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Methods 

Mice 

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

institutional animal facility 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 Natur, Umwelt und Verbraucherschutz North Rhine-Westphalia 

[LANUV NRW under AZ81-02.05.40.19.022]). CETN2-GFP mice were purchased from Jackson. 

OVA-specific OT-II mice were a gift of Sven Burgdorf. 

 

Dendritic cell culture 

Cultures were started from freshly isolated bone marrow of 8-12-week-old mice with C57BL/6J 

background (wildtype, CETN2-GFP). DC differentiation was induced by plating 2x106 cells in 10 

ml complete medium (Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% Fetal 

Calf Serum, 2 mM L-Glutamine, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 50 µM ß-

Mercaptoethanol) (all purchased from Thermo Fischer) containing 10% Granulocyte-Monocyte 

Colony Stimulating Factor (GM-CSF, supernatant from hybridoma culture). Cells were fed on day 

3 and 6 with complete medium supplemented with 20% GM-CSF. To induce maturation, cells 

were stimulated overnight with 200 ng/ml Lipopolysaccharide (LPS) from E.coli 0127:B8 (Sigma) 

and used for experiments on day 6-7 (immature DCs) and day 8-9 (mature DCs).  

 

Isolation of dermal DCs from skin explants 

Ears of 8-12-week-old mice were cut off with a scissor and separated into dorsal and ventral ear 

sheets using forceps1. Ventral ear sheets were placed in 48-well plates and floated upside down 

on complete medium supplemented with 1 µl CCL19 (R&D; 25 µg/ml) for 3 days to allow 

emigration of dermal DCs into the culture medium. Cells were fed with 500 µl complete medium 
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on day one and two. On day three, only cells in suspension, but not adherent cells, were 

harvested. 

 

Immunofluorescence 

For fixation experiments, round shaped coverslips were placed into 24-well plates and coated 

with 1:1 (v:v) mixed ICAM-1 (Thermo Fisher; 100 µg/mL) and CCL21 (R&D; 25 µg/ml) for 10 min 

at room temperature. Cells were incubated on coated cover slips for 5 min at 37˚C and 

subsequently fixed with 3% para-formaldehyde (PFA) diluted in 1xPBS. Migrating cells were fixed 

by adding 4% PFA directly on top of the agarose. After fixation, the agarose pad was carefully 

removed using a coverslip-tweezer. Cells were permeabilized with 0.2% Triton X-100 in 1xPBS 

for 20 min and washed 3x10 min with 1xPBS. Samples were blocked to prevent unspecific binding 

by incubating for 60 min in blocking solution (5% BSA in 1xPBS). Primary antibodies were diluted 

in blocking solution and incubated over night at 4°C. The following antibodies were used: rat anti-

a-tubulin (YL1/2, AbD Serotec), rabbit anti-phospho-H3 (pH3; D2C8, Cell Signaling), mouse anti-

𝛾-tubulin (GTU-88, Sigma), mouse anti-acetylated tubulin (6-11B-1, Sigma) and rabbit anti-

CEP170 (Novus Biology). 

Cover slips were washed 3x10 min with 1xPBS and incubated with secondary antibodies for 60 

min at room temperature in the dark. The following secondaries were used: Donkey Anti-Mouse 

Alexa Fluor® 488 AffiniPure F(ab')2 Fragment IgG (H+L), Donkey Anti-Mouse Alexa Fluor® 647 

AffiniPure F(ab')2 Fragment IgG (H+L), Donkey Anti-Mouse CyTM3 AffiniPure F(ab')2 Fragment 

IgG (H+L), Donkey Anti-Rat CyTM3 AffiniPure IgG (H+L), Goat Anti-Rabbit CyTM3 AffiniPure IgG 

(H+L) (all Jackson ImmunoResearch), Goat Anti-Rabbit IgG (H+L) Alexa Flour® 488 (Invitrogen). 

After incubation cells were washed 3x10 min with 1xPBS. Samples were conserved in non-

hardening mounting medium with DAPI (Invitrogen) and stored at 4˚C in the dark. 
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EDU Incorporation Assay 

Cells were incubated in 10 µM EdU in complete medium for 60 min. EdU was detected using the 

Click-iT® EdU Imaging Kit (Invitrogen), according to the manufacturer’s protocol. 

 

Isolation of myeloid and lymphoid cells  

To assess centrosome numbers in splenic DCs, spleens from 8-10-weeks-old CETN2-GFP 

expressing mice were isolated, cut into pieces and treated for 30 min at 37°C with digestion buffer 

(Hanks’ Balanced Salt Solution (HBSS) containing Ca2+, Mg2+; 0.1 mg/ml deoxyribonuclease I 

and 0.05 mg/ml collagenase from Clostridium histolyticum) (all purchased from Sigma). Samples 

were further mechanically crushed and erythrocyte lysis was performed using ACK Lysing Buffer 

(Invitrogen). Cells were stained for DC cell-surface markers and sorted using an ARIAIII Sorter 

(BD Biosciences). Sorted DC subpopulations (MHC II+/CD11c+/CD8+ [cDC1] and MHC 

II+/CD11c+/CD11b+ [cDC2]) were incubated in 10 µM EdU in complete medium for 60 min. 

Afterwards, cells were immobilized and fixed. EdU was detected using the Click-iT® EdU Imaging 

Kit (Invitrogen), according to the manufacturer’s protocol. For analyzing centrosome numbers only 

EdU- cells were considered.   

Neutrophils were isolated from bone marrow by flushing femur and tibia from CETN2-GFP 

expressing mice. After passing the cells through a strainer, neutrophils were enriched using an 

immunomagnetic negative selection cell isolation kit (EasySep™ Mouse Neutrophil Enrichment 

Kit, stem cell) according to the manufacturer’s protocol. Purity was assessed by staining against 

Ly6G and CD11b and FACS analysis. After 24 hours, cells were stimulated with LPS for 24 hours. 

Afterwards, neutrophils were immobilized on ICAM/CCL21-coated coverslips (see section 

Immunofluorescence) and stained against pH3 to eliminate proliferating cells. For the isolation of 

natural killer (NK) cells, spleens from CETN-2-GFP expressing mice were homogenized and 

washed. Enrichment was achieved by negative selection with magnetic beads using NK Cell 
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Isolation Kit (Miltenyi Biotec) according to the manufacturer’s instruction. Purity was assessed via 

FACS analysis and staining against CD3𝜀 and CD49b. Cells were activated with IL-2 (2.8 µg/mL, 

6000 U/ml) for 24 and 48 hours, before they were immobilized on coated coverslips and stained 

against pH3. 

Macrophages were isolated from peritoneal cavity cells. Therefore, peritoneal cavity of CETN2-

GFP expressing mice was flushed with 3% FCS/PBS, cells were centrifuged and enriched using 

the Macrophage Isolation Kit (Peritoneum), mouse (Miltenyi Biotec). Cells were sowed on 

ICAM/CCL21 coated coverslips (see section Immunofluorescence) in a 24-well plate containing 

1 ml DMEM +/- 11 ng/ml IFN-𝛾. After 6 hours, fresh DMEM +/- LPS (10 ng/ml) was added. After 

12 hours, cells were immobilized on coverslips, immunostained against pH3 and analyzed for 

centrosome numbers. For the isolation of T cells, spleens and lymph nodes from OT-II+/+ mice 

were homogenized and washed. Enrichment was achieved by negative selection with magnetic 

beads using CD4+ T Cell Isolation Kit (stem cell) according to the manufacturer’s instruction. Purity 

was assessed via FACS analysis and staining against CD3𝜀 and CD4. Cells were activated with 

0.1 µg/ml OVA323-339 pretreated DCs for 24 hours, before they were immobilized on coated 

coverslips and stained against pH3. For centrosome analysis of macrophages, neutrophils, NK- 

and T cells, only pH3-negative cells were considered. 

 

Flow cytometry 

Before staining, 1-2x106 cells were incubated for 15 min at 4°C with blocking buffer (1xPBS, 1% 

BSA, 2 mM EDTA) containing 5 mg/ml anti-CD16/CD32 antibody (2.4G2; BD Biosciences). For 

cell-surface staining, cells were incubated for 30 min at 4°C with conjugated monoclonal 

antibodies diluted in blocking buffer. The following antibodies were used: mouse anti-mouse 

CCR7-PE (4B12), rat anti-mouse I-A/I-E-eFluor450 (M5/114.15.2), hamster anti-mouse CD11c-

APC (N418), rat anti-mouse CD45-Brilliant Violet (30-F11), rat anti-mouse CD3 APC-Cy7 (17A2), 
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rat anti-mouse CD19 APC-Cy7 (6D5), rat anti-mouse TER-119/Erythroid cells APC-Cy7 (TER-

119), rat anti-mouse CD49b APC-Cy7 (DX5), rat anti-mouse Ly-6G APC-Cy7 (1A8), anti-mouse 

CD64 PE-Cy7 (X54-5/7.1), anti-mouse Ly-6C PE-Cy7 (HK1.4), rat anti-mouse F4/80 BV605 

(BM8), anti-mouse/human CD45R/B220 Alexa Flour 700 (RA3-6B2), rat anti-mouse I-A/I-E 

PE/Dazzle 594 (M5/114.15.2), armenian hamster anti-mouse CD11c BV711 (N418), rat anti-

mouse CD8a PE (53-6.7), anti-mouse/human CD11b APC (M1/70), rat anti-mouse CD8a APC 

(53-6.7), armenian hamster anti-mouse CD11c BV421 (N418), rat anti-mouse CD19 BV421 

(6D5), rat anti-mouseCD335 BV421 (NKp46), anti-mouse Ly6G eFlour450 (RB6-8C5), rat anti-

mouse/human CD11b BV421 (M1/70), rat anti-mouse I-A/I-E APC-Cy7 (M5/114.15.2), armenian 

hamster anti-mouse CD11c APC (N418), rat anti-mouse CD19 APC-Cy7 (HIB19), rat anti-mouse 

CD4 Pacific Blue (RM4-5), rat anti-mouse CD3 Pe-Cy7 (17A2), anti-mouse CD86 PE (GL1), rat 

anti-mouse CD40 PE/Dazzle594 (3/2.3), armenian hamster anti-mouse CD80 PE-Cy7 (16-10A1), 

rat anti-mouse CD70 APC (FR70), armenian hamster anti-mouse-CD11c BV605 (N418), anti-

mouse CD135 PE (A2F10), rat anti-mouse CD115 APC (AFS98), rat anti-mouse F4/80 APC-Cy7 

(BM8), rat anti-mouse IL-6-PE (MP5-20F3) and mouse anti-mouse CCL5-PE (2E9). 

For the quantification of DNA content, cells were incubated for 30 min at 37°C with Vybrant 

DyeCycle Violet Stain (Invitrogen) according to the manufacturer’s instructions. For live dead 

staining cells were incubated for 30 min at room temperature with the Live/Dead Fixable Dead 

Cell Stain Kit (Invitrogen) or DRAQ7 (Biolegend) in 1xPBS. Flow cytometry was performed on a 

LSR flow cytometer (BD Biosciences). Data analysis was carried out using FlowJo X 10.0.7r2. 

 

mRNA expression levels 

For RNA quantification, 1x106 cells were harvested into 350 µl Lysis Buffer (RNeasy Lysis Buffer 

+ 1% ß-Mercaptoethanol) and RNA isolation was carried out using the RNeasy Mini Kit (all 

products purchased from Qiagen). Gene expression was assed using the TaqMan RNA-to-CT 1-
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Step Kit (Thermo Fisher) with a reaction volume of 20 µl containing 250 ng RNA template and 1 

µl of Taq Man Gene Expression Assay (Thermo Fisher) (triplicates performed). Samples were run 

on a CFX96 Real-Time System (BioRad) according to the manufacturer’s instructions. Data were 

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

(TBP)). Analysis of relative gene expression was carried out using the CFX Manager Software 

Version 3.1 (BioRad).  

 

Generation of immortalized hematopoietic progenitor reporter cell lines 

Hematopoietic progenitor cell lines were generated by retroviral delivery of an oestrogen-

regulated form of Hoxb8 as described recently2,3. Briefly, bone marrow of 8-12-week-old CETN2-

GFP expressing mice was isolated and retrovirally transduced with an oestrogen-regulated form 

of the HOXB8 transcription factor. Cells were cultured in oestradiol containing medium. After 

about 10 days, cells were frozen in liquid nitrogen or differentiated into DCs by washing out 

oestradiol and growing in oestradiol free medium. 

 

CRISPR knock-out generation 

To generate specific knock-outs of immortalized hematopoietic progenitor reporter cell lines, a 

Lentiviral CRISPR/Cas9 approached was applied. Single guide RNAs  

(PLK4sg1a_fw: 5´CACCGTGAGTCCATACACACTGGTT3’;  

PLK4sg1b_rv: 5´AAACAACCAGTGTGTATGGACTCAC3’;  

PLK2sg1a_fw: 5´CACCGGATTATAGTCGACCCCACGA3’;  

PLK2sg1b_rv:  5´AAACTCGTGGGGTCGACTATAATCC3’;  

scramble_fw: 5' CACCGGCCGTGGCGCATGGGTAGCA3’;  

scramble_rv: 5' AAACTGCTACCCATGCGCCACGGC3’) were cloned into the lentiCRISPR v2 

plasmid (Addgene 52961) as described recently4,5. 5.4 µg of the cloned plasmid were co-
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transfected together with 2.7 µg envelope plasmid pCMV-VSV-G (Addgene 8454) and 4 µg 

packaging plasmid pCMV-dR8.2 dvpr (Addgene 8455) into 6x106 Lenti-X 293T HEK cells in 

Dulbecco's Modified Eagle Medium (DMEM) using Lipofectamine2000 and Opti-MEM medium 

(all materials purchased by Gibco, Invitrogen). Transfection mix was aspirated after 6 hours and 

10 ml of DMEM were added. 48 hours post transfection cells were fed with 10 ml DMEM medium. 

96 hours post transfection supernatants containing respective lentiviruses were harvested. 3x105 

immortalized hematopoietic precursor cells were spin infected with lentivirus and 10 mg/ml 

polybrene beads for 60 min at 1500g. 72 hours post infection, cells were washed to remove the 

remaining viruses and selection medium containing 3 µg/ml puromycin-dihydrochlorid was added. 

 

In vitro 3D collagen migration assay 

For 3D in vitro migration, 2x105 dermal DCs were suspended in a medium-collagen I mixture 

(PureCol bovine collagen, (INAMED) in 1x minimum essential medium eagle (MEM, Invitrogen) 

and 0.4% sodium bicarbonate (Sigma) at a volume ratio of 1:2 yielding in a final collagen 

concentration of 1.73 mg/ml. Collagen gel mixtures were casted into custom-made migration 

chambers as previously described6 and incubated for 45 minutes at 37°C to allow polymerization 

of the gel. CCL19 was suspended in full medium to a final concentration of 0.33 µM and placed 

on top of the gel. To prevent drying-out of the gels, migration chambers were sealed with 

Paraplast X-tra (Sigma-Aldrich). Gels that failed to polymerize were excluded from the analysis. 

Image acquisition was performed with a Nikon Eclipse widefield microscope and a C-Apochromat 

20×/0.5 PH1 air objective. Images were acquired in 120 s intervals for 5 hours at 37˚C, 5% CO2. 

Cells were tracked manually, using the ‘Manual tracking Plug-in’ for ImageJ. The ImageJ 

Chemotaxis tool was used to determine average (frame-to-frame) speed and persistence 

(distance in gradient direction/total distance). 
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In vitro under-agarose migration assay 

For 2D migration assays, 4% Ultra-Pure Agarose (Invitrogen) was diluted in nuclease-free water 

(Gibco) and mixed with a combination of phenol red-free RPMI1640 Medium (Gibco) 

supplemented with 20% FBS and 1% Penicillin 100 U/ml/Streptomycin 100 µg/ml (Invitrogen) and 

1x Hanks’ Balanced Salt Solution (HBSS) pH 7.2 in a ratio of 1:4. Ascorbic acid was added to a 

final concentration of 50 µM to catch free radicals during fluorescent imaging. 500 µl of agarose-

mix was casted into custom made migration chambers (glass-bottom dishes (MatTek) with a 1 

cm plastic ring glued with Paraplast X-tra (Sigma-Aldrich) into the middle of the dish). After 

polymerization, a 2 mm hole was punched into the agarose pad and 2.5 µg/ml CCL19 (R&D 

Systems) was placed into the hole to generate a soluble chemokine gradient. Outer parts of the 

dish were filled with water and incubated for 45-60 min at 37˚C, 5% CO2 to equilibrate the agarose. 

The cell suspension was injected under agarose opposite of the chemokine hole. Prior to 

acquisition, dishes were incubated at least two hours at 37˚C, 5% CO2 to allow recovery and 

persistent migration of cells. Dishes with failed confinement, assessed by cell morphology, were 

excluded from analysis. 

For fixation experiments, 4% PFA solution was placed on top of the agarose pad and incubated 

overnight at 4˚C. Agarose was removed carefully using a forceps and cells were washed three 

times with 1xPBS before immunostaining.   

 

Microscopy 

Confocal microscopy of fixed samples was performed on a motorized stage at room 

temperature with an inverted microscope, equipped with an Airyscan module, a Plan-Apochromat 

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

200 nm sections were acquired. Maximum intensity Z-stack projections were generated to 

analyze centrosome numbers or MT filaments. Images where MT numbers were analyzed were 
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acquired using the Airy module and post-treated by deconvolution. MT filaments and centrosome 

numbers were quantified manually. 

The same system was used to determine migration parameters of DCs with different numbers of 

centrosomes. During live cell acquisition of CETN2-GFP expressing dermal DCs and BMDCs, 

dishes were held at 37˚C in a humid chamber. Migrating cells under agarose were imaged in 2 s 

intervals for 10 min. For all experiments, imaging software ZEN Black 2.3 SP1 was deployed. 

Image processing and data analysis was performed using ImageJ. For tracking of migrating cells, 

each cell was tracked manually using ImageJ’s Manual Tracking Plugin. Cell velocity and 

directional persistence was quantified using the ‘Chemotaxis and Migration Tool’. Cells with 

contact to other cells were excluded from the analysis. 

For measuring inter- and intracentrosomal distances, migrating cells were imaged with an inverted 

wide-field Nikon Eclipse Ti-2E microscope in a humidified and heated chamber at 37 °C and 5% 

CO2 (Ibidi Gas Mixer), equipped with a Plan-Apochromat 40×/0.95 air objective, a DS-Qi2 camera 

and a Lumencor Spectra X light source (390 nm, 475 nm, 542/575 nm; Lumencor).  

For analysis of intracentrosomal distances in cells with one centrosome, centrioles were 

segmented based on the pixel classification workflow of ilastik v1.3.3 

(https://www.ilastik.org/about.html). For each time point the centriole locations were found by 

segmenting the centriole-probability output, performing particle size filtering and calculating the 

center of mass. The centrioles were then tracked over time by solving the linear assignment 

problem using then Hungarian algorithm (Munkres), which can deal with gaps in the detection. 

Completed tracks were filtered by minimum track length and track duration. Pairs of centrioles 

were automatically identified by imposing the condition that they move mostly in parallel (due to 

cell migration) and are in close proximity during the entire length of the track. Cells with amplified 

centrosomes were then filtered out by calculating the distance to the closest third centriole. The 

output of this automated analysis was validated by comparison with manual tracking. For analysis 

of intra- and inter centrosomal distances of amplified centrosomes, cells were identified and their 
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centrioles were tracked manually in ImageJ using the ‘Manual Tracking’ plugin. Tracks were 

exported and the intercentrosomal distance, defined as the distance between the centers of pairs 

of centrioles, was calculated.  

 

Laser ablation of centrosomes 

Laser ablation experiments were performed on a spinning disc confocal system (Yokogawa CSU-

X1, iXon897, Andor) installed on an inverted Axio observer microscope (Zeiss), using a C-

Apochromat 63×/1.2 W Korr UV-VIS-IR objective (Zeiss) and a 50 mW 488 nm laser (LP emission 

filter). Centrosome ablation was carried out during 2D under agarose migration using a 355 nm 

pulsed laser (pulse length: 350 ps, intensity: 1 (≙10.8 µW during shot); pulses/shot: 5; pulse rate: 

1kHz; shots/µm2: 1) after defining a region of interest (ROI), drawn around the centrosome. The 

same ROI was used for all ablations. Control cells received non-centrosomal laser shots into the 

cytoplasm in close proximity to the centrosome. Migrating cells were imaged at 5 s intervals for 

at least 4 min prior to centrosome or control ablation and 4 min after the ablation process. 

Migration velocity and persistence represent mean values over the time of imaging before and 

after ablation. To test for efficient centriole depletion, Z-stacks were recorded before and after the 

ablation process. To identify ablated cells after immunostaining for MT filaments, gridded glass 

coverslips (grid repeat distance: 50 µm, Ibidi) have been used to relocate ablated cells. During 

the experiment, cells were kept at 37 °C in a chamber with 80% humidity and 5% CO2 generated 

by a gas incubation system (Ibidi). Images were obtained with Andor software. Cells were tracked 

manually using ImageJ and the ‘Manual Tracking Plugin’. Cell velocity and persistence were 

quantified using the ‘Chemotaxis and Migration Tool’. MTs were traced manually using the 

‘NeuroJ’ Plugin and straightness defined as end-to-end distance divided by the total length of the 

MT.  

 

Sorting of DC subpopulations 
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For the separation of mature BMDCs according to centrosome numbers, FACS was used. Mature 

CETN2-GFP expressing BMDCs were harvested, counted and stained for live cells, DNA content 

and cell-surface markers as described above. Samples were sorted using the ARIAIII Sorter (BD 

Bioscience). In this process, mature BMDCs (MHCII+/CD11c+) were first separated based on their 

DNA content (diploid (2N)) and polyploid cells (≥4N). CETN2-GFP signal intensities of ≥4N cells 

were overlaid on 2N cells and served as reference point for gating 2N cells with amplified 

centrosomes (2NCA) and cells with only one centrosome (2N2C). For determining the efficiency 

of separation, sorted DC subpopulations were immobilized, fixed and centrosome numbers were 

assessed by confocal microscopy. The ratio of amplified centrosome numbers between diploid 

2NCA and 2N2C cells was determined to evaluate the efficiency of enrichment. For all 

experiments the ratio 2NCA / 2N2C was at least 1.5 and ranged from 8-42% amplified 

centrosomes (2N2C population) and 21-70% amplified centrosomes (2NCA population). 

 

Mixed lymphocyte reactions (MLR) and IL-2 ELISA 

104 cells from sorted DC subpopulations (2N2C, 2NCA) were seeded in 100 µl full medium into 

96-well U-bottom plates and kept at 37°C, 5% CO2. 30 min post seeding, ovalbumin (1000 µg/ml; 

500 µg/ml; 100 µg/ml and 10 µg/ml) or ova-peptide (OVA323-339 specific for CD4 T cell responses: 

1 µg/ml; 0.1 µg/ml and 0.01 µg/ml) was added in 100 µl full medium and incubated for two hours 

at 37°C, 5 % CO2. In the meantime, splenocytes were isolated and pooled from two-three OT-II+/+ 

mice. Cells were processed through a 70 µm and 40 µm cell strainer and erythrocyte lysis was 

performed using ACK Lysing Buffer (Invitrogen). After antigen loading, supernatants were 

discarded and 5x104 splenocytes were added in 200 µl full medium. 24 hours after co-culture, 

supernatants were harvested and IL-2 levels were determined using the Quantakine ELISA Kit 

(R&D Systems) according to the manufacturer’s instructions. Colorimetric measurements were 

carried out on Infinite M200 spectrophotometer (Tecan). 



 
 

 
 

13 

 

T cell proliferation 

104 cells from sorted DC subpopulations (2N2C, 2NCA) were seeded in 100 µl full medium into 

96-well U-bottom plates and kept at 37°C, 5% CO2. 30 min post seeding, ovalbumin (1000 µg/ml; 

500 µg/ml; 100 µg/ml and 10 µg/ml) or ova-peptide (OVA323-339 specific for CD4 T cell responses: 

1 µg/ml; 0.1 µg/ml and 0.01 µg/ml) were added in 100 µl full medium. After two hours, 

supernatants were discarded and 5x104 CFSE labelled splenocytes were added in 200 µl full 

medium. CFSE labelling was performed using 2x106 cells/ml with a concentration of 0.5 µM 

Celltrace CFSE (Invitrogen) in PBS for 7 min at 37°C. 62 hours after co-culture, samples were 

stained (splenocytes from OT-II+/+ mice: CD11c-, CD19-, live cells, CD3+, CD4+) and flow 

cytometric analysis was performed on an LSRII flow cytometer (BD Biosciences). Data analysis 

was carried out using FlowJo X 10.0.7r2. 

 

Cytokine array and ELISA 

For secretome analysis, 1x106 sorted DC subpopulations (2N2C, 2NCA) were seeded into a 6-

well plate in 3 ml full medium. After 16 hours, 500 µl supernatant was harvested and incubated 

with the mouse cytokine antibody array (Panel A, R&D Systems) according to the manufacturer’s 

instructions. Chemiluminescence was acquired using a ChemiDoc Imaging System (BioRad). 

Data analysis was carried out with Image Lab 6.1 Software (BioRad). 

For quantification of cytokine levels via ELISA, 0.8x106 sorted DC subpopulations were seeded 

into a 6-well plate in 3 ml full medium. After 16 hours, supernatants were harvested and incubated 

with the respective mouse ELISA Kit (CCL17, CCL5, IL-6, CXCL1; all Invitrogen) according to the 

manufacturer’s instructions.  

 

Inhibition of protein transport and Intracellular cytokine staining  
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Cell were sorted into 2N2C and 2NCA populations as described above. 4x105 cells of each 

populations were treated for 4 hours with Monensin (BD GolgiStopTM) and Brefeldin A (BD 

GolgiPlugTM) at 37°C according to the manufacturer’s instructions. Intracellular cytokine staining 

was carried out using the (BD Cytofix/Cytoperm Plus Fixation/Permeabilization kit). 1x105 cells 

were permeabilized with Fixation/ Permeablilization solution for 30 min 4°C, washed and stained 

for 20 min at 4°C in washing buffer containing Fc block. Cells were washed and analysed on an 

LSRII flow cytometer (BD Biosciences). Data analysis was carried out using FlowJo X 10.0.7r2. 

 

Statistics 

Data analysis was carried out with GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). 

Samples were tested for Gaussian distribution using D’Agostino-Pearson omnibus normality test 

to fulfil 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 assumed but could not be formally 

tested. For analysis of cytokine secretion, 2N2C and 2NCA samples from individual experiments 

were paired. When data distribution was not normal (CCL17), Wilcoxon test was applied. For 

multiple comparisons where 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, 

CI). No statistical method was used to predetermine sample size. The experiments were not 

randomized and investigators were not blinded to allocation during experiments and outcome 

assessment. Individual experiments were validated separately and only pooled if showing the 

same trend. The level of significance was denoted as *, P < 0.05; **, P < 0.01; ***, P < 0.001 and 

****, P < 0.0001 as indicated in the figure legends. 

 

Data availability 

All data that support the conclusions are available from the authors on request.  
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Code availability 

The script to track centrioles is publicly available under: https://research-

explorer.app.ist.ac.at/librecat/record/8181 
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Supplementary Figure 1 DCs amplify centrosome numbers upon activation with inflammatory 

stimuli. (a) Characterization of dermal DCs isolated from split ears. DCs show high levels of 

CD11c and MHC II. Physical rupture of ear sheets leads to activation of DCs. (b) Single-cell tracks 

of dermal DCs migrating in response to CCL19 gradients in 3D collagen gels. N = 63 cells pooled 

from two independent experiments. (c) Centrosome numbers in myeloid and lymphoid cells. Left: 

splenic DCs isolated from CETN2-GFP expressing mice. Isolated cells were stained against DC 

markers. Centrosome numbers were quantified from pooled MHC II+/CD11c+/CD8+ (cDC1) and 

MHC II+/CD11c+/CD11b+ (cDC2) cells. EdU+ cells (red) were excluded from the analysis. White 

arrows point to amplified centrosomes. Scale bar, 10 µm. Right: quantification of centrosome 

numbers in splenic DCs, peritoneal macrophages (MQs), neutrophils, natural killer (NK) cells and 

T cells. Cells were isolated by negative selection from CETN2-GFP expressing mice as described 

in the Methods section. Graph shows mean values ± s.d. of four or three independent 

experiments. N = 137/635/547/349 cells (splenic DCs), 122/163/69/82 cells (macrophages), 

121/209/233/198/ cells (neutrophils), 103/140/95 cells (NK cells) and 409/191/154 cells (T cells). 

(d) Left: immunostaining of pH3 (green) and ac-tubulin (red) in immature (upper panel) and 

mature (lower panel) BMDCs. White arrows point to amplified centrosomes. Scale bars, 5 µm. 

Right: quantification of pH3+ cells in immature and mature wildtype BMDCs. Graph shows mean 

values ± s.d. of 6 independent experiments. N = 134/98/158/125/93/124 cells (immature) and 

141/203/158/204/127/128 cells (mature). ***, P = 0.0004 (two-tailed, unpaired Student’s t-test with 

Welch’s correction). (e) Quantification of EdU incorporation (EdU+) in immature and mature 

wildtype BMDCs. Graph shows mean values ± s.d. of 5 independent experiments. N = 

272/205/509/356/423 cells (immature) and 171/192/286/286/217 cells (mature). ***, P = 0.0009 

(two-tailed, unpaired student’s t-test with Welch’s correction). Scale bar, 10 µm.  

 

  



Supplementary Figure 2

A

C dermal DCs
ac-tubulin

DAPI

CETN2-GFP
DAPI

immature BMDCs
CETN2-GFP

pH3
DAPI

≥4N BMDCs

pH3-

pH3+
0

10
20
30

80
100

ce
ll 

nu
m

be
r [

%
] 

polyploidB



 
 

 
 

17 

Supplementary Figure 2 Mitotic defects and over-duplication of centrioles account for amplified 

centrosomes in mature DCs. (a) Pathways of centrosome amplification: excess centriole seeding 

around a single mother centriole (over-duplication) leads to a mother/daughter ratio <1 while 

cytokinesis failure after regular DNA replication and centriole duplication leads to a 

mother/daughter ratio of 1. (b) Left: immunostaining of pH3 in immature (left panel) and polyploid 

(≥4N, right panel) CETN2-GFP expressing BMDCs. Right: quantification of pH3+ polyploid cells. 

Graph shows mean values ± s.d. of 6 independent experiments with N = 

417/485/309/411/298/497 cells analyzed per experiment. (c) Aberrant mitotic figures in dermal 

DCs. Left: immunostaining against ac-tubulin (red) in wildtype dermal DCs. Right: CETN2-GFP 

expressing dermal DC. Scale bars, 5 µm.  
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Supplementary Figure 3 Extra centrosomes cluster during migration and promote directional 

locomotion. (a) CETN2-GFP expressing BMDCs migrating under agarose towards CCL19 

gradients. Graph shows quantification of intracentrosomal distances in cells with one and 

amplified centrosomes during migration. (b) Left: centriole tracks of one representative cell with 

amplified centrosomes during migration. Right: quantification of intra- and intercentrosomal 

distances in cells with amplified centrosomes during migration. For (a) and (b) cells were tracked 

either manually or automatically and distances determined as shown in Fig. 4b.  N = 130 cells 

(one centrosome) and 12 cells (amplified centrosomes) pooled from three independent 

experiments.  
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Supplementary Figure 4 Cells with amplified centrosomes show optimized T cell activation.  (a) 

Quantification of IL-2 levels after co-culture of OVA-peptide-pulsed diploid DC subpopulations 

with OT-II CD4+ T cells. Supernatants were analyzed for IL-2 by ELISA. Graph displays mean 

values ± s.d. of one representative out of four experiments. Data points represent technical 

replicates. (b) Quantification of the percentage of OT-II CD4+ T cells that divided after co-culture 

with OVA-peptide-pulsed enriched DC subpopulations. Graph displays mean values ± s.d. of one 

representative out of four experiments. Data points represent technical replicates. (c) Cytokine 

array analysis of conditioned medium harvested from DC subpopulations. Sorted 2N2C and 

2NCA cells were cultured and supernatants harvested after 16 hours. Cytokine signals, which 

were quantified are highlighted in red. Graph shows mean pixel intensities of one out of two 

independent experiments. Data points represent technical replicates. 
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Supplementary Video Legends 

Supplementary video 1 DC migration in the presence of amplified centrosomes. CETN2-GFP 

expressing BMDCs were injected under a block of agarose and exposed to a chemokine gradient 

of CCL19. Left: cell with one centrosome. Right: cell with amplified centrosomes. Pictures were 

acquired every 5 s. Scale bar, 10 µm. Frame rate, 21 fps. 

 

Supplementary video 2 Migration of dermal DCs isolated from split ears. CETN2-GFP 

expressing dermal DCs were injected under agarose and DC migration followed towards soluble 

gradients of CCL19. Left: cell with one centrosome shows frequent turning. Right: cell with 

amplified centrosomes moves straight towards the chemokine source. Scale bar, 10 µm. Frame 

rate, 21 fps. 

 

Supplementary video 3 Laser ablation of amplified centrosomes in CETN2-GFP expressing 

BMDCs. Cells were injected under agarose and migration followed towards CCL19 gradients.  

Non-centrosome targeted control ablation next to centrosomes. Region of ablation is indicated 

with a white circle. Pictures were acquired every 5 s. Scale bar, 10 µm. Frame rate, 21 fps. 

 

Supplementary video 4 Laser ablation of amplified centrosomes in CETN2-GFP expressing 

BMDCs. Cells were injected under agarose and migration followed towards CCL19 gradients. Full 

centrosome ablation. Region of ablation is indicated with a white circle. Pictures were acquired 

every 5 s. Scale bar, 10 µm. Frame rate, 21 fps. 

 

Supplementary video 5 Laser ablation of amplified centrosomes in CETN2-GFP expressing 

BMDCs. Cells were injected under agarose and migration followed towards CCL19 gradients.  

Partial centrosome ablation. Note that the non-targeted centrosome stays intact after partial 
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ablation. Region of ablation is indicated with a white circle. Pictures were acquired every 5 s. 

Scale bar, 10 µm. Frame rate, 21 fps. 
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