMDCs. Merged channels of PCNT/-
tubulin/CDK5RAP2 (magenta), CETN2-GFP (green) and DAPI (blue) are shown. Scale bars, 5 µm. Insets show 

magnifications of indicated regions. Individual channels of CETN2-GFP (green) and PCNT/-tubulin/CDK5RAP2 

(magenta) are shown. Scale bars, 2 µm. Right: Quantification of PCNT/-tubulin/CDK5RAP2 signal intensity at 
the centrioles in DCs. Graphs show mean values ± s.d. of one representative experiment out of at least three 
independent experiments. Each data point represents one cell. PCNT: N = 226 (2 centrioles) /71 (>2 centrioles). 

-tubulin: N = 106 (2 centrioles) /117 (>2 centrioles). CDK5RAP2: N = 98 (2 centrioles) /74 (>2 centrioles). **, P < 
0.0021; ****, P < 0.0001 (Mann-Whitney test). (e) Immunostaining of MT filaments in sorted 2N mature CETN2-
GFP expressing BMDCs loaded with OVAp and forming conjugates with T cells. White dotted box indicates 

magnified region below. Merged and individual channels of CETN2-GFP (green), -tubulin (white),  -tubulin 
(magenta) and DAPI (blue) are shown. Scale bars, 10 µm (upper panels) and 2 µm (insets bottom). (f) 

Quantification of -tubulin signal intensities at the centrioles in DCs forming conjugates with T cells. Graph shows 
mean value ± s.d. of one out of three independent experiments. Each data point represents one cell. N = 108 (2 
centrioles) /49 (>2 centrioles). **, P < 0.0021 (Mann-Whitney test). (g) Quantification of MT filaments (left) and 
MTOCs (right) in sorted 2N CETN2-GFP BMDCs loaded with OVAp and forming contacts with T cells. Left: Graph 
displays median, interquartile range and minimum to maximum values. Each data point represents one cell 
derived from 3 independent experiments. N = 93 (2 centrioles)/43 (>2 centrioles). ***, P < 0.0002 (two-tailed, 
unpaired Student’s t-test). Data generated by Ann-Kathrin Weier. Right: Graph shows median and distribution 
of data points of three independent experiments. N = 105 (2 centrioles) /25 (>2 centrioles). ns, non-significant. 
(Mann-Whitney test). (b-e) All images represent maximum z-projections. 

 

5.3. DCs with multiple centrioles display an enhanced T cell activation capacity 

As our previous analysis emphasizes the great importance of centrosomal structures for T cell priming, 

the phenomenon of extra centrioles forming a single MTOC with enhanced functionality raises the 

question whether such alterations influence the cell’s capacity to induce T cell activation. To this end, 

we made use of a genetic reporter mouse line expressing GFP under the control of the promoter of 

Nur77, which is an early T cell activation marker (Liu et al. 1994; Moran et al. 2011). Nur77 gene 

expression is specifically upregulated by antigen-dependent TCR stimulation. We crossed Nur77GFP 

mice with OT-II transgenic mice to assess T cell priming by DCs in an OVAp- and MHCII-specific context. 

Flow cytometry analysis detected GFP upregulation in T cells in an antigen-dependent manner starting 

after 2 h of DC-T cell co-culture and increasing after 4 h, 6 h and 20 h of incubation (Figure 5.14 a and 

b). 
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Figure 5.14 Assessing CD4+ T cell activation with Nur77GFP/OT-II transgenic mice 
(a) Gating strategy for analyzing Nur77GFP expression in CD4+ T cells. T cells without DC co-culture served as 
control and are included as light grey filled line. (b) Histogram (left) and quantification (right) of Nur77GFP 
expression after different time points of DC-T cell co-culture in the presence (+ OVAp) or absence (w/o OVAp) 
of OVAp. Graph represents mean values ± s.d. of 4 independent experiments. N = 10.000 cells analyzed per 
condition. 

 

To analyze Nur77GFP upregulation in dependence of DC centriole numbers, BMDCs were separated 

into two ‘subpopulations’ according to their centriolar content. To this end, we further developed a 

unique FACS-based method that enabled us to sort cells by the GFP-tagged centriolar marker CETN2. 

Cells were separated according to CETN2-GFP signal intensities which led to two DC ‘subpopulations’ 

(CETN2-GFPlow and CETN2-GFPhigh cells) (Figure 5.15 a and b). To proof a correlation between CETN2-

GFP intensity and centrioles, cells showing the highest or lowest CETN2-GFP signals were selected 

more or less stringent (10 % or 20 % highest or lowest GFP intensity). Following counting of centrioles 

via immunofluorescence microscopy revealed a greater enrichment of cells with multiple centrioles 

when only the 10 % highest expressing cells were selected in comparison to 20 % (Figure 5.15 c and 

d). Thus, we concluded that centriole numbers correlate with CETN2-GFP signal intensity and 

enrichment of cells with multiple centrioles varies in dependence of how stringent cells are selected.  

In further experiments, keeping the selection of cells between 10 to 20 %, the CETN2-GFPhigh 

‘subpopulation’ was shown to contain a significantly higher proportion of cells with multiple centrioles 

than CETN2-GFPlow ‘subpopulation’ (Figure 5.15 e left). In this particular assay, DCs with multiple 

centrioles were enriched by a factor of 2.0 (Figure 5.15 e right). To assess T cell activation, sorted 

BMDCs were loaded with OVAp and incubated with Nur77GFP/OT-II T cells for either 6 h or 20 h. At 

both timepoints, the frequencies of Nur77GFP positive (activated) T cells were significantly elevated 
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when T cell priming was accomplished with CETN2-GFPhigh BMDCs compared to CETN2-GFPlow, which 

indicates that cells with multiple centrioles activate a larger number of T cells within the same time 

period compared to cells with two centrioles (Figure 5.15 f). 

 

Figure 5.15 Sorting of CETN2-GFP BMDCs into two DC ‘subpopulations’ with distinct centriole numbers shows 
different T cell activation capacities 
(a) Gating strategy for sorting of mature diploid BMDCs according to CETN2-GFP signal intensity. (b) Re-sort 
analysis of CETN2-GFPlow (light blue) and CETN2-GFPhigh (dark blue) expressing cells for DNA content (left) and 
CETN2-GFP signal intensities (right). (c) Immunostaining of CETN2-GFP expressing BMDCs after sorting according 
to CETN2-GFP signal. Images represent maximum z-projections of merged and individual channels of CETN2-GFP 
(green), γ-tubulin (grey) and DAPI (blue). Scale bars, 10 µm. (d) Centriole numbers in sorted DC ‘subpopulations’ 
were quantified according to CETN2-GFP+/γ-tubulin+ foci. Graph shows frequency of cells with multiple 
centrioles in CETN2-GFPlow and CETN2-GFPhigh cells with pairing between stringency of selection (10 % or 20 %). 
Data derived from one experiment. (e) Left: Quantification of percentage of cells with >2 centrioles in CETN2-
GFPlow (light blue) and CETN2-GFPhigh (dark blue) expressing cells. Centriole numbers were determined by 
confocal microscopy according to CETN2-GFP+/γ-tubulin+ foci. Each data point represents one independent 
experiment (n = 7). CETN2-GFPlow N = 219/253/238/263/223/226/213; CETN2-GFPhigh: N = 
220/253/176/254/207/234/236. ****, P < 0.0001 (two-tailed, paired Student’s t-test). Right: Ratio of cells with 
multiple centrioles between CETN2-GFPhigh and CETN2-GFPlow cells. (f) Activated (GFP+) CD4+ T cells [%] after 6 h 
and 20 h of co-culture with OVAp-pulsed 2N BMDC ‘subpopulations’. Each data point represents one 
independent experiment with pairing between sorted 2N CETN2-GFPlow (light blue) and CETN2-GFPhigh (dark 
blue) expressing cells. Data was normalized to CETN2-GFPlow condition. *, P < 0.0332 (two-tailed, paired Student’s 
t-test). 
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A key advantage of using Nur77GFP expressing OT-II T cells is the ability to monitor T cell activation at 

a single cell level while simultaneously assessing centriole numbers in the conjugated CETN2-GFP 

expressing BMDC. Therefore, DC-T cell mixtures were immobilized after distinct time points of co-

culture and stained with antibodies against γ-tubulin or CDK5RAP2 (Figure 5.16 a and b). With this 

approach we were able to quantify T cell Nur77GFP intensity, DC centriole numbers and T cell MTOC 

position simultaneously. Importantly, T cell MTOC reorientation to the IS region, which is a sign of 

efficient IS formation, was observed at all timepoints analyzed in an antigen-dependent manner 

(Figure 5.16 a). Similar to our flow cytometric analysis, Nur77GFP levels in T cells were increasing over 

time when they were co-cultured with OVAp-loaded DCs in comparison to cells without antigen 

(Figure 5.16 b). Interestingly, Nur77GFP expression was elevated in T cells that showed a reoriented 

centrosome compared to cells without a relocalized MTOC demonstrating that Nur77-dependent GFP 

expression correlates with centrosome reorientation in T cells (Figure 5.16 c). 
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Figure 5.16 T cell activation measurements via microcopy using Nur77GFP upregulation 

(a) Left: Immunostaining of -tubulin (magenta) in DC-T cell conjugates. Merged channels of -tubulin (magenta) 
and DAPI (blue) are shown. DC outline is indicated with dotted line. White arrowheads point to the T cell’s 
centrosome. Scale bars, 5 µm. Right: Quantification of MTOC polarization towards the IS in T cells after different 
timepoints of co-culture. Graph displays mean values ± s.d. Each data point represents one independent 
experiment with N > 100 cells analyzed per condition. (b) Visualization and quantification of Nur77GFP expression 
in DC-T cell conjugates after different timepoints of co-culture. Left: Immunostaining of CDK5RAP2 (magenta) in 
CETN2-GFP (green) BMDCs after co-culture with Nur77GFP/OT-II CD4+ T cells. Nuclei were counterstained with 
DAPI (blue). Dotted lines indicate DC outline; round circles the areas of GFP measurements. Scale bars, 5 µm. 
Right: Quantification of GFP signal intensity in T cells in the presence and absence of antigen. Graph displays 
mean values ± s.d. Each data point represents one independent experiment with N > 100 cells analyzed per 
experiment. (c) Quantification of GFP signal intensities in T cells from microscopic images in the presence and 
absence of antigen and in dependence of T cell MTOC reorientation towards the IS. Graph shows one 
representative experiment out of at least three independent experiments. N = 333(2 h)/625(4 h)/584(6 
h)/301(20 h). *, P < 0.0332; ***, P < 0.0021 (one-way ANOVA with Kruskal-Wallis multiple comparisons). (a, b) 
All images represent maximum z-projections. 
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Ultimately, we determined T cell activation in dependence of DC centriole numbers (Figure 5.17 a). 

Therefore, we defined a threshold for activated T cells based on the GFP intensity in T cells co-cultured 

with DCs without OVAp (Figure 5.17 b). We found that at all timepoints of co-culture analyzed, the 

frequency of activated T cells was significantly increased when they were activated by DCs that contain 

multiple centrioles (Figure 5.17 c, d). 

Similar to our flow cytometric analysis, we were able to show at a single cell resolution that cells with 

multiple centrioles induce augmented T cell activation in comparison to cells with two centrioles, 

which confirms optimized T cell responses in the presence of extra centrioles in APCs. 

 

Figure 5.17 DCs containing multiple centrioles induce enhanced T cell activation 

(a) Analysis of T cell activation in dependence of centriole numbers. Immunostaining of -tubulin in DC-T cell 

conjugates. Merged and individual channels of CETN2-GFP (green), Nur77GFP (green), -tubulin (magenta) and 
DAPI (blue) are shown. Indicated regions are magnified and shown below. Scale bars, 5 µm (top). Scale bars, 2 
µm (magnified region). All images represent maximum z-projections. (b) Frequency distribution of signal 
intensities of Nur77GFP expression levels in the absence of OVAp. Threshold for T cell activation was set and is 
indicated in the graph. (c) Gaussian line fitted to frequency distribution of Nur77GFP signal intensities in the 
absence or presence of OVAp and in dependence of DC centriole numbers. (d) Quantification of T cell activation 
according to Nur77GFP signal intensities in dependence of DC centriole numbers for different time points of DC-
T cell co-culture. Each data point represents one independent experiment with pairing between cells with two 
(light blue) and multiple (dark blue) centrioles from one experiment. N > 100 cells analyzed per condition. *, P < 
0.0332; **, P < 0.0021 (two-tailed, paired Student’s t-test). 
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5.4. Multiple centrioles cluster and localize in close proximity to the cell center in 

DCs during IS formation 

To elucidate the underlying mechanisms of enhanced T cell activation by DCs with multiple centrioles, 

we hypothesized that multiple centrioles might de-cluster and subsequently reorient towards 

different T cell contact sites (Figure 5.18 a). This, in turn, might facilitate faster docking of MTs and 

delivery of stimulatory molecules to the IS, consistent with previous observations that MTOC 

reorientation enables targeted delivery of vesicles in DCs priming CD8+ T cells (Pulecio et al. 2010). 

To test this hypothesis, we analyzed the spatial organization of DC centrioles during antigen-specific T 

cell contacts. In cells with two centrioles intracentrosomal distances and in cells with multiple 

centrioles average distances between centrioles were determined in DC-T cell conjugates immobilized 

after 1 h, 2 h or 4 h of co-culture (see schemes in Figure 5.18 b and c left). These early timepoints were 

chosen according to centrosome repositioning occurring in T cells within this timeframe (see also 

Figure 5.16 a) (Ueda et al. 2011). In addition, we extended the analysis also to 6 h and 20 h after cell 

mixing to include later events during IS formation. Further, we distinguished between DCs priming one 

T cell (mono-conjugated synapse) or multiple T cells (multi-conjugated synapse) as indicated above 

the graphs. The results showed that intracentrosomal distances and average distances did not 

prominently differ between OVAp loaded and unloaded cells or between DCs forming mono- and 

multi-conjugated synapses, suggesting that DC centrioles maintain a clustered configuration during 

interactions with antigen-specific T cells (Figure 5.18 b-e). 

Next, for assessing centriole positioning within DCs during T cell priming, we quantified the ratio of 

the distance between DC centrioles and T cell and between DC center point (CP) and T cell (Figure 

5.19 a). Similar to the analysis of centriole clustering, we compared OVAp-loaded and unloaded DCs 

and mono- and multi-conjugated synapses at different timepoints (1 h, 2 h, 4 h, 6 h, 20 h). In contrast 

to MTOC polarization previously reported in multiple cell types, DC centrioles were located in close 

proximity to the geometric cell center during CD4+ T cell priming (Figure 5.19 b-e). Additionally, 

centrioles were positioned near the nucleus at all timepoints analyzed indicating T cell activation 

without DC MTOC polarization (Figure 5.20 a and b). 
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Figure 5.18 DC centriole clustering during antigen-specific T cell contact 
(a) Sketch illustrating hypothesis about centriole de-clustering and centriole polarization in DCs toward the IS in 
the presence of two (top) and multiple centrioles (bottom). (b-e) Sketches and pictures indicate centriole 
configuration (CETN2-GFP) during DC-T cell contacts. Scale bars, 2 µm. Graphs show quantification of 
intracentrosomal distances (b, d) and average distances (c, e) in DCs with two or multiple centrioles at different 
time points of co-culture and bound to one or several T cells (separated by dashed line and indicated on top). 
Graphs display mean values ± s.d. Each data point represents one cell derived from ≥3 independent experiments. 
(a-c) Pictures created with BioRender. Experiments immobilizing DC-T cell conjugates after 1 h, 2 h and 4 h of 
co-culture were partially performed by Ann-Kathrin Weier. 
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Figure 5.19 Central centriole localization in DCs during antigen-specific T cell contact 
(a) Sketches and confocal images indicating distances between centriole center point (CP) and T cell CP, and DC 
CP and T cell CP in cells with two (upper panel) and multiple (lower panel) centrioles. CETN2-GFP (green). Nuclei 
were counterstained with DAPI (blue). Scale bars, 5 µm. Schemes created with BioRender. (b-e) Quantification 
of ratio between distance from centriole CP to T cell CP and distance DC CP to T cell in cells with two (b, d) and 
multiple (c, e) centrioles. Graphs show mean values ± s.d. for DCs attached to one T cell (left) and multiple T cells 
(right) separated by dashed line and indicated on top. Each data point represents one cell derived from ≥3 
independent experiments. Experiments immobilizing DC-T cell conjugates after 1 h, 2 h and 4 h of co-culture 
were partially performed by Ann-Kathrin Weier. 
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Figure 5.20 Localization of DC centrioles in close proximity to the nucleus during antigen-specific T cell contact 
(a) Sketch indicating distance of centriole CP to center of nucleus and radius of the nucleus (red lines). Scale bar, 
5 µm. Sketch created with BioRender. (b) Quantification of centriole positioning relative to the nucleus displayed 
by distance of centriole CP to CP of the DC nucleus. Graphs represent mean values ± s.d. Each data point depicts 
one cell derived from at least three independent experiments. Dotted lines indicate radius of the nucleus. 
Experiments immobilizing DC-T cell conjugates after 1 h, 2 h and 4 h of co-culture were partially performed by 
Ann-Kathrin Weier. 

 

We complemented this analysis with live cell imaging of DC-T cell contacts, which enabled to resolve 

the temporal dynamics of centrioles during an early period of DC-T cell interactions (first 30-60 

minutes after mixing). Efficient interactions between CETN2-GFP expressing BMDCs and OT-II T cells 

were identified by calcium influx in T cells visualized through a calcium-sensitive dye (Cal520). During 

interactions with one or multiple T cells, intracentrosomal distances or average distances between 

centrioles were stable over time, indicating a permanent cohesion of two or multiple centrioles in DCs 

during antigen-unspecific or -specific T cell contacts (Figure 5.21 a and b). The distance of the centriole 

CP to the T cell, which was normalized to the distance of the DC CP to the T cell, did not increase during 

the time-lapse imaging period in cells with two or multiple centrioles (Figure 5.21 c). Further, the 

localization of the centrioles was independent of the number of T cells associated with the DC. Similar 

to our findings from immobilized samples, we observed no centriole displacement from the nucleus 

under any of the conditions analyzed (Figure 5.21 d). 
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Figure 5.21 Centriole dynamics in DCs during IS formation 
(a, b) Time-lapse live-cell confocal microscopy of antigen-specific DC-T cell contacts. Left: Merged images of 
CETN2-GFP (green), Ca2+-Cal520 (green) and DNA stain (Vybrant DyeCycle Violet stain, blue) are shown. Frames 
were collected every 20 seconds. Only selected frames are shown in montage with precise time points indicated 
in min:sec. White arrow heads point to position of centrioles. Scale bars, 10 μm. (a) Right: Quantification of ratio 
of end vs. start intracentrosomal distance in cells with only two centrioles and dividing mono-conjugated (left 
half) and multi-conjugated synapses (right half). Graph shows mean values ± s.d. Each data point represents one 
cell recorded for at least 30-60 min from at least 5 independent experiments. N = 17/13/24/13 (left to right). (b) 
Right: Quantification of ratio of end vs. start average distance between centrioles in cells with multiple centrioles 
and dividing mono-conjugated (left half) and multi-conjugated synapses (right half). Graph shows mean values 
± s.d. Each data point represents one cell recorded for 30-60 min from minimum 5 independent experiments. N 
= 12/9/9/10 (left to right). (c) Quantification of ratio of end vs. start of distance centriole CP to T cell CP 
normalized to the movement of the DC. Left (light blue) graph shows DCs with two centrioles. Right (dark blue) 
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graph shows cells with >2 centrioles. Graphs show mean values ± s.d. Each data point represents one cell 
recorded for 30-60 min from at least 5 independent experiments. Left: N = 17/14/57/34 (left to right). Right: N 
= 13/10/16/20 (left to right). (d) Quantification of ratio of distances between centriole CP and the center of the 
DC nucleus at the end vs. the beginning of recording. Graphs represent mean values ± s.d. Each data point depicts 
one cell derived from 5 independent experiments. N = 30/24/33/23 (left to right). 

 

Our results on centriole organization were derived from analyses conducted in two dimensions (2D). 

Especially in live cell imaging experiments, cells were cultured under flat 2D conditions instead of a 3D 

setup. As cellular behavior might differ between these conditions, analysis within LNs, where T cell 

priming occurs in vivo, resembles the physiologically relevant environment more closely (Baker and 

Chen 2012). Therefore, we carried out adoptive transfer experiments, in which labelled naïve CD4+ 

OT-II T cells were injected into wildtype recipient mice and after 24 h OVAp-loaded CETN2-GFP 

expressing BMDCs were injected into the hock (scheme Figure 5.22 a). Popliteal and inguinal LNs were 

isolated after 48 h. Fixation and staining of cryosections showed BMDC-OT-II T cell contacts within T 

cell areas (Figure 5.22 b). 3D rendering of DCs, their nuclei and centrioles, and T cells from high 

resolution z-stack images are shown in Figure Figure 5.22 c. We were able to identify DCs with two or 

multiple centrioles forming mono- and multi-conjugated synapses in vivo. Measurement of 

centrosomal clustering revealed intracentrosomal distances of 0.9 ± 0.2 µm (1 T cell) or 0.8 ± 0.2 µm 

(>1 T cell) and average distances between centrioles of 1.1 ± 0.2 µm (1 T cell) or 1.2 ± 0.3 µm (>1 T 

cell) indicating a clustered centriole configuration in DCs during conjugation with antigen-specific T 

cells in vivo (Figure 5.22 d). Similar to our 2D analysis, two and multiple centrioles localized close to 

the cell center and did not reorient towards interacting T cells independent of the number of 

conjugated T cells (Figure 5.22 e). 

Thus, we concluded that centriole de-clustering and repositioning in DCs is dispensable for T cell 

activation. Instead, multiple centrioles tightly cluster and remain close to the cell center when mono- 

or multi-conjugated contacts are formed in vitro and in vivo. 
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Figure 5.22 Centriole clustering and central localization in DCs within murine lymph nodes 
(a) Scheme of OT-II T cell and CETN2-GFP expressing BMDC injection. (b) Maximum z-projection of popliteal LN 
containing OT-II T cells (magenta) and CETN2-GFP BMDCs (green) counterstained with DAPI (blue). Scale bar, 
200 µm. (c) Left (in each panel): Maximum z-projection of merged channels of CETN2-GFP (green) and pre-
stained OT-II T cells (magenta). Scale bars, 3 µm. Insets show individual channels of PCNT or CDK5RAP2 
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(magenta) and CETN2-GFP (green). Scale bars, 2 µm. Right (in each panel): 3D rendering of DC (green), DC 
nucleus (blue), DC centrioles (yellow) and OT-II T cell (magenta). For better visibility of DC-T cell contacts, 3D 
rendered images were rotated. Scale bars, 3 µm. (d) Quantification of intracentrosomal distances in cells with 
two centrioles (left) and average distances between centrioles in cells with multiple centrioles (right) during 
contact with one or multiple T cells. Graphs show mean values ± s.d. Each data point represents one cell derived 
from at least 4 independent experiments. N = 50/19 (two centrioles) and 19/14 (multiple centrioles). (e) 
Quantification of distance centriole CP to T cell CP normalized to distance DC CP to T cell CP in cells with two 
centrioles (left) and multiple centrioles (right) during contact with one or multiple T cells. Graphs show mean 
values ± s.d. Each data point represents one cell derived from at least 4 independent experiments. N = 42/46 
(two centrioles) and 16/30 (multiple centrioles). T cell and DC injections were performed by Luisa Bach and 3D 
rendering of z-stack images was conducted by Philip Weidner and Stefan Uderhardt. 

 

5.5. Centriole de-clustering impairs T cell activation 

We observed a tight clustering of DC centrioles during interactions with antigen-specific T cells. Next, 

we sought to address whether this configuration is crucial for the induction of T cell priming. 

Therefore, DCs were treated with the de-clustering agent and poly-ADP-ribose polymerase (PARP) 

inhibitor PJ-34 (Castiel et al. 2011; Wahlberg et al. 2012). PJ-34 represents a promising target for 

cancer treatment as it disturbs proliferation of cancer cells (Castiel et al. 2011). In the present study, 

DCs were incubated for 3 h with PJ-34 to test the effect on centriole organization and to rule out 

possible effects on transcriptional regulation which might impact T cell activation. Cell surface 

expression of MHCII was not altered after PJ-34 treatment suggesting regular antigen presentation 

(Figure 5.23 a and b). In addition, mRNA expression levels and intracellular protein levels of DC-specific 

cytokines such as Ccl5, Cxcl1 and Il-6 were analyzed as they are involved in attracting and activating 

immune cells (Zeng et al. 2022; Korbecki et al. 2022; Dienz and Rincon 2009). With both analyses no 

significant differences in cytokine production of PJ-34 treated cells compared to controls were 

detected (Figure 5.23 a, c and d). Thus, our results indicate that PJ-34 treatment does not impair 

antigen presentation or cytokine production in DCs. 
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Figure 5.23 PJ-34 treatment does not affect MHCII expression or cytokine production 
(a) Gating strategy for analyzing MHCII surface levels and intracellular cytokine levels of BMDCs treated with PJ-
34. Grey filled lines represent unstained samples. (b) Graph shows geometric mean fluorescence intensity (gMFI) 
of MHCII in CD11c+ DCs. Each data point represents one independent experiment measured in duplicates with 
N = 10.000 cells analyzed per condition. (c) Graphs show relative gene expression of Ccl5, Cxcl1 and Il-6 
normalized to the house keeping gene TATA-binding protein. Each data point represents one independent 
experiment measured in duplicates. (d) Graphs show gMFI of CCL5, CXCL1 and IL-6 in CD11c+ DCs. Each data 
point represents one independent experiment measured in duplicates with N = 10.000 cells analyzed per 
condition. (b-d) ns, non-significant. (Kruskal-Wallis test with Dunn’s multiple comparisons). 

 

To test the effect of PJ-34 on DC centriole organization during antigen-specific T cell contact, we first 

incubated mature BMDCs with OVAp before treating with PJ-34, washing twice and co-culturing with 

T cells (Figure 5.24 a). DC-T cell conjugates were immobilized to determine intracentrosomal and 

intercentrosomal distances as described in the scheme (Figure 5.24 b and c). While intracentrosomal 

distances were not significantly affected by PJ-34 treatment, cells with multiple centrioles showed a 

significantly enlarged intercentrosomal distance after PJ-34 treatment, which confirmed efficient de-

clustering of centrioles using PJ-34. Next, we analyzed whether de-clustered centrioles nucleate MTs 
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and form functional MTOCs. Interestingly, we observed a significantly increased number of MTOCs in 

PJ-34 treated cells, indicating that centriole de-clustering leads to an altered MT array organization 

(Figure 5.24 d and e). Despite this change, the total number of MT filaments was unaltered upon PJ-

34 treatment. Subsequent flow cytometric analysis of DC-T cell co-cultures revealed that DCs with de-

clustered centrioles exhibited a diminished capacity to stimulate T cell proliferation (Figure 5.24 f). 

From these findings, we concluded that the de-clustering of multiple centrioles and the resulting 

formation of multiple MTOCs impair efficient T cell priming. Overall, these results highlight the 

essential role of proper centriole and MTOC organization in DCs for efficient T cell activation. 
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Figure 5.24 PJ-34 treatment induces centriole de-clustering in DCs and impairs their T cell activation capacity 
(a) Schematic experimental layout of PJ-34 treatment and T cell activation assay. (b) 2N CETN2-GFP (green) 
expressing DCs treated with or without PJ-34 and after 2 h of co-culture with OT-II T cells were stained against 

-tubulin (magenta). Nuclei were counterstained with DAPI (blue). Scale bars, 5 µm. Insets show magnification 
of indicated regions. Scale bars, 2 µm. White arrowheads point to de-clustered centrioles. (c) Quantification of 
intracentrosomal (left) and intercentrosomal (right) distances in cells treated with PJ-34 according to scheme 
above the graphs. Graphs display mean values ± s.d. Each data point represents one cell derived from three 
independent experiments. Upper graph: N = 226 (ctrl) /195 (PJ-34) Lower graph: N = 120 (ctrl) /56 (PJ-34). **, P 
< 0.0021. ns, non-significant. (two-tailed, unpaired Student’s t-test). (d) Immunostaining of PJ-34-treated and 

control cells. Merged and individual channels of CETN2-GFP (green), -tubulin (magenta), -tubulin (white) and 
DAPI (blue) are shown. Scale bars, 10 µm. (e) Quantification of MTOCs (left) and MT filaments (right) in 2N PJ-
34 treated and control cells. Left: Graph shows median and distribution of data points of at least three 
independent experiments. N = 54 (ctrl) /51 (PJ-34). ****, P < 0.0001 (Mann-Whitney test) Right: Graph displays 
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mean values ± s.d. Each data point represents one cell derived from three independent experiments. N = 45 
(ctrl) /48 (PJ-34). ns, non-significant. (two-tailed, unpaired Student’s t-test). (f) OT-II T cell proliferation with or 
without PJ-34 treatment of OVAp-loaded mature BMDCs was measured via CFSE dilution (gating as described 
before). BMDCs were sorted for 2N and enriched for cells with >2 centrioles (CETN2-GFPhigh). Graph displays 
mean values ± s.d. Each data point represents one independent experiment with at least N = 10.000 cells 
analyzed per condition. Cells were derived from three different mice. *, P < 0,0332; **, P < 0.0021 (two-way 
ANOVA with Dunnett’s multiple comparison). ns, non-significant. (b-d) All images represent maximum z-
projections. 

 

5.6. Overexpression of the centrosomal protein Nedd1 enhances MT nucleation 

Our findings showed that DC centriole numbers and MT organization regulate cellular functionality: 

We observed in DCs with extra centrioles the formation of an over-active MTOC, which is marked by 

an elevated number of MT filaments. In addition, we detected increased T cell activation capacity by 

DCs with extra centrioles and decreased T cell priming by DCs with reduced MT numbers and 

perturbed MT structure. Building on these findings, we elaborated on the role of MTs in DCs by using 

genetic perturbation experiments which selectively modify MTs in DCs without affecting MTs in T cells. 

As MT filaments are notoriously difficult to dampen precisely, we sought of gain-of-function 

experiments, which allow increased centrosomal MT nucleation while leaving the number of 

centrioles unaffected. To this end, overexpression of the fusion protein Nedd1-mOrange2-rCM1 was 

induced in CETN2-GFP expressing Homeobox B8 (Hoxb8) progenitor cells (see Materials and Methods 

section Figure 4.7). In this construct, the PCM protein Nedd1 is fused to a fluorescent reporter 

(mOrange2) as well as a centrosomin motif originating from rat CDK5RAP2 protein sequence (rCM1). 

Nedd1-mOrange2-rCM1 localizes to the centrosome and recruits and activates γ-tubulin ring 

complexes (Haren et al. 2006; Lüders et al. 2006; Xu et al. 2024). Previously, Nedd1-mOrange2-rCM1 

was expressed in neurons leading to increased MT nucleation capacity (Vinopal et al. 2023). 

In our experimental set-up (Figure 5.25 a), we introduced the Nedd1-mOrange2-rCM1 construct 

under the control of a doxycycline-dependent promotor in CETN2-GFP expressing Hoxb8 cells. Nedd1-

mOrange2-rCM1 expression was induced by adding doxycycline from day 3 until the end of 

differentiation and the expression of the fusion protein was verified by flow cytometry showing a 

significant increase in Nedd1-mOrange2-rCM1 expression when doxycycline was added to the cells 

(Figure 5.25 b and c). Nedd1-mOrange2-rCM1 expression did not impact cell differentiation (Figure 

5.25 b and d). Interestingly, we were able to observe increased MHCII surface levels in doxycycline-

treated cells compared to control (Figure 5.25 d) which might indicate enhanced maturation and 

antigen presentation capacity. 
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Figure 5.25 Induction of Nedd1-mOrange2-rCM1 expression in CETN2-GFP expressing Hoxb8-derived DCs 
(a) Scheme illustrating Nedd1-mOrange2-rCM1 expression Hoxb8 CETN2-GFP-derived DCs. (b) Gating strategy 
to analyze DC differentiation and Nedd1-mOrange2-rCM1 expression levels. In histograms light grey presents 
cells cultured without doxycycline and dark grey with doxycycline. (c) Quantification of geometric mean 
fluorescence intensity (gMFI) of Nedd1-mOrange2-rCM1 in Hoxb8 CETN2-GFP-derived DCs. Graph shows mean 
± s.d. of n = 6 experiments with each N = 10 000 events recorded. **, P < 0.0021 (Mann-Whitney test) (d) 
Quantification of CD11c+ cells (left) and the gMFI of the DC activation marker MHCII (right). Graphs show mean 
± s.d. of n = 8 experiments with each N = 10 000 events recorded. ns, non-significant; *, P < 0.0332 (two-tailed, 
paired Student’s t-test). 
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Next, we studied how Nedd1-mOrange2-rCM1 affects centrosome and MT organization. Centriole 

numbers were determined in immobilized Hoxb8-derived DCs by CETN2-GFP+ foci co-localizing with 

γ-tubulin. Importantly, centriole numbers were not altered by Nedd1-mOrange2-rCM1 

overexpression (Figure 5.26 a and b). Next, measurement of centriolar distances revealed that the 

intracentrosomal distance (distance between two centrioles) is unaffected by Nedd1-mOrange2-rCM1 

overexpression, while in DCs with multiple centrioles the average distance between centrioles was 

enlarged after overexpression of the fusion protein indicating centriole de-clustering upon 

overexpression (Figure 5.26 c). 

MT filament numbers were analyzed by staining confined cells with an α-tubulin specific antibody. As 

expected, due to previous reports using the expression of the Nedd1 fusion protein, MT numbers were 

increased in Hoxb8 CETN2-GFP-derived DCs by Nedd1-mOrange2-rCM1 overexpression (Figure 5.26 d 

and e). Intriguingly, cells with Nedd1-mOrange2-rCM1 expression contained increased numbers of 

MTOCs per cell (Figure 5.26 f). Thus, we concluded from the microscopic analysis that Nedd1-

mOrange2-rCM1 overexpression induced enhanced MT numbers, de-clustering of multiple centrioles 

and a restructured MT array into multiple nucleation sites. 

 

Figure 5.26 Nedd1-mOrange2-rCM1 expression does not alter DC centriole numbers but MT and MTOC 
numbers 
(a) Immunostaining of CETN2-GFP expressing Hoxb8-derived DCs after inducing Nedd1-mOrange2-rCM1 
expression. Images represent maximum z-projections of merged and individual channels of CETN2-GFP (green), 
γ-tubulin (grey) and DAPI (blue). Scale bars, 10 µm (b) Quantification of centriole numbers in CETN2-GFP 
expressing Hoxb8-derived DCs with or without Nedd1-mOrange2-rCM1 expression. Graph shows mean ± s.d. of 
n = 3 experiments with each N > 180 cells analyzed. (c) Graphs show quantifications of intracentrosomal 
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distances (left) and average distances (right) in DCs with two or multiple centrioles. Each data point represents 
one cell. Graph shows mean ± s.d. of n = 3 experiments with in total N = 349 (w/o)/291 (w/) (left) or N = 71 
(w/o)/53 (w/) (right) cells analyzed. (d) Staining of MT filaments in CETN2-GFP expressing Hoxb8-derived DCs 
after inducing Nedd1-mOrange2-rCM1 expression. Maximum z-projections of merged channels and individual 
channels of magnified regions are shown. α-tubulin (magenta); γ-tubulin (grey); CETN2-GFP (green); DAPI (blue). 
Scale bars merged image, 10 µm. Scale bars insets, 2 µm. White arrowheads point to MTOCs. (e) Quantification 
of MT filaments in dependence of Nedd1-mOrange2-rCM1 expression induction. Each data point represents one 
cell. Graph shows mean ± s.d. of n = 3 experiments with in total N = 40 (w/o)/42 (w/) cells analyzed. (f) 
Quantification of MTOC numbers in dependence of Nedd1-mOrange2-rCM1 expression induction. Graph shows 
median and distribution of data points of n = 3 experiments with in total N = 43 (w/o)/49 (w/) cells analyzed. (c, 
e and f) ns, non-significant; *, P < 0.0332; **, P < 0.0021 (Mann-Whitney test). 

 

To investigate the impact of enhanced MT nucleation in DCs on T cell activation, we performed a MLR. 

In this experiment, Nedd1-mOrange2-rCM1 expressing DCs were incubated with OVAp and 

subsequently co-cultured with OT-II T cells (Figure 5.27 a). Flow cytometry analysis of CD4+ OT-II T 

cells showed T cell activation by the upregulation of CD69 and downregulation of CD62L (Figure 5.27 

b). However, T cell activation capacity was not changed for all OVAp concentrations tested when the 

Nedd1 fusion protein was expressed in Hoxb8-derived DCs (Figure 5.27 c). In summary, these findings 

suggest that increased MT numbers in DCs, which were accompanied by the formation of de-clustered 

centrioles and multiple MTOCs per cell, are not associated with a detectable enhancement in T cell 

activation. 

Figure 5.27 T cell activation by DCs expressing Nedd1-mOrange2-rCM1 is unaltered 
(a) Scheme illustrating experimental set-up of T cell activation by Hoxb8 CETN2-GFP-derived DCs expressing 
Nedd1-mOrange2-rCM1. (b) Gating strategy for analyzing CD69+/CD62L- cells of CD4+ T cells. (c) Quantification 
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of activated T cells (CD69+/CD62L- cells of CD4+ T cells) after 24 h of co-culture with Hoxb8 CETN2-GFP-derived 
DCs with or without Nedd1-mOrange2-rCM1 expression induction. Graph shows mean ± s.d. of n = 9 
experiments which were measured in triplicates with each N = 10 000 cells recorded. ns, non-significant (two-
way ANOVA with Tukey’s multiple comparison). 

 

5.7. Secretion profiles of DCs with distinct centriole numbers show different cell 

signatures 

Previous findings revealed that MT perturbation in DCs results in reduced T cell priming efficiency and 

on the opposite side DCs with increased centriole and MT numbers display enhanced T cell activation 

capacity. Next, we sought to further understand the underlying processes of centriole-mediated 

enhancement of T cell activation. As MT filaments organize routes for trafficking, it is of particular 

interest whether protein secretion by DCs is altered dependent on DC centriole numbers. 

A key approach to investigate such functional differences is sorting cells according to their centriolar 

content using CETN2-GFP expression as described above (Figure 5.15 a-d). This led to a significant 

enrichment of cells with multiple centrioles in CETN2-GFPhigh cells compared to CETN2-GFPlow (Figure 

5.28 a left). Here, on average CETN2-GFPhigh cells contained 2.2-times more cells with multiple 

centrioles (Figure 5.28 a right). For secretome analysis, sorted DC ‘subpopulations’ were cultured in 

serum-free medium for 20 h and supernatants subsequently processed for mass spectrometry analysis 

(carried out in collaboration with the group of Felix Meissner, University Hospital Bonn). From nearly 

5000 protein groups identified in all samples, the volcano plot shows changes in the protein 

abundance comparing supernatants of CETN2-GFPhigh and CETN2-GFPlow cells with around 350 proteins 

significantly changed between the conditions (Figure 5.28 b). Among the proteins increasingly 

detected in supernatant of CETN2-GFPhigh cells were CCL17 and CCL22 (gene names Ccl17 and Ccl22), 

which are two chemokines involved in T cell attraction (Lieberam and Förster 1999; Imai et al. 1998). 

Additionally, IL-12β (gene name Il12b) was significantly enriched in supernatant of CETN2-GFPhigh cells. 

This subunit (also called IL-12p40) is a component of the cytokines IL-12 and IL-23, which are T cell 

stimulatory molecules (Trinchieri 2003; Seder et al. 1993; Hsieh et al. 1993; Oppmann et al. 2000). This 

data suggests that previously reported enhanced T cell stimulation by DCs with multiple centrioles 

might be mediated via facilitated T cell attraction and cytokine supply. In comparison, in supernatant 

of CETN2-GFPlow cells increased levels of the alarmins S100a8 and S100a9, which mainly form a 

heterodimeric complex, were detected (Hunter and Chazin 1998). S100a8 and S100a9 belong to 

DAMPs and are mostly found in inflamed tissues as they are secreted by activated monocytes, 

neutrophils, DCs and early differentiation stages of macrophages as well as activated vascular cells 

(keratinocytes and epithelial cells) (Rammes et al. 1997; Frosch et al. 2000; Hessian et al. 1993; Zwadlo 
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et al. 1988; Averill et al. 2011). Functionally, S100a8 and S100a9 are described as immunoregulatory 

mediators mainly having pro-inflammatory effects (Pruenster et al. 2016). 

Interestingly, a closer look on the secretion of cytokines revealed enriched secretion of IL-1 

superfamily members IL-1β (gene name Il1b) and IL-36γ (gene name Il36g) by CETN2-GFPlow cells in 

comparison to CETN2-GFPhigh (Figure 5.28 c). IL-1β is cleaved and secreted after inflammasome 

formation which might hint towards activation of this pathways in CETN2-GFPlow cells (Martinon et al. 

2002). The cytokine IL-36γ (gene name Il36g) functionally has pro-inflammatory effects on 

surrounding cells like activating endothelium and inducing Th1 polarization of naïve CD4+ cells 

(Bridgewood et al. 2017; Vigne et al. 2012). Due to its role in autoimmune and inflammatory diseases, 

targeting IL-36 pathway might be interesting for new therapeutic approaches (Queen et al. 2019). 

Altogether, our secretome analysis revealed that DCs with multiple centrioles exhibit differential 

secretion of specific proteins. In addition, cells with two centrioles also displayed a distinct secretory 

phenotype. These findings give evidence that centriole numbers in DCs influence their secretory 

profile, which could shape the cellular surrounding and tissue microenvironment. 
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Figure 5.28 Secretion profile of DCs with different centriole numbers 
(a) Centriole numbers of sorted DC ‘subpopulations’ were determined by confocal microcopy according to 
CETN2-GFP+/γ-tubulin+ foci. Left: Frequency of cells with multiple centrioles in the BMDC ‘subpopulations’ 
CETN2-GFPlow (light blue) and CETN2-GFPhigh (dark blue) with pairing between ‘subpopulations’ derived from one 
mouse. Right: Ratio of cells with multiple centrioles comparing CETN2-GFPhigh and CETN2-GFPlow cells. Graph 
shows mean ± s.d. Each data point represents one independent experiment. n = 4. **, P < 0.0021 (two-tailed, 
paired Student’s t-test). (b) Supernatants of CETN2-GFPlow and CETN2-GFPhigh cells were analyzed via mass 
spectrometry. Black dots in volcano-plot show significantly different proteins comparing CETN2-GFPhigh vs. 
CETN2-GFPlow passing the cut-off of false discovery rate (0.05) and fudge factor S0 = 0.1. (c) Fold change of 
cytokines comparing supernatants of CETN2-GFPhigh vs. CETN2-GFPlow cells. Values below 0 depict enriched 
secretion by CETN2-GFPlow cells and values above 0 enriched by CETN2-GFPhigh cells. Graph shows mean ± s.d. 
Each datapoint represents one independent experiment. n ≥ 3. (b and c) Measurements and data analysis were 
performed by Stefan Ebner. Red font is used to highlight particular proteins.  
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6. Discussion 

This study aimed to gain a comprehensive understanding of centrosome biology in DCs, in particular 

during the induction of an immune response. We showed that DCs containing multiple centrioles, 

which form over-active MTOCs, foster T cell priming. To shed light on the underlying mechanisms 

driving improved T cell activation by DCs with multiple centrioles, we analyzed the spatio-temporal 

dynamics of centrioles. Thereby, we concluded that a centrally localized centriole cluster is the optimal 

MTOC organization during IS formation. Altogether, various aspects concerning the regulation of these 

processes remain open for discussion, encouraging further investigations. The following section will 

highlight some aspects of the present work in greater detail and provide ideas for future studies. 

 

6.1. Understanding the contribution of centriole numbers for DC biology 

6.1.1. Centriole loss affects immune cell functionality 

In line with our findings that centrosome integrity in DCs is important for efficient T cell activation, 

proper centrosome functionality is also vital in other cell types of the immune system (Figure 5.10). 

For example, B cell progenitors undergo apoptosis if they are lacking centrioles during development 

(Schapfl et al. 2024). However, if apoptosis is bypassed by co-depletion of the ubiquitin specific 

peptidase 28 (Usp28), which is involved in a p53-dependent cell cycle arrest pathway, mature B cells 

lacking centrioles can still mount a humoral immune response (Fong et al. 2016; Lambrus et al. 2016; 

Meitinger et al. 2016; Schapfl et al. 2024). It has been reported before that normal cells show p53-

dependent cell cycle arrest after centriole loss, while cancer cells proliferate unimpededly (Wong et 

al. 2015). In comparison, in DCs we did not measure specific apoptosis markers but cell differentiation 

and maturation were unimpaired in the presence of the PLK4 inhibitor Centrinone (Figure 5.9 b and 

c). Thus, we assume that DC cell cycle progression is not majorly perturbed in cells lacking centrioles. 

Centriole depletion in cytotoxic T cells has been shown to reduce their killing capacity (Tamzalit et al. 

2020). Cells lacking centrioles displayed impaired lytic granule biogenesis and defects in synaptic F-

actin remodeling leading to reduced force exertion, which normally facilitates cytotoxicity (Tamzalit 

et al. 2020; Basu et al. 2016). Actin also plays an important role on the DC side of the IS for efficient T 

cell priming (Leithner et al. 2021). Further studies, analyzing the relation of centrioles and synaptic 

actin might identify mechanisms how perturbance of centrosome integrity diminishes T cell priming. 

In summary, while centrioles might be dispensable for cell cycle progression or effector functions in 

certain cell types, centrosome integrity also determines cell signaling events and essential cell 

functions during the immune response. 
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6.1.2. Lessons learned from the primary cilium 

It is worth noting, that most cells form a primary cilium grown from the mother centriole when they 

exit into cell cycle arrest (G0), while immune cells do not form cilia. It has been shown that lymphocytes 

have the capacity to form cilia but suppress ciliogenesis via retaining the ciliation inhibitory protein 

CP110 at the centrosome (Prosser and Morrison 2015). The absence of a cilium might be related to 

variable and dynamic localization of the centrosome within immune cells which is required for efficient 

IS formation and T cell activation (Tourret et al. 2010; Martín-Cófreces et al. 2008). In line with this, 

multiple studies have highlighted similarities between cilium structure and IS formation on the T cell 

side (Douanne et al. 2021). Examples are the docking mechanism of the centrosome or basal body 

through distal appendages and the actin rearrangements participating in IS or cilium formation 

(Stinchcombe et al. 2015; Tanos et al. 2013; Kim et al. 2010). In addition, both structures create 

specialized signaling hubs which rely on spatial and temporal organization of proteins for signal 

transduction. Therefore, for instance, the intraflagellar transport 20 (IFT20) protein co-localizes with 

the Golgi at the base of the cilium and sorts proteins destined for the ciliary membrane (Follit et al. 

2006). In parallel, in T helper cells the IFT20 protein is associated with the centrosome and Golgi and 

is involved in the recruitment of linker for activation of T cells (LAT), a key adaptor molecule for 

transducing TCR signaling and mediating T cell activation (Vivar et al. 2016; Finetti et al. 2009). In 

contrast to this observation in T cells, we propose that the centrosome in DCs behaves differently 

during IS formation and does not reorient to the IS region which will be discussed in chapter 6.2.1. In 

conclusion, this paragraph highlights that immune cells such as lymphocytes utilize ciliary proteins at 

the IS and the absence of a cilium likely reflects functional specialization, allowing immune cells to 

dynamically position their centrosome and mediate efficient IS formation. 

 

6.1.3. Centriole number control in DCs, MCCs and cancer cells 

Interestingly, in addition to cells which form one primary cilium, epithelial cells form multiple motile 

cilia to generate fluid flow for example in the respiratory tract for mucus clearance or in the oviduct 

for egg migration (Fawcett and Porter 1954; Dirksen and Satir 1972). Multi-ciliogenesis involves a 

massive amplification of centrioles via two pathways: the parental centriole-dependent pathway, 

which is characterized by the parental centriole templating the assembly of several procentrioles; 

additionally, centrioles are formed via deuterosome-dependent biogenesis (Shahid and Singh 2018). 

During this process centrioles form at, so called, ‘deuterosomes’ which are acentriolar structures and 

consist of spherical dense masses of fibers organized into inner and outer areas (reviewed by (Shahid 

and Singh 2018), original: (Anderson and Brenner 1971)). Several proteins such as PLK4, Cep152 and 

SAS6 have been identified to localize to the deuterosome (Klos Dehring et al. 2013; Zhao et al. 2013). 
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Remarkably, these proteins also participate in canonical centriole-mediated centriole biogenesis and 

the regulation of centriole numbers (Kleylein-Sohn et al. 2007; Dzhindzhev et al. 2010; Peel et al. 

2007). In line with this, overexpression of Cep152 in multi-ciliated cells (MCCs) resulted in increased 

MCC size, enhanced deuterosome formation and an elevated number of centrioles generated (Klos 

Dehring et al. 2013). In contrast, overexpression of PLK4 or SAS6 in MCCs did not affect centriole 

numbers (Klos Dehring et al. 2013). Notably, centriole amplification in MCCs occurs during terminal 

differentiation via an alternative cell cycle without DNA replication and classical mitosis (Choksi et al. 

2024). These results raise the hypothesize that mature DCs, which are also terminally differentiated 

and acquire multiple centrioles during maturation, might share mechanisms of centriole amplification 

with MCCs. To explore potential mechanistic parallels, it would be valuable to determine whether 

Cep152 is enriched in the PCM of DCs containing multiple centrioles or during their overduplication 

process. Regarding the regulation of centriole biogenesis, it is known that PLK4 inhibition does not 

prevent the presence of multiple centrioles in mature DCs, while PLK2-deficient cells display a reduced 

rate of centriole amplification (Weier et al. 2022). However, the role of PLK2 in centriole amplification 

within MCCs remains unresolved, and further investigations are necessary to clarify whether a unique 

cell cycle state or other aspects of cell identity ultimately govern centriole amplification in both MCCs 

and DCs. 

As described above, increases in centriole numbers occur in differentiated cells under physiological 

conditions but also in cancerous cells. In cancer cells, multiple mechanisms provoke centriole 

overduplication, for example overexpression of PLK4 or PCNT or centriole disengagement driven by 

PLK1 (Dwivedi et al. 2023; Habedanck et al. 2005; Dustin and Cooper 2000; Pihan et al. 2001). In DCs, 

elevated centriole numbers are acquired PLK2-dependent and via mitosis failures (Weier et al. 2022). 

These previous reports encouraged us to artificially induce overduplication of centrioles by PLK2 or 

PLK4 overexpression. Unfortunately, Hoxb8 cells were unable to survive in the presence of these 

genetic modifications (data not shown). This result may be due to a tight regulation of centriole 

numbers with DNA duplication, which prevented cell proliferation after centriole overduplication. 

However, genetic manipulation and protein overexpression in DCs was successful in the case of 

doxycycline-dependent Nedd1-mOrange2-rCM1 expression. Based on this, one could propose to 

overexpress other PCM proteins such as PCNT to assess whether similar centriole multiplication 

mechanisms – as in cancer cells – operate in DCs. 
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6.1.4. Functional consequences of multiple centrioles 

6.1.4.1. Immune cells versus cancer cells 

High centriole amplification rates in cancer cells have detrimental consequences for human health, 

for example via promoting an invasive cell-phenotype (reviewed by LoMastro and Holland 2019). 

Therefore, targeting amplified centrioles is a possible strategy for cancer therapy. For example, the 

PLK4 inhibitor Centrinone B, a close analogue of Centrinone used in this study, has been shown in 

preclinical experiments to reduce melanoma cell proliferation and induce apoptosis (Wong et al. 2015; 

Denu et al. 2018). More recently, the PLK4-inhibiting drug RP-1664 was developed, exhibiting 

improved potency, selectivity and pharmacokinetic properties. RP-1664 is currently being evaluated 

in a Phase 1 clinical trial for the treatment of advanced solid tumors (NCT06232408) (Vallée et al. 

2025). Whether this agent will prove therapeutically effective remains to be determined. 

Of note, in this study, we report that antigen-presenting DCs with multiple centrioles conduct 

ameliorated T cell activation capacity. This finding adds to previous work by Weier et al., who 

demonstrated that DCs harboring multiple centrioles bear an increased capacity to induce T cell 

proliferation as well as an improved directional locomotion. Together, this highlights the potential of 

DCs with multiple centrioles to augment immune cell activation. DCs with multiple centrioles may 

therefore be particularly well-suited for rapid migration to LNs and T cell activation and proliferation 

within a short timeframe.  

In line with our findings, artificial duplication of centrioles in other APCs, such as B cells and 

macrophages, shows boosted cell functionality as well. In B cells, artificial centriole amplification by 

PLK4 overexpression, leads to augmented T cell activation which is mediated by improved antigen 

processing and presentation (Yuseff et al. 2011). Upon centriole amplification in microglia, which are 

the tissue resident macrophages of the brain, phagocytosis of dead neurons – a process termed 

efferocytosis – is enhanced (Möller et al. 2022). Curiously, both processes are marked by centriole 

polarization either to the B-T cell synapse or to the phagosome. Centriole polarization in different cell 

types will be discussed in chapter 6.2.1. 

We primarily studied centriole amplification occurring after LPS stimulation of DCs, but other 

pathogenic stimuli induced a similar phenotype with slightly varying rates of amplification (Kiermaier 

group, unpublished data). This suggests a possible mechanism by which modifications in centriole 

amplification during initial DC activation could fine-tune the evolving immune response. However, this 

raises the question of whether DCs with multiple centrioles, which induce enhanced T cell activation, 

could pose a risk of excessive immune activation, indicating the need to further investigate the 

regulation and balance of centriole amplification in immune cells. 
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6.1.4.2. MTOC functionality and intracellular organization 

One project aim was to understand the intracellular events associated with centriole amplification in 

DCs. Our results demonstrated that multiple centrioles in DCs form a single over-active MTOC 

characterized by increased PCM condensation at the centrosome and an elevated number of MTs. 

Typically, enhanced recruitment of PCM is linked to PLK1-induced centrosome maturation in G2/M 

transition of the cell cycle. PLK1 is not upregulated in DCs upon LPS stimulation, which indicates that 

an alternative mechanism facilitating PCM recruitment might be in place in DCs with multiple 

centrioles (Weier et al. 2022). Notably, in macrophages, pathogen encounter induces PLK1-

independent centrosome maturation during interphase leading to PCM expansion and increased MT 

nucleation (Vertii et al. 2016). This atypical centrosome maturation depends on members of the 

mixed-lineage kinase (MLK) family, whose role in the recruitment of PCM to multiple centrioles in DCs 

remains to be elucidated. 

It would be interesting to perform high resolution analysis of PCM composition in DCs with multiple 

centrioles and subsequently identify whether alternative signaling pathways might be activated, like 

it is the case in cancer cells. More precisely, in cancer cells amplified centrioles cause PIDDosome 

formation (Fava et al. 2017). The activation of this multi-protein complex induces p53-dependent and 

p21-mediated cell cycle arrest and apoptosis (Fava et al. 2017). Other well characterized events linked 

to amplified centrioles are the production of reactive oxygen species (ROS), an extra centrosome-

associated secretory phenotype (ECASP) and lysosome dysfunction (Adams et al. 2021; Arnandis et al. 

2018). ROS production as well as the ECASP promote invasion of surrounding cells. Strikingly, ROS are 

also produced in DCs upon antigen encounter but whether ROS production correlates with centriole 

numbers remains an open question (Vulcano et al. 2004). In macrophages, the centrosome and its 

maturation are crucial for cytokine production (Vertii et al. 2016). As the cytoskeleton is notoriously 

linked to the secretory pathway, the role of multiple centrioles and MTs for secretion will be discussed 

in a later paragraph (6.1.4.4). Additionally, as a future perspective, analysis of the lysosome 

compartment, which’s proper function is important for antigen processing and presentation in DCs, 

will provide a deeper understanding of the intracellular organization in DCs upon centriole 

multiplication (Embgenbroich and Burgdorf 2018). 
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6.1.4.3. A computational approach to understand the role of MT numbers 

To elaborate on the effects of increased MT numbers resulting from the presence of multiple 

centrioles, a computational modeling approach complemented our findings (model developed by 

collaboration partners: Apurba Sarkar, Subhendu Som, Raja Paul, Heiko Rieger). This interdisciplinary 

approach enables the integration of experimental data into complex simulations across multiple 

spatial and temporal scales, revealing insights that cannot be observed or measured experimentally. 

This method simulates growth and shrinkage of MTs and docking at the IS region (see also (Sarkar et 

al. 2019)). This additional data demonstrated that enhanced MT numbers accelerate MT docking at IS 

regions (Figure 6.29). 

Figure 6.29 Search time of MTs for the IS region is decreased in cells with elevated numbers of MTs 
doffset: offset of the nucleus from the cell center; NMT: MT number; Tsearch: MT search time. 

 

To assess whether this enhancement is causal for improved T cell activation, we conducted a gain-of-

function study by inducing overexpression of Nedd1-mOrange2-rCM1 in Hoxb8-derived DCs to 

increase MT nucleation. However, this increase did not appear to enhance T cell activation, potentially 

due to de-clustered centrioles and the presence of multiple MTOCs within each cell. We speculate 

that this altered centriole configuration perturbs MT array organization, thereby diminishing the T cell 

priming capacity of DCs, which is in line with results from DC treatment with the de-clustering agent 

PJ-34 (Figure 5.24). Supporting this, multiple MTOCs have been shown to perturb DC migration in both 

2D and 3D environments by causing polarization defects (Homrich 2023). Moreover, elevated MT 

numbers alone may be insufficient to improve T cell activation, as MTs in cells with multiple centrioles 

could be subject to distinct posttranslational modifications that affect their properties such as stability 

and motor binding affinity (Janke and Magiera 2020). Thus, it remains uncertain whether increasing 

MT nucleation beyond the physiological level induces, in addition to centriole disengagement, other 

unknown and functionally adverse side effects that resulted in unimproved T cell priming. In summary, 

computational modeling of MT dynamics and docking at the synapse suggests a minimized search time 

for the synapse region in cells with enriched MT numbers such as in DCs with multiple centrioles. 
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6.1.4.4. IS arrangement and the secretory pathway 

Mechanistically, MTs might participate in IS formation and efficient T cell priming by influencing the 

transport of surface molecules to the synapse region like it was shown in T cells that MTs bring 

endosomal TCR to the cSMAC area (Choudhuri et al. 2014; Mittelbrunn et al. 2011). It would be 

interesting to investigate whether the composition or structure of the synapse region varies in DCs 

harboring two or multiple centrioles. For example, perturbing the cytoskeletal component actin 

converts a multi-focal synapse structure into a mono-focal synapse in DCs, which reduces CD4+ T cell 

priming efficiency (Leithner et al. 2021). Recent advancements in cryo-expansion microscopy can 

facilitate detailed analysis of synapse structure and composition. This technique has been successfully 

applied to visualize cytotoxic T cell synapses and enables improved nanoscale imaging of synaptic 

proteins, providing novel insights into IS organization (Lemaître et al. 2025). 

In addition, MTs are largely involved in regulating long-distance transport of vesicles and thus 

facilitating directional secretion of soluble molecules to the IS, which was shown previously in T and B 

cells – but is contradictory reported for DCs (Huse et al. 2006; Sáez et al. 2019; Pulecio et al. 2010; 

Bertrand et al. 2010). In other immune cells, namely macrophages, cytokine secretion depends on the 

centrosome acquiring more PCM and MT filaments upon cell activation (Vertii et al. 2016). These 

changes in MTOC function were also observed in DCs with multiple centrioles. Based on this, we 

characterized the secretory phenotype of DCs in relation to their centriole numbers. Therefore, cells 

were sorted via flow cytometry according to their CETN2-GFP signal intensity, which correlates with 

centriole numbers. This method introduced by Weier et al. was advanced by establishing a stable 

stringency of cell selection, which aims for greater reproducibility. Secretome analysis was performed 

using mass spectrometry. While this technology enabled a comprehensive profiling of the variety of 

secreted proteins, it does not provide information on the directionality of secretion. In addition, our 

experimental design did not incorporate signals that DCs may receive from T cells, although, this 

represents a potential area for future research as T cell-derived signaling via the CD40L-CD40 axis is 

known to modulate IL-12 secretion by DC (Tourret et al. 2010; Miro et al. 2006). Nevertheless, our 

results demonstrated that extra centrioles influence the secretory phenotype of DCs which, in turn, 

directs the immune response as previously described in chapter 2.2.3 (Figure 2.5). Whether these 

proteins are more precisely regulated on a transcriptional level was not addressed. In previous studies, 

no changes in Il-6, Ccl5 and Cxcl1 mRNA but changes in Ccl17 mRNA levels were observed (Weier et 

al. 2022). This implies that also the production of CCL17 and not only the secretion is upregulated, 

while the level of regulation is unclear for other detected cytokines such as IL-12 or IL-23. As a future 

direction, mRNA sequencing could be employed to address this missing aspect. 
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At present, we speculate that enriched secretion of the chemokines CCL17 and CCL22 and the cytokine 

IL-12 or IL-23 by cells with multiple centrioles may enhance T cell attraction and activation. IL-12 

secretion by DCs is known to induce Th1 cell differentiation of naïve CD4+ T cells, thereby playing a 

critical role in protection against intracellular pathogens and tumors (Macatonia et al. 1995). Similarly, 

IL-36γ, which is found at elevated levels in supernatant of cells with two centrioles, has been described 

to promote Th1 differentiation (Vigne et al. 2012). Although there is no direct indication of a difference 

regarding Th1 cell differentiation, it would be interesting to analyze whether there are alterations in 

T helper cell subtype differentiation induced by DCs with different centriole numbers. 

Extending the discussion of cytokine functions, IL-12 and IL-23 have therapeutic implications in the 

inflammatory skin disease psoriasis. Neutralizing antibodies against the p40-subunit (alternative name 

for IL-12β subunit), which is present in IL-12 and also IL-23 cytokine, substantially improved psoriasis 

pathogenesis in patients (Leonardi et al. 2008). The beneficial effects of this therapy were shown to 

depend on IL-23 inhibition, which prevents pathogenic Th17 cell expansion, while IL-12 has a 

regulatory function and limits skin inflammation (Kulig et al. 2016). IL-36γ has both protective 

functions and pro-inflammatory effects as well. It’s expression is increased after skin injury and 

promotes wound healing (Jiang et al. 2017). In contrast, IL-36γ is also involved in pro-inflammatory 

activation of keratinocytes and macrophages, which promotes leukocyte recruitment and contributes 

to pathogenic inflammation during psoriasis pathogenesis (Bachmann et al. 2012; Bridgewood et al. 

2017; Bridgewood et al. 2018). Targeting this axis via blocking IL-36 receptor is described and 

discussed as new treatment strategy for psoriasis (Maçães et al. 2022; Mullard 2022). In summary, 

targeting IL-12, IL-23 or IL-36γ axes could dampen the progression of inflammatory diseases, thus how 

their release by DCs is regulated and whether it depends on the cytoskeleton network will be an 

important investigation in the future. 

The functions of S100a8 and S100a9, two alarmins which were increased detected in supernatant of 

CETN2-GFPlow cells, are particularly intriguing. S100a8 and S100a9 are predominantly produced by 

activated myeloid and endothelial cells during various inflammatory disorders and, thus, are used as 

a diagnostic marker for diseases such as arthritis, inflammatory bowel disease or dermatitis (Pruenster 

et al. 2016). Once released, S100a8/S100a9 heterodimers act on surrounding cells. Binding to TLR4 

amplifies inflammation in epithelial cells, monocytes, macrophages, neutrophils or T cells (Pruenster 

et al. 2016). More precisely, CD8+ T cells from patients with lupus erythematosus produce IL-17 in 

response to S100a8/S100a9, which contributes to the development of autoreactive lymphocytes 

(Loser et al. 2010). The same study, implementing a mouse model of systemic autoimmunity via CD40L 

expression in keratinocytes, demonstrates that CD4+ T cells are not responding to S100a8/S100a9 by 

IL-17 upregulation and do not drive autoimmunity via this pathway, even though CD4+ T cells also 
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express functional TLR4, which can contribute to autoimmune inflammation (Reynolds et al. 2012). 

The reason for this difference in CD4+ and CD8+ T cell responses remains unclear. Thus, further 

investigations of T cell phenotypes after priming by DCs with varying centriole numbers may shed light 

on these mechanisms and regulatory processes. 

Of note, the response of DCs to S100a8/S100a9 was analyzed during allergic contact dermatitis 

(Petersen et al. 2013). Surprisingly, persistent stimulation with S100a8/S100a9 blocks DC 

differentiation and antigen presentation, resulting in a diminished T cell response. This suggests that 

while S100a8/S100a9 might initially promote inflammation, their prolonged presence dampens 

immune activation and limits tissue-damaging inflammation. In connection with our experiments, 

MHCII expression, indicative of antigen presentation, were unaltered in DCs harboring two or multiple 

centrioles (Weier et al. 2022). Whether the S100a8/S100a9-TLR4 axis also plays a role in our 

experiments, which encompass only a rather short timeframe of 20 h, was not addressed. Beyond 

effects via extracellular release, S100a8/S100a9 complexes also have intracellular functions. For 

instance, in granulocytes, they promote tubulin polymerization, which is regulated via p38 mitogen-

activated protein kinases (MAPKs) and calcium-dependent signal transduction (Vogl et al. 2004). The 

authors also showed that cells deficient in S100a8/S100a9 complexes contain reduced MT numbers 

(Vogl et al. 2004). Moreover, the connection of the cytoskeleton and S100a8/S100a9 is shown by the 

observation that targeting S100a8/S100a9 reduces transendothelial migration of phagocytes by 

attenuating the activity of the small guanosine triphosphate (GTP-)ases Rac1 and Cdc42, which are 

involved in actin remodeling (Vogl et al. 2004; Ridley et al. 1992; Adams et al. 1990). Collectively, these 

findings highlight the complex intracellular and paracrine roles of S100a8/S100a9 in modulating 

cellular functions. 

Interesting is the release of S100a8 and S100a9 per se because it does not occur via the classical 

ER/Golgi route, as these proteins lack signal sequences (Rammes et al. 1997). Instead, their secretion 

involves a protein kinase C-dependent mechanism that intriguingly requires an intact MT cytoskeleton 

(Rammes et al. 1997). Thus, the abundance of S100a8/S100a9 in the supernatant of CETN2-GFPlow 

cells suggests that cells with two centrioles maintain a functional MT network necessary for this 

secretion process. In addition, S100a8/S100a9 release can result from cellular necrosis upon tissue 

damage or transient gasdermin D pore formation triggered by NOD-like receptor pyrin domain-

containing protein 3 (NLRP3) inflammasome activation (Voganatsi et al. 2001; Pruenster et al. 2023). 

In combination with enhanced IL-1β secretion by CETN2-GFPlow cells, inflammasome activation is likely 

in these cells. However, it is fundamental to verify whether the detected IL-1β is in its active (cleaved) 

form and to directly visualize inflammasome complex formation. In macrophages, a connection 

between inflammasome activation and loss of PCM proteins has been described (Bai et al. 2024). Thus, 
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inflammasome activation in CETN2-GFPlow cells could explain less PCM and less MT numbers in these 

cells. 

These insights highlight distinct and tightly regulated pathways governing the release of inflammatory 

mediators, with the precise role of the MT cytoskeleton remaining unresolved. Moreover, further 

investigations are needed to understand the interplay between the centrosome and inflammation. 

From a methodological perspective, it is interesting that for research on T cell biology the APC has 

been mimicked using lipid bilayers presenting peptide-MHC complexes along with integrins and co-

stimulatory molecules (Dustin and Groves 2012). These bilayers provide controlled conditions allowing 

to study T cell intrinsic events during IS formation, while leaving the DC as complex interaction partner 

and activator aside. Such an approach, mimicking the T cell side, was not yet established for analyzing 

DCs during IS formation. However, as we have shown that the DC phenotype majorly controls T cell 

priming, it should be revised whether conclusions drawn from isolated analyses without cell-cell 

communication hold true under physiological conditions. 

 

Taken together, both DC ‘subpopulations’ – containing two centrioles or multiple – secrete 

immunomodulatory mediators and are capable of priming T cells. However, we hypothesize that DCs 

with two centrioles are more specialized to induce inflammation directly at the site of infection via 

inflammasome activation and the secretion of alarmins, while DCs with multiple centrioles are highly 

migratory and superior in priming T cells by chemoattraction and cytokine stimulation. 

As this hypothesis includes multiple factors and complex microenvironments, it is hard to address this 

question of DC centriole numbers and the outcome of the immune response in practical experiments. 

Possibly, modifying the performed animal experiment by injecting CETN2-GFPlow or CETN2-GFPhigh cells 

into mice and monitoring T cell activation in the LNs could reveal the effects of the cell identity during 

the whole process. However, an alternative approach to address this hypothesis would be to develop 

a computational model, which mimics DC and T cell behavior towards and within the LN. This approach 

would include multiple DC properties such as migratory capacity and chemokine and cytokine 

secretion and could analyze their individual influence on T cell priming, possibly explaining the 

outcome of in vivo experiments. 

In summary, we want to highlight the dual role of amplified centrioles in cancerous cells contributing 

to invasiveness and in benign cells of the immune system fostering the immune response. This 

emphasizes the need for cell type- and context-dependent studies. 
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6.2. Centrosome positioning and organization during IS formation 

6.2.1. Effects of a centrally localized centrosome in DCs 

Dynamic movement of the centrosome and establishment of cell polarity are important for cellular 

functionality, demonstrated by precise centrosome localization for example during mitosis, cell 

locomotion or IS formation. By analyzing antigen-specific contacts of DCs and CD4+ T cells in vitro by 

live cell imaging and in vivo in lymphoid tissues, we could show that DC centrioles – either two or 

multiple – are located at the cell center near the nucleus and not polarizing to the IS contact site as it 

has been reported for NK, T and B cells. Moreover, computational modeling of optimal centriole 

positioning in DCs provided evidence that the geometrically optimal MTOC position, to minimize the 

MT search time for the IS, is in the DC cell center (Figure 6.30 a and b, data from Apurba Sarkar, 

Subhendu Som, Raja Paul, Heiko Rieger). Thus, true to its name, the centrosome remains at the center 

of the cell. 

Figure 6.30 Centrosome positioning near the cell center is optimal to achieve a minimal MT search time 
(a) Graph displays the MT search time (Tsearch) versus the distance of the centrosome to the nuclear surface (dCS-

NS) for different nucleus offset positions (doffset). (b) Optimized values of the centrosome distance from the cell 
center (hCS) and from the nuclear surface (dCS-NS) for different off-centered positions of the nucleus. The optimal 
centrosome positions are denoted by the red stars in the schemes. 

 

As underlying mechanism, which makes the cell center the optimal centrosome position, we postulate 

that especially the docking of MTs at synapse regions and thereby the supply of stimulatory molecules 

to T cells are improved when the MTOC is located at the cell center. From in vitro and in vivo 

experiments, we concluded that DCs form contacts with multiple T cells at the same time. This 

situation, in particular, requires a central centrosome to enable fast MT docking at all T cell contact 

sites. Simply the large size of DCs could contribute to binding of multiple T cells. However, B cells, 

which are smaller, can also form synapses with two or even four T cells at the same time (Gonzalez et 

al. 2015). Unfortunately, the MTOC position during this process was not analyzed in this study. For 

cytotoxic T cells, it is shown that binding to two antigen-specific targets simultaneously leads to 

oscillation of the MTOC between the two target cells and that lytic granules accumulate at both sites, 

which seems to enable efficient killing of multiple cells (Kuhn and Poenie 2002; Wiedemann et al. 
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2006). Of note, we have extensively analyzed mono- and multi-conjugate synapses and two or multiple 

centriole abundance to elaborate on the possibility of MTOC polarization in different scenarios. 

Similar to our results, other studies imply that MTOC polarization in conventional and plasmacytoid 

DCs is dispensable for CD4+ T cell activation (Bouma et al. 2011; Mittelbrunn et al. 2009). In contrast, 

DCs priming CD8+ T cells were shown to reposition their centrosome towards the T cell site (Pulecio et 

al. 2010). In this case, MTOC polarization is important for the delivery of IL-12 to the synapse and 

efficient T cell activation. Of note, there is also the possibility that cytokines in DCs polarize without 

MTOC polarization, which was reported for IL-18 in immature DCs interacting with NK cells (Semino 

et al. 2005). This contact is important for NK cell activation and can lead to DC maturation or DC lysis 

(Piccioli et al. 2002). Cytokine localization within the DC during priming of CD4+ T cells was not yet 

evaluated but individual tests of lysosome or Golgi staining in DCs showed major parts of these 

organelle compartments localized at the centrosome, which indicates a central role for the 

centrosome to orchestrate organelle positioning while the precise localization of cytokine-containing 

vesicles remains unclear (data not shown).  

In CD4+ T cells, two separate pathways of secretion are described: one directs cytokines such as IL-2, 

IFN-γ and IL-10 to the IS and the other releases proteins such as TNF, IL-4 and CCL3 in a multi-

directional way (Huse et al. 2006). It is assumed that specifically targeted cytokines are meant to 

influence only the interacting cells while a broader release affects also bystander cells and leads to 

wider activation. Interestingly, IFN-γ, which is secreted in a polarized manner by cytotoxic T cells, is 

not restricted to the target cell and affects bystander cells (Sanderson et al. 2012). DCs presumably 

possess a large and diverse secretion machinery, as their functions include extensive cytokine 

secretion and regulating the attraction and activation of multiple immune cells. 

In essence, we observed a central position of the centrosome during CD4+ T cell priming and in 

combination with results from computational modeling we concluded that this is the optimal position 

in this context. It remains an open question whether this is connected to additional functions DCs 

fulfill simultaneously, such as recruitment and activation of other immune cells via chemokine and 

cytokine release, which are independent of polarized secretion. As a future perspective, visualization 

and tracing of cytokines within DCs during T cell priming could be assessed via high-resolution live cell 

microcopy. This approach would reveal insights into the spatio-temporal organization and regulation 

of cytokine secretion in DCs. 
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6.2.2. How is centrosome positioning accomplished within a cell? 

As the centrosome localization is variable and might change dynamically according to cell function, 

one might pose the general questions: How is the centrosome positioned within a cell and particularly 

during IS formation? What are the key physical forces and proteins involved in this process? One part 

of the newly developed computational model describes that MT-generated pushing forces alone are 

sufficient to act on the centrosome and position it at the center near the nucleus (Figure 6.31, data 

from Apurba Sarkar, Subhendu Som, Raja Paul, Heiko Rieger). However, under complex physiological 

conditions centrosome positioning can be influenced by multiple factors such as pulling forces 

generated by dynein, interaction with other organelles like the nucleus, cytoplasmic viscosity and 

actomyosin contractility (Wu et al. 2011; Kimura and Kimura 2011; Schaeffer et al. 2025; Xie et al. 

2022; Malone et al. 2003). 

Figure 6.31 Scheme describing that MT-generated forces are sufficient to position the centrosome at the cell 
center 

 

A physical association of the centrosome to the nucleus has been described in C. elegans during 

embryogenesis, which requires the proteins SUN-1 and ZYG-12 belonging to the linker of 

nucleoskeleton and cytoskeleton (LINC) complex (Malone et al. 2003). In murine B cells, disruption of 

the LINC complex or centrosomal actin allows detachment of the centrosome from the nucleus and 

polarization to the IS (Obino et al. 2016). This study by Obino et al. shows that the centrosome to 

nucleus connection is a conserved mechanism to position the centrosome in murine immune cells but 

it undergoes changes during the immune response. In our experiments, we observed a close 

association of the centrosome to the nucleus which suggests that there might be linker proteins 

maintained in DCs during IS formation to keep the centrosome in place. How the centrosome to 

nucleus connection is regulated in DCs during T cell activation is largely unstudied. 

One recent approach of an image-based phenotypic siRNA-mediated knock-down screen uncovered 

proteins regulating centrosome and/or lysosome polarization in B cells upon B cell stimulation (Obino 

et al. 2023). Whether a knock-down screen could also uncover proteins, which induce centrosome 

polarization in DCs, is unclear. One might speculate that inducing DC centrosome polarization to the 
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DC-T cell contact site is difficult to achieve artificially because multiple proteins are required for this 

process in other cells. For example, T cell MTOC reorientation depends on TCR signaling, localized 

accumulation of diacylglycerol (DAG) and MTs docking at the pSMAC synapse region (Sedwick et al. 

1999; Kuhn and Poenie 2002; Quann et al. 2009). The study by Pulecio et al., which showed DC 

centrosome polarization during priming of CD8+ T cells, reported that the process in DCs depends on 

Cdc42 (Pulecio et al. 2010). Centrosome polarization to the forming phagosome in microglia is also 

linked to DAG recruitment (Möller et al. 2022). Deciphering localization and activation of these 

molecules in DCs would reveal new insights in cell type and synapse differences. 

Recent work observes a great influence of non-specific actomyosin flow to position the centrosome 

at the cell center in immortalized human retinal pigment epithelial (RPE) cells (Schaeffer et al. 2025). 

In addition, during the process of centrosome centering, dynein-mediated transport along MTs drives 

cell shape changes leading to a redistribution of the cell mass around the centrosome. The authors 

discuss that the extent to which MTs contribute to the centrosome position may depend on size and 

shape of the cell in relation to the density of the actin network as both cytoskeletal networks are 

coupled and influence each other (Schaeffer et al. 2025).  

During cytotoxic synapse formation, within the first minute, actin accumulates at the contact area 

(Ritter et al. 2015). Next, retrograde actin flow leads to a decrease in actin density and at the same 

time centrosome polarization begins, which highlights the interplay of both cytoskeletal components. 

Interestingly, in DCs, actin controls the contact time with T helper cells (Leithner et al. 2021). Optimal 

actin dynamics in DCs are important to form a multi-focal synapse structure and efficiently prime T 

cells. In the present study, actin controlling the DC centrosome positioning or organization was not 

studied but it would be valuable to explore this in the future. 

Actin density and organization might not be the only difference between cell types. DCs and B or T 

cells largely differ in their size and their ratio between nucleus-to-cytoplasm size. This requires, for 

example, B cells to reorient their nuclear groove facing the IS to facilitate antigen extraction (Ulloa et 

al. 2021). Additionally, MTs bend in T cells to a higher extent than in DCs, where they can grow astrally 

from the centrosome. In DCs, MTs might more often touch the cell surface perpendicular leading to 

instant catastrophe and no MT gliding along the surface as it is proposed in T cells (Yi et al. 2013). 

This highlights that specialized cells bear specialized MT and actin organization, suggesting also a cell-

type-specific regulation of these cytoskeletal components. While several studies discovered the roles 

of individual cytoskeletal components and associated proteins during IS formation, further 

investigations are needed to understand centrosome positioning in DCs forming conjugates with T 
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cells, particularly elucidating how the interplay of multiple factors and differences to other cell types 

contribute to our observations of a centrally localized centrosome. 

 

6.2.3. Significance of centriole clustering for cell functionality 

A second measurement of centriole organization, which largely influences MTOC functionality and 

intracellular organization, includes centriole clustering. In comparison to cancer cells, which are highly 

proliferative and need to cope with multiple centrioles during mitosis, mature DCs are non-

proliferating cells. Therefore, we sought that de-clustering and subsequent polarization might happen 

as part of fulfilling the specific effector function of priming multiple T cells. However, we observed in 

vitro and in vivo a tight clustering of multiple centrioles within DCs during antigen-specific T cell 

contacts. In cells with two centrioles, the intracentrosomal distance, which resembles a measurement 

for centrosome linker integrity, was unchanged as well. In addition, artificial de-clustering of multiple 

centrioles perturbed the DC efficiency to prime T cells. Further, mimicking de-clustering of multiple 

centrioles in computational simulations showed that an optimal MT search time for synapse regions 

is reached when all centrioles remain in a clustered configuration (Figure 6.32, data from Apurba 

Sarkar, Subhendu Som, Raja Paul, Heiko Rieger). 

Figure 6.32 MT search time is minimized when centrioles maintain a clustered configuration 
Graphs display MT search time (Tsearch) versus the radius of a cluster of multiple centrioles in cells with different 
nucleus offset (doffset) positions. rCS-SP: radius of the imaginary sphere centered at the optimal centrosome 
position. 

 

Of note, DC treatment with the de-clustering agent PJ-34 had primarily an impact on cells with multiple 

centrioles, thus we assume that the centrosomal linker remained intact during T cell priming. Others 

have shown that manipulation of linker proteins leads to rupture of centrosome coherence in immune 

cells during migration in challenging environments (Schmitt et al. 2025). Similar perturbation 

experiments would reveal insights into the importance of two tightly connected centrioles in DCs for 

priming T cells. 
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De-clustering of multiple centrioles is accompanied by multiple MTOCs within one DC. As proposed 

earlier, in DCs a perturbed MT array organization might impair efficient delivery of molecules to the IS 

or to the cell periphery in general. Centriole de-clustering, which was observed as a side effect after 

enhancement of MT nucleation via Nedd1 overexpression, could also explain why the DC capacity to 

prime T cells was not improved. Effects of de-clustering agents on DC migration were analyzed before 

(Homrich 2023). Cells with de-clustered centrioles showed an impaired cellular polarization 

phenotype but in parts side effects on MT integrity were reported. However, both observations 

indicate that de-clustered centrioles perturb DC functions. 

In cancer cells, de-clustering of centrioles leads to multi-polar spindle assembly resulting in 

chromosomal instability, mitosis failure or cell death. Therefore, treatment of cancer with de-

clustering agents shows promising results (Pannu et al. 2014). In cardiomyocytes, which are often 

binucleated and contain multiple centrioles, clustering of centrioles and the assembly of pseudo-

bipolar spindles have been reported and are supposed to be crucial mechanisms for enabling cell 

division and supporting heart regeneration (Leone and Engel 2019). 

In contrast to impaired cellular functions or viability due to centriole de-clustering, in MCCs, centriole 

dissociation and dispersion are integral parts of multiple cilia formation. Ciliogenesis is regulated 

through oscillating proteins such as CDK1 and anaphase-promoting complex or cyclosome (APC/C) 

spatiotemporally coordinating centriole growth and disengagement, while the underlying 

mechanisms are unclear (Al Jord et al. 2017; Choksi et al. 2024). In this context, centriole 

disengagement occurrs under physiological conditions to enable multi-ciliation and cellular 

functionality. Additionally, in the study by Möller et al., in which the phagocytic capacity of microglia 

was enhanced by artificial centrosome duplication, two separated centrosomes were reported in the 

cells – each being able to mediate successful phagocytic engulfment (Möller et al. 2022). This 

represents not only an advantage of multiple centrioles but also of de-clustered centrioles. 

In summary, DCs, cancer cells and cardiomyocytes rely on a proper arrangement of multiple centrioles 

either for cell functionality or for cell proliferation, which emphasizes the importance of elucidating 

the molecular mechanisms involved in maintaining a clustered centriole configuration. 

 

6.2.4. Underlying mechanisms of centriole clustering 

Mechanisms of centriole clustering or disengagement can be attributed to various mechanisms 

ranging from centrosomal linker integrity to cytoskeleton-dependent forces or associated proteins. 
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The linker proteins C-Nap1 and Rootletin are involved in centrosome coherence and upon the onset 

of mitosis they are phosphorylated by Nek2 kinase and thereby displaced (Bahe et al. 2005; Fry et al. 

1998). Recently, C-Nap1 was also described to be important for centrosome coherence in immune 

cells during migration in challenging environments (Schmitt et al. 2025). In this context, also the 

protein dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3 (Dyrk3) was identified to 

protect the centrosome from splitting (Schmitt et al. 2025). 

In addition to aspects of centrosome linker integrity, in cells with multiple centrioles also other 

mechanisms might contribute to centriole clustering. In cancer cells, a genome-wide screen uncovered 

multiple factors that cooperatively maintain centriole clustering during mitosis into two spindle poles 

(Kwon et al. 2008). These include actin and actin-based contractions, cell adhesion proteins or MT-

associated proteins (Kwon et al. 2008). In more detail, dynein localization is important for centriole 

clustering (Quintyne et al. 2005; Mercadante et al. 2023). Different kinesin-14 family members (Kif25, 

KIFC1) were reported to keep multiple centrioles clustered in cancer cells or in proplatelets (Decarreau 

et al. 2017; Becker et al. 2024; Kwon et al. 2008). By studying CDK5RAP2-knockout cells, CDK5RAP2 

was shown to be important for centriole cohesion and preventing centriole overduplication and multi-

polar spindles (Barrera et al. 2010). As we observed increased levels of CDK5RAP2 in DCs with multiple 

centrioles, this protein might be involved in centriole clustering in immune cells as well. 

Our study proposes a simplified mechanism based on MTs-pushing forces with the cell and nuclear 

membrane which keep centrioles clustered (Figure 6.31). However, additional factors, mentioned 

above, could not be excluded and it remains elusive which proteins contribute to centriole clustering 

in DCs. 

The de-clustering agent PJ-34 used in this study is a PARP1 and PARP2 inhibitor (Wahlberg et al. 2012). 

It affects cancer cell growth by centriole de-clustering disturbing the assembly of pseudo-bipolar 

spindles (Pannu et al. 2014; Castiel et al. 2011). PJ-34 blocks PARP-dependent post-translational 

modifications of proteins, which are important for centriole clustering such as KIFC1 (Visochek et al. 

2017). The de-clustering agent PJ-34 was shown to only affect the cell cycle of cancerous cells and not 

normal proliferating cells (Castiel et al. 2011). In cancer cells, PJ-34 also blocks proliferation via 

dampening PARP1-dependent NF-κB activity that normally promotes proliferation (Wang et al. 2013). 

In addition, PJ-34 blocks PARP1-dependent DNA repair, which causes cell death specifically in cells 

defective for homologous recombination repair (Bryant et al. 2005). It is interesting to note that, PJ-

34 targets tankyrases 1 and 2 as well, which belong to the PARP family and are linked to the regulation 

of telomerase activity, DNA repair and Wnt signaling (Wahlberg et al. 2012; Smith et al. 1998; McCabe 

et al. 2009; Huang et al. 2009). Due to the high potency of PARP inhibitors such as PJ-34 to eradicate 
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human cancer cells, these molecules are interesting from a clinical perspective and individual drugs 

have been approved for cancer treatment already (Muzzana et al. 2025). By using a cancer drug and 

elaborating on the effects on immune cells, we contribute to the understanding of possible side effects 

on healthy cells. Whether in human patients, which are treated with PARP inhibitors or other de-

clustering agents, DCs with multiple centrioles display a de-clustered centriole configuration and how 

this may influence the immune system and tumor eradication remains unclear. 

In 2019, the new potential anti-cancer drug CCB02 was developed. CCB02 was shown to inhibit 

centriole clustering and enhance MT nucleation in cancer cells with extra centrosomes by preventing 

interaction of free tubulin with centrosomal P4.1-associated protein (CPAP), which normally 

negatively regulates MT nucleation (Mariappan et al. 2019; Gopalakrishnan et al. 2012). It might be 

useful to test the effect of the drug on the DC cytoskeleton. Whether CCB02 enhances MT numbers 

and induces centriole de-clustering in DCs comparable to Nedd1 overexpression, as well as the 

downstream effects on the T cell priming capacity, remain unclear. 

All in all, comparing the process of centriole dissociation in MCCs and centriole de-clustering in cancer 

or immune cells might offer new insights into what keeps centrioles together and how de-clustering 

agents act in cancer therapy. Moreover, it highlights the importance of an optimal centriole 

configuration for cellular functionality in multiple cell types. 

 

6.3. Conclusions and future perspectives 

Overall, this study demonstrates the pivotal role of the DC cytoskeleton during T helper cell priming. 

Multiple centrioles, acquired by DCs after antigen encounter, enhance MTOC functionality. These DCs 

containing multiple centrioles display an altered secretory phenotype and facilitated capacity to 

activate T cells. During T cell priming, a tight cluster of centrioles is maintained without MTOC 

polarization to the IS contact site. 

For the concluding part, the concept expressed by Jean-Henri Fabre is well suited: one must observe 

before they can truly understand (Fabre 1879). Our observations aimed to enlarge information 

available on the DC side of the IS, while most studies have focused on processes within T cells and 

their activation during IS formation as one has presumably noticed by referenced literature. The 

concept of ‘observation before understanding’ can be also extended to the fact that our findings, 

made by direct visualization through microscopy and other approaches, are essential both for gaining 

new insights and for inspiring further scientific questions. 
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Great remaining open questions of DC cell biology during IS formation are: How do DC 

‘subpopulations’ with distinct centriole numbers differ in their transcriptomic profile and what 

individual role do the populations play for the immune response? Are DCs with multiple centrioles 

superior in priming T cells and thereby solely beneficial for body health? The appearance of amplified 

centrioles in DCs and in malignant tumor cells emphasizes the need for cell type- and context-

dependent research. Moreover, further investigations are needed to understand the regulation of the 

MT cytoskeleton contributing to the release of inflammatory mediators. From both perspectives, it 

remains open how the communication of DCs and T cells influences the organization of the 

cytoskeleton. 

Finally, this thesis contributed to the understanding of immune cell functions on a cellular level 

including data from in vitro and in vivo approaches. We revealed insights on the cytoskeletal processes 

during cell-cell communication, which hopefully will stimulate and advance the development of 

therapeutical interventions during disease onsets. 
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