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Upon interaction with immobilized antigens, B cells form an immune synapse where actin remodeling and re-positioning of the microtubule-organizing center (MTOC) together with lysosomes can facilitate antigen extraction. B cells have restricted cytoplasmic space, mainly occupied by a large nucleus, yet the role of nuclear morphology in the formation of the immune synapse has not been addressed. Here we show that upon activation, B cells re-orientate and adapt the size of their nuclear groove facing the immune synapse, where the MTOC sits, and lysosomes accumulate. Silencing the nuclear envelope proteins Nesprin-1 and Sun-1 impairs nuclear reorientation towards the synapse and leads to defects in actin organization. Consequently, B cells are unable to internalize the BCR after antigen activation. Nesprin-1 and Sun-1-silenced B cells also fail to accumulate the tethering factor Exo70 at the center of the synaptic membrane and display defective lysosome positioning, impairing efficient antigen extraction at the immune synapse. Thus, changes in nuclear morphology and positioning emerge as critical regulatory steps to coordinate B cell activation.
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Introduction

Efficient uptake and processing of foreign antigens by B cells is critical for their complete activation (1, 2). In lymph nodes, B cell activation is initiated by the engagement of the B cell receptor (BCR) with antigens displayed at the surface of neighboring cells, which triggers tyrosine kinase-dependent signaling cascades (3–7). BCR signaling is coupled to a rapid actin-dependent membrane spreading response, followed by an acto-myosin-dependent contraction phase, enabling B cells to concentrate antigens at the center of the immune synapse (8–11). Concomitantly, B cells re-position the MTOC to the center of the synaptic membrane, which acts as a landmark to guide the polarized recruitment of lysosomes, which upon secretion can facilitate antigen extraction (12–14). How B lymphocytes manage to position the MTOC and target lysosomes to precise domains of the immune synapse remains incompletely understood. Recently, the tethering factor Exo70, a subunit of the exocyst complex, was shown to be involved in lysosome docking at the synaptic membrane in B cells. Exo70 is associated to the MTOC in resting B cells and becomes repositioned to the synaptic membrane upon activation, helping to promote lysosome tethering and fusion (15).

B cells possess reduced cytoplasmic space, occupied mainly by their large nucleus (16), which is closely associated to the MTOC, from which it becomes uncoupled during activation (17). We thus sought to determine the impact of nuclear morphology in cell reorganization during immune synapse formation of B cells. Nuclear morphology and positioning have been shown to regulate diverse cellular functions, including signaling, gene expression (18), DNA repair or genome distribution (19–21), as well as cell shape (22) and migration (23–25). Nuclear size, form and positioning rely on the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex (26–28). This complex is formed by two families of transmembrane proteins: KASH/Syne/Nesprin proteins, anchored to the outer nuclear membrane, where they are connected to cytoskeletal components; and Sun domain proteins inserted at the inner nuclear membrane, which are associated to lamins and chromatin (29). Interactions between nuclear envelope proteins and the surrounding cytoskeleton regulate nuclear positioning and cell polarity (28). For instance, Nesprin-Sun complexes directly connect actin filaments and microtubules with the nucleus, to control both nuclear and MTOC repositioning during cell migration (30). In activated T lymphocytes, Lamin A interacts with the Nesprin-Sun complex to promote MTOC repositioning towards the immune synapse (31).

Whether B lymphocytes adjust their nuclear morphology to promote immune synapse organization, has not been addressed. In this work we reveal that, upon activation with immobilized antigens, B cells re-orientate their nuclear groove, in an actin and microtubule dependent manner, towards the antigen contact site, where the immune synapse is formed. Silencing the expression of nuclear envelope proteins, Nesprin-1 or Sun-1, decreased the connection between cytoskeleton and nucleus and impaired nuclear reorientation to the immune synapse. Strikingly, these cells displayed an extremely disorganized immune synapse, characterized by decreased actin cytoskeleton levels and deficient internalization of the BCR at the center of the synapse. Additionally, Nesprin-1 and Sun-1 silenced B cells mislocated the tethering factor Exo70 and were unable to concentrate lysosomes to the center of the synaptic interface, resulting in decreased antigen extraction capacity. Thus, our results highlight how B cells adjust nuclear morphology to cytoskeleton rearrangements at the immune synapse to orchestrate lysosome recruitment and enable them to acquire their antigen extraction and processing functions.



Materials and Methods


Antibodies and Reagents

We used a F(ab’)2 goat anti-mouse immunoglobulin G (anti-IgG) (MP Biomedical, Santa Ana, CA) or a F(ab’)2 goat anti-mouse immunoglobulin M (Jackson Immunoresearch) as a BCR ligands, Ovalbumin (Sigma #A5503), Hoechst 33342 (Thermo Fisher Scientific #62249), Wheat germ agglutinin (WGA) Alexa Fluor® 555 Conjugate (Invitrogen #W32464) as a non-activating ligand.

The following primary antibodies were used for immunofluorescence: rabbit anti-mouse Lamin B1 (Abcam; ab16048, 1:500), rabbit anti-mouse anti-SUN1 (Abcam, ab103021), donkey anti-mouse Alexa 647 (Invitrogen #A31571), mouse anti- Nesprin1 (Invitrogen, MA5-18077 MANNES1A, 7A12), rabbit anti-Nesprin1/Syne-1 (Abcam, ab192234), rabbit anti- EXOC7 (Abcam, ab95981) rabbit-CEP55 (Abcam, ab170414), rat anti-mouse α- tubulin (Abcam; abab6160, 1:500), rat anti-mouse LAMP1 (BD Biosciences; #553792, 1:200), rabbit anti-OVA (Sigma- Aldrich; #C6534, 1:500) and F(ab’)2 goat anti-mouse immunoglobulin G (Jackson ImmunoResearch) Alexa Fluor 488. The following secondary antibodies were used: Alexa Fluor 488– conjugated goat anti-rabbit (LifeTech, 1:200), Alexa Fluor 647 and Cy3–conjugated F(ab)2 donkey anti-rat; and Cy3-conjugated F(ab)2 donkey anti-rabbit (Jackson ImmunoResearch; 1:200), Rhodamine Phalloidin (Invitrogen,#R415), 1:100) and Hoechst (Thermo Fisher Scientific, #33342), 1:1,000). For Western blot, the following antibodies were used: rabbit anti-Sun-2 (Abcam #124916, 1:100), mouse IgG1 anti-Nesprin1 (Invitrogen #MANNES1A (7A12), 1:500), rat anti- α- tubulin (Genetex, #GTX76511), 1:100), rabbit anti- γ-Tubulin (Abcam, #Ab11317, 1:1,000), mouse anti-actin (cloneC4, ImmunO, #691001), mouse Nesprin 1 mouse (invitrogen, Ma5-18077, 1:500) rabbit anti-Histone 3 (Abcam #ab1791). As secondary antibody: HRP-conjugated donkey anti-rat, anti-rabbit or anti-mouse (Jackson ImmunoResearch; 1:5,000). For cytoskeleton-disrupting drugs, we incubated 1h, used 5 µM Latrunculin A, 1μg/ml Cytochalasin D, 30 µM Nocodazole, 10 µM Taxol (paclitaxel Merck), 1 μM Suberoylanilide Hydroxamic Acid (SAHA, Cayman Chemical Company) and 70 μM Blebbistatin (Merck).



Cell Lines and Culture

The mouse IgG+ B-lymphoma cell line IIA1.6 (32) was used. Cells were cultured in CLICK medium (RPMI 1640 with 10% fetal bovine serum, Glutamax supplemented and 1 mM sodium pyruvate, 100 µg/ml streptomycin, 100 U/ml penicillin and 0.1% β- mercaptoethanol (12). HEK 293T cells were cultured for lentiviral production in DMEM supplemented with 10% FBS and penicillin/streptomycin. Cell culture products were purchased from Life Technologies. Spleen derived primary B cells were isolated from C57BL/6 mice using a magnetic cell sorting B cell isolation kit (Miltenyi) according to the manufacturer’s instructions. Mice protocols were approved by the Institutional Scientific Ethics Committees for Animal and Environmental Care and Research Biosafety, Pontificia Universidad Católica de Chile.



Cell Transfection

The Amaxa Cell Line Nucleo- factor Kit R (L-013 program; Lonza) was used to electroporate 5 × 106 IIA1.6 B Lymphoma cells for different transfections. For Centrin-GFP plasmid transfection we used 2 µg of DNA, and cells were cultured for 16 h before functional analysis. In the case of transfection with siRNA we used Silencer® Select (Ambion/Thermofisher) against Nesprin-1(Syne1): s234287 (#1), s234288 (#2); siRNA Sun1: s94911 (#1), s94912 cells (#2), these were incubated for 48 h before analysis. As a control, we used a scrambled siRNA (Qiagen) at 10nM.



Preparation of Antigen-Coated Beads and Coverslips

Antigen-coated beads or antigen-coated dishes were prepared as previously described (13). Briefly, to prepare antigen-coated beads, ~2 x 107 3-μm latex NH2-beads (Polyscience) were activated with 8% glutaraldehyde for 4 h at room temperature. Beads were washed with cold PBS and incubated overnight at 4°C with 100 μg/mL of F(ab’)2 goat anti-mouse IgG or IgM, referred to as antigen or activating beads. WGA-coated beads were used as an irrelevant ligand that binds to N-acetyl-D-glucosamine (GlcNAc), sialic-acid-containing glycoconjugates and oligosaccharides present on the plasma membrane (33). Antigen coated coverslips were prepared by incubating 10mm coverslips with 0.1mg/ml of anti-IgG in PBS, overnight at 4°C. Dishes were washed and used immediately for activation assay.



Activation of B Cells and Immunofluorescence

Cells were plated on poly-l-Lysine–coated glass coverslips and activated with antigen-coated beads (1:1 ratio) or on antigen coverslips for different time points in a cell culture incubator (37°C, 5% CO2) and then fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature as previously described (13). Fixed cells were incubated with antibodies in PBS-0.2% BSA-0.05% Saponin and mounted (ref).



Antigen Extraction Assay

B cells were incubated in a 1:1 ratio beads containing anti-IgG and OVA (100 μg/mL each) and plated on poly-l-Lysine coverslips at 37°C for different time points, fixed and stained for OVA. The amount of OVA remaining on the beads was calculated by establishing a fixed area around beads in contact with cells and measuring fluorescence on three-dimensional (3D) projections obtained from the sum of each plane. The percentage of antigen extracted was estimated by the percentage of fluorescence intensity lost at the beads after 0, 30 min and 1h and 2h of incubation with B cells.



Live Imaging of the Nucleus and MTOC in B Cells

In order to measure nuclear rotation and MTOC positioning, centrin-GFP expressing B cells were stained with Hoechst and plated onto anti-IgG coated glass coverslips for different time points at 37°C, 5% CO2 and images were acquired every 2 min by epifluorescence microscopy.



Cytoplasm, Nuclear and Perinuclear Fractionation

Subcellular fractionation was performed as previously described for (34), that we adapted to B cells. 10 x106 B cells (activated for 0, 30, 60, 120 min) were lysed in buffer I (40 mM Hepes pH7.4, 120 mM KCl, 2 mM EGTA, 0.4% Glycerol, 10 mM b-glycerophosphate and protease inhibitors plus 0.4% NP-40 plus) while rotating for 30 min at 4°C. The intact nuclei were separated from the Cytoplasm Fraction, pelleted by centrifugation at 1,000 g for 5 min. To obtain the cytosolic fraction, the supernatant was centrifuged at 10,000 g for 10 min. The pellet of nuclei was sequentially washed with 0.1% NP-40 and Buffer I and centrifuged at 1,000 g for 5 min. The nuclear pellet was re-suspended in Buffer II (10 mM Tris-HCl pH 7.4, 1.5 mM KCl, 0.5% Triton X-100; 0.5% Deoxycholate, 2.5 mM MgCl2, with fresh 0.2M LiCl and protease inhibitors) in a ratio 1:2 v/v and rotated for 1 h at 4°C. The extract was separated by centrifugation at 2,000 g for 5 min and to obtain the Perinuclear Fraction, the extract was centrifuged further at 10,000 g for 10 min. The core nuclei pellet was resuspended in a buffer containing 0.34 M sucrose and centrifuged at 2,000 g for 10 min. To obtain the core Nuclear Fraction, nuclei were dissolved in 8 M urea, sonicated and clarified by centrifugation at 10,000 g for 10 min. Each fraction was resuspended in loading buffer 3x, boiled, and loaded onto a 10% SDS-PAGE gel



Immunoprecipitation Assay

Immunoprecipitation was performed as previously described by (35), adapted to B cells. 10 x106 B cells (in resting conditions or activated for different times point) were incubated with IP buffer (10 mM Hepes, pH 7.4, 10 mM KCl, 5 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail), sonicated on ice and then centrifuged at 16,000 g for 15 min at 4°C. Lysates were then precleared with protein A agarose beads (Roche). IPs with rabbit- anti-Nesprin-1 (abcam ab192234) and non-specific rabbit IgG (4 µg antibody/500 µg of B cell lysates) were performed at 4°C overnight, followed by incubation with protein A agarose beads at 4°C for 2 h and centrifugation at 4,000 g for 10 min. Samples were washed, resuspended in loading buffer 3x, boiled, and loaded onto a 8% SDS-PAGE gel.



BCR Cell Surface Staining

B cells, under resting conditions or after 15 min of activation with a BCR-ligand were incubated on ice and stained for the BCR by using an anti-mouse 647 antibody. Labelling was performed under non-permeabilizing conditions for 20 min, after which cells were fixed with PFA. The amount of BCR at the cell surface was calculated by establishing a fixed area around cells and measuring fluorescence on three-dimensional (3D) projections obtained from the sum of each plane.



Cell Imaging

Confocal images were obtained with a Zeiss LSM880 Airyscan Confocal microscope with a 63X/1.4NA oil immersion lens, in 16-bit Z-stack image sets with 0.2 µm optical section and 0.07 µm x 0.07 µm pixel size. For OVA extraction assays, epifluorescence imaging was used. Z-stack images were obtained with 0.5 microns between slices. Images were acquired in an epifluorescence microscope (Nikon Ti2Eclipse) with a 60 X/1.25NA oil immersion objective.



Image Analysis

Image processing and analysis were performed with FIJI/ImageJ software (36). 3D analysis was performed using the SCIAN-Soft software tools (https://github.com/scianlab), programmed on the IDL programming language (ITT/Harris Geospatial; Boulder, CO). Image brightness and contrast were manually adjusted for visualization purposes but not for analysis (e.g. in the case of segmentations).


Nuclear Groove Reorientation

In B cells activated with antigen-coated beads, reorientation of the nucleus was calculated as follows: A vector was projected between the centers of mass of the bead (a) and cell (b); and a second vector between the centers of mass of the cell and nuclear groove (c) which was manually delineating based on the staining with lamin B (Figure 1B). The angle between these vectors was used as a measurement of reorientation. The percentage of cells with the nuclear groove oriented toward the bead (Polarized) were defined as those with angles between 0° and 45°; a centered nuclear groove was associated to angles between 45° and 135° (Centr AP) and antipolarized nuclei were associated to angles between 135° and 180°. In the case of B cells activated on antigen-coated dishes, reorientation of the nucleus was calculated by measuring the angle between the vector projected between the centers of mass of main groove and the cell (c) and the vector formed between the cell center of mass and the synaptic plane (Figure 1D).




Figure 1 | The nucleus reorients towards the B cell immune synapse. (A–D) Representative confocal images of B cells stained for the nucleus (Lamin B, green), actin (phalloidin, red), and microtubules (α-tubulin, magenta). Cells were incubated with antigen-coated beads (white circles) for 0, 30, 60, and 120 min. (B) Scheme depicting method used to measure the orientation of the principal nuclear groove. (C) Percentage of cells with polarized, central, or non-polarized nuclei with respect to the antigen; n≥90. (D) Scheme of nuclear groove rotation in B cells seeded on antigen-coated dishes. (E) Visualization of nucleus rotation (Hoechst, blue) and MTOC (centrin-GFP) in B cells seeded on antigen-coated dishes (filmed every 2 min). (F, G) Representative confocal images and quantification of nuclear groove reorientation in B cells seeded on antigen-coated dishes for indicated times, orientation is indicated between 0-180°. Nuclei (Lamin B): green; lysosomes (LAMP1): magenta; yellow arrowheads: nuclear groove; n≥52 cells. (H) Scheme and quantification of the nuclear groove depth, measuring the height or distance between the point of the nuclear groove farthest from a line traced between the two nuclear lobe apices. All scale bars are 5 µm. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparisons tests (C, H) and unpaired t-tests (G). *p < 0.05, **p < 0.01, ****p < 0.0001.





Measurement of the Nuclear Groove Depth

For each cell, the height (depth) of the nuclear groove was measured using Hoechst-stained images, which were segmented into stacks using a custom FIJI script with user-defined points and line segments. The height (h) of the nuclear groove was measured as the distance between the point of the nuclear groove farthest from a line traced between the two nuclear lobe apices. Values were normalized with respect to the cell diameter which was estimated with a straight line segment drawn across the cell.



MTOC and LAMP Polarity Indexes

These were determined as previously described (37). Briefly, we manually selected the location of the MTOC, delimited the cell and obtained the center of mass of the cell, (Cellmc) and the bead (Beadmc). The position of the MTOC was projected on the vector defined by Cellmc and Beadmc axis (Pj-mtoc). The MTOC polarity index was calculated by dividing the distance between Cellmc and Pmtoc and the distance between Cellmc and Beadmc. The index ranged from -1 (anti-polarized) to +1 (fully polarized). LAMP polarity index was calculated using the center of mass of the LAMP1 staining and proceeding as described for MTOC polarity index. Lysosomes at the Immune synapse in the bead model (lysosome rings), were quantified by measuring the LAMP1 fluorescence intensity in the circular area closely surrounding the bead (3.5 μm) and normalized by total LAMP1 fluorescence intensity.



Measurement of Nuclear or Actin Volume

Confocal image stacks were first filtered by FIJI using the Trainable Weka Segmentation plugin (38), to enhance membrane signals. Next, 2D threshold filters were applied within SCIAN-Soft in order to produce binary images of the nuclear/actin fluorescent signal as regions of interest (ROIs). Actin surrounding the nucleus was measured by defining nuclear and actin ROIs using a logical filter to obtain the intersection between the actin ROIs and the nucleus ROI. In each case (nucleus, actin, and nuclear-actin), adjacent ROIs along the z axis were connected to define 3D ROIs, and their volume was quantified by voxel counting.



Measurement of Nuclear Groove Area in Primary B Cells

Nuclear groove area was calculated in primary B cells by manually delineating the principal groove at its maximum size (from staining with Lamin B).



Overlapping Fraction of Actin With Nuclear Lamin B

2-dimensional intersections were computed with a FIJI script for all z-slices with the following steps: i) segmented images of Lamin B were obtained with a random forest classification model, trained within FIJI with the Weka plug-in [Ref. Weka (36)], and segmented Lamin B images were eroded in 1 pixel to refine boundaries; ii) intersection of actin and Lamin B segmented signals was computed, a 2-pixel distance tolerance (~146 nm) was set to account for the possible light diffraction effects in the microscope setup, and a dilation of 2 pixels was applied to the actin channel; iii) finally, pixel counting was used to quantify the ratio of intersection/total signal size (the volume of Lamin B-actin intersection divided by total volume of Lamin B).



Measurement of Complete Nuclear Groove Rotation

B cells were activated on antigen-coated dishes, then images were resliced (FIJI program) and the rotation of the nucleus was measured by taking the angle resulting from the baseline between the two main lobes and the immune synapse plane (Figure 3D). This analysis was performed using the FIJI program Analyze angles.



Radial Distribution of Lysosomes or the BCR Within Z Sections

values were calculated by measuring their mean fluorescence intensity (MFI) in the cell at each z-slice (0.2 µm) from the Immune synapse (defined by the contact area on antigen coated dishes) for a total of 10 z-slices. For normalization, MFI values were divided by the total fluorescence and multiplied by 100.



Segmentation and Position of Lysosome Clusters Relative to the Nucleus at the Synaptic Plane

Using a custom-made FIJI macro, the position of largest LAMP1+ lysosome cluster was calculated with respect to the nucleus (stained with Hoechst), where two sections were defined: 1) inside the perinuclear region and 2) outside of the perinuclear region. Lysosome clusters partially positioned within perinuclear region were considering as being inside.



Distribution of Exo70

The xy radial distribution of exo70 in resting and activated B cells was calculated with the “Radial Profile” FIJI plugin available at https://imagej.nih.gov/ij/plugins/radial-profile.html. By setting a reference point for the MTOC, the MFI was calculated and plotted for circular regions for a growing radius, from 0 to 2 µm.




Statistical Analysis

Statistical analysis was performed with GraphPad Prism v9 (GraphPad Software; San Diego, CA). Shapiro-Wilk test was used to contrast the normality of the data set and the analytical test was used accordingly (parametric or nonparametric). P values were calculated using different tests, as indicated in figure legends.




Results


B Cells Change Their Nuclear Morphology and Reorient Their Nuclear Groove Toward the Immune Synapse

We first evaluated whether B cells change their nuclear morphology upon activation by immobilized antigens. To this end, we labeled the nuclear lamina of B cells under resting or activation conditions, using anti-Lamin-B, which detects only the Lamin expressed in these cells (39). We also labeled microtubules (α-tubulin) and actin (phalloidin) and performed 2D and 3D reconstructions (Figures S1A, B). Resting B cells displayed a lobular nucleus (3-4 lobes). The MTOC was closely associated with the nucleus, inside the main nuclear groove or within a principal intra-lobular space, similar to recent studies in hematopoietic cells (40) (Figure S1A). In resting cells, the nucleus occupied 70% of total cell volume (Figure S1C). We next evaluated nuclear morphology under activation conditions by incubating B cells with 3-μm beads coated with antigen, mimicking formation of an immune synapse (13). Upon activation (30-60 min), B cells re-positioned their nuclear groove towards the antigen (Figures 1A–C), and this process was coupled to MTOC polarization (Figures S1D, E). At later time points, we found that the antigen-coated bead became accommodated within the main nuclear groove near the MTOC, suggesting that B cells adapt their nuclear position and morphology to create a space to bring the MTOC closer to the synaptic interface. To confirm that this process was associated to BCR engagement, we examined the effect of WGA-coated beads, an irrelevant ligand that interacts with cell surface glycans. Indeed, B cells interacting with WGA-coated beads did not trigger reorientation of the nuclear groove or repositioning of the MTOC toward the synapse (Figure S1F).

To further characterize changes in nuclear shape following nuclear reorientation, we used another experimental setup where the antigen was fixed to coverslips, which allowed us to evaluate nuclear movement or rotation toward the antigen contact site (Figure 1D). To monitor dynamic changes in nuclear morphology and MTOC polarization simultaneously during B cell activation, we performed live imaging of centrin-GFP-expressing B cells labeled with Hoechst and filmed the cells every 2 min using epifluorescence microscopy. We observed that, as the MTOC became positioned towards the synaptic membrane, the nucleus rotated and changed its morphology (Figure 1E). Considering that MTOC polarization to the immune synapse guides the recruitment of lysosomes to this region for antigen extraction, we characterized changes in nuclear morphology together with lysosome positioning. B cells were seeded onto antigen-coated dishes for various time points, and we fixed and labeled for nucleus (Lamin B) and lysosomes (LAMP1). Notably, we observed that after 30 min, the nuclear groove was fully reoriented towards the central region of the immune synapse (Figures 1F, G), where lysosomes progressively accumulated. We further characterized changes in nuclear morphology, quantifying the depth (height) of the nuclear groove, defined as the distance between the point of the nuclear groove farthest from a line traced between the two nuclear lobe apices. Our analysis shows that B cells activated on antigen-coated surfaces decreased the depth of their nuclear groove facing the immune synapse (Figure 1H) revealing that this perinuclear region becomes closely located to the synaptic membrane. Interestingly, B cells interacting with multiple antigen-coated beads displayed larger nuclear grooves, suggesting that they open the groove according to amount of immobilized antigen (Figure S1G). These results reveal that the nuclear morphology of B cells changes throughout the various stages of activation and shows that lysosomes are accommodated in the central region between the nucleus and synaptic membrane inside the nuclear groove. Thus, B cell engagement with immobilized antigens triggers changes in nuclear morphology and reorientation of the nuclear groove toward the center of the immune synapse.



Cytoskeleton-Dependent Nuclear Reorientation to the B Cell Immune Synapse

Nuclear morphology is known to be controlled by both actin and microtubules (41–46). We verified association of these structures with the B cell nucleus. To characterize the connection between actin and nucleus, resting or activated B cells were labeled with Lamin B, actin (phalloidin), and microtubules (α-tubulin). We observed that under resting conditions, the actin cytoskeleton and microtubules were strongly associated with the nucleus. Inside the main nuclear groove, nascent microtubules emerging from the MTOC closely surrounded each nuclear lobe (Figure 2A). We could also visualize the actin pool surrounding the MTOC, which was enriched inside the nuclear groove. Interestingly, actin and microtubules were associated with nuclear groove borders and were enriched in lobe vertices and curvatures as well as on top of the nucleus. These structures, therefore, may be involved in regulating nuclear positioning. Importantly, studies in primary B cells with cellular and nuclear diameters of 6.5 μm and 5.36 μm, respectively (Figures 2B, C), revealed smaller nuclear grooves (0.4 μm2 area) (Figure 2D) and behavior similar to that of the B cell line. These cells also reoriented their nuclear groove (Figures 2E, F) and adjusted the size of the groove according to the amount of antigen present (Figures 2E–G).




Figure 2 | Nuclear shape is regulated by cytoskeleton stability. (A) Confocal images showing actin cytoskeleton (phalloidin, red) and microtubules (α-tubulin, magenta) strongly associated with the nucleus (Lamin B, green) in resting B cells. Arrowheads: nuclear groove; lobes: yellow; connection between cytoskeleton and nucleus: white. Scale bar 5 µm. (B) Representative confocal images of resting mouse primary B cells; stain colors/arrowheads as indicated as in (A). Primary B cells with a nucleus that occupies almost the entire area of the cell. (C) Diameter of primary B cells and their nuclei and (D) nuclear groove area. (E) Representative confocal images of primary B cells incubated with antigen-coated beads for 60 min. White circles indicate bead position. Arrowheads: nuclear groove. (F) Nuclear orientation, measured as the angle of the nuclear groove. n>55, unpaired t-tests; ****p < 0.0001. (G) Nuclear groove area upon activation. n>55, Mann-Whitney test; ****p < 0.0001; from three independent experiments.



We further assessed the role of the cytoskeleton in nuclear morphology by evaluating the effects of drugs that perturb microtubules (Nocodazole, Taxol) or actin (Latrunculin A). Nuclear morphology was evaluated in resting B cells incubated with each drug for 30 min and labeled for Lamin B. 3D reconstructions of these cells revealed that all drugs decreased the total nuclear volume (Figure S2A), indicating that nuclear morphology in B cells is tightly coupled to cytoskeleton networks, as observed in other cell types. We next analyzed nuclear rotation and MTOC polarization in the presence of these drugs under activating conditions and also evaluated the effect of SAHA (increases microtubules acetylation), Blebbistatin (myosin II inhibitor), and Cytochalasin D, another actin depolymerizing drug. Drugs were added 10 min after activation. Our results show that the orientation of the nuclear groove and the MTOC towards the immune synapse were significantly impaired when microtubules or actin cytoskeleton were perturbed (Figures S2B–D). These results confirm a strong association between nuclear groove reorientation and MTOC positioning upon antigen activation. Importantly, no effects on MTOC and nucleus reorientation were observed upon treatment with Blebbistatin, indicating that these processes did not rely on myosin II activity.

Given that actin and microtubules regulate nuclear morphology and orientation in B cells, we next studied associations between cytoskeleton and the nucleus asked whether they were regulated during activation. To this end, we assessed changes in the composition of perinuclear-associated proteins in resting and activated B cells by isolating and examining the composition of nuclear, perinuclear, and cytoplasmic fractions from resting and activated B cells (Figures S3A, B). We focused on the perinuclear fraction, which contains proteins bound directly or indirectly to the inner or outer nuclear membrane (34). Analysis and quantification of cytoskeletal components in perinuclear fractions revealed that actin decreased after 30 min of the activation and later recovered to original levels (Figures S3C, D). This result is consistent with a previous report showing that B cells deplete actin from the perinuclear region in order to promote MTOC repositioning to the immune synapse (17, 37). Perinuclear α-tubulin and γ-tubulin levels decreased markedly upon activation. This effect dissipated after 30 and 60 min of activation, and original levels were restored. These results suggest that, in resting B cells, microtubules are associated with the nucleus but become less coupled to this organelle as it rotates upon activation. In terms of the nucleoskeleton, Lamin B levels in the perinuclear fraction gradually decreased during activation, suggesting that Lamin B became less coupled to the nuclear membrane. Moreover, we found that nuclear membrane-associated proteins Nesprin-1, Sun-1, Sun-2 (46) levels in perinuclear fractions did not change over the activation time course (Figures S3C–E), indicating that their associations with the nucleus were stable, unlike those of actin, microtubules, and Lamin B, which showed dynamic phases of nuclear association and disassociations. Overall, our results show that the association between actin and microtubules with the nuclear envelope change upon B cell activation, promoting nuclear reorientation toward the immune synapse.



B Cells Depend on Conserved Nuclear-Cytoskeleton Proteins, Nesprin-1, and Sun-1 to Regulate Nuclear Morphology

Nesprin and Sun proteins regulate nuclear shape and positioning in various cell types and frequently form complexes in order to perform these effector functions (18, 47, 48). We thus evaluated whether such complexes could be formed during B cell activation. For this purpose, we performed immuno-precipitation assays with nuclear membrane proteins, which revealed that, under resting conditions, Nesprin-1 formed a complex with Sun-1 but not with Sun-2. Upon activation, Nesprin-1 and Sun-1 continued to interact and Nesprin-1 becoming associated with actin (Figure 3A). These results indicate that complexes formed by nuclear envelope proteins, Nesprin-1, and Sun-1 interact with actin and may regulate nuclear morphology in B cells, as observed in other cell types. To evaluate their role in regulating nuclear morphology during B cell activation, we silenced Nesprin-1 or Sun-1, achieving a 90% and 80% decrease in their expression levels, respectively (Figure S4A). Next, we performed 2D and 3D analyses of confocal images of resting B cells stained for the nucleus (Lamin B) and actin (Figure 3B). These analyses, determined by the intersection of actin and Lamin B segmented signals, revealed that the cortical actin cytoskeleton (red) of control cells covered the nucleus (green), forming a sphere, with 25% of the nucleus overlapping with perinuclear actin (Figure 3C). In contrast, Nesprin-1- or Sun-1-silenced B cells lost the spherical form of the cortical actin cytoskeleton and displayed ruffles that extended away from the nucleus. The proportion of perinuclear actin associated with the nucleus decreased to 8%, suggesting that Nesprin-1 and Sun-1 facilitate the connection between actin and nucleus in B cells (Figures 3B, C). Next, we evaluated whether Nesprin-1 and Sun-1 regulate nuclear rotation. To this end, B cells were seeded onto antigen-coated dishes, fixed and stained for lamin B and actin. Nuclear orientation was quantified by measuring the angle formed between the line traced between the two nuclear apices of the lobules and the synaptic plane, as indicated in the scheme shown in Figure 3D. This analysis revealed that Sun-1- and Nesprin-1-silenced B cells were unable to completely reorientate their nuclear groove to the immune synapse, forming larger angles between their nuclear lobules and the synaptic plane (Figures 3E, F).




Figure 3 | Nesprin-1 and Sun-1 regulate nuclear shape during B cell activation. (A) Nesprin-1 immunoprecipitation (IP) assay to detect LINC complex (Nesprin-Sun) formation in resting or activated B cells for indicated times; data represent three independent experiments. (B) Left: Representative confocal images of nuclear groove slice in control, Nesprin-1-, and Sun-1-silenced B cells under resting conditions. Scale bar: 10 μm. Right: 3D reconstruction images showing whole B cells (total volume of actin and Lamin B); and logical filter applied on actin signal, showing only actin surrounding the nucleus. (C) 3D measurement of the intersections between actin and Lamin B by segmented signals. Quantification of the ratio of intersection of Lamin B and the actin signal divided by the total lamin B signal; n≥48. (D-F) Measurement of nuclear groove rotation in Nesprin-1-, and Sun-1-deficient B cells. Controls and silenced cells were incubated on antigen-coated dishes for indicated times. Scheme depicting the method used to measure nuclear orientation towards the synaptic plane (D), representative confocal images (E), and quantification of complete nuclear lobes rotation (F) between 180° – 0°; n≥60 cells from two independent experiments. (G) Quantification of the nuclear groove depth (height) in control, Nesprin-1-, and Sun-1-silenced B cells under resting and activating conditions. n≥55. Lamin B: green; actin: red in all images. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparisons tests (C) and two-way ANOVA with Sidak’s multiple comparison tests (F, G); *p < 0.05, **p < 0.01, and ****p < 0.0001.



Additionally, we evaluated the role of Nesprin-1 and Sun-1 in regulating nuclear morphology, by measuring the nuclear groove depth in these cells under resting and activating conditions. As described above, upon activation with immobilized antigens, control cells decrease the depth of their nuclear groove facing the immune synapse. In contrast, Nesprin-1-silenced B cells the depth of their nuclear groove was higher in resting conditions, compared to control cells and did not change upon activation (Figure 3G). Taken together, these results show that Sun-1 and Nesprin-1 regulate nuclear morphology in resting B cells and upon interaction with immobilized antigens.



Nesprin-1 and Sun-1 Are Required for B Cells to Establish an Organized Immune Synapse

Given that Nesprin-1 and Sun-1 are required to maintain the connection between actin and nucleus in resting cells, we asked whether they also regulate actin reorganization at the immune synapse, where the nucleus becomes tightly repositioned. To this end, we measured actin levels at the center of the immune synapse where the nuclear groove sits. We also measured peripheral actin, which limits the area of the synaptic membrane (Figure 4A). Our results show that Nesprin-1- and Sun-1-silenced B cells display significant defects in actin reorganization at the immune synapse. Such defects include decreased actin levels at the center of the synapse (Figures 4B, C) and the formation of large peripheral lamellipodia, resulting in increased spreading areas compared to control cells (Figure 4D). Taken together, these results show that Sun-1 and Nesprin-1 regulate actin organization surrounding the nuclear as well as at the immune synapse.




Figure 4 | Nesprin-1 and Sun-1 regulate immune synapse organization. (A) Scheme depicting a mature immune synapse formed by B cells. Arrows indicate nuclear groove space and position of nuclear lobes at the center of the immune synapse. Right side: a confocal image of a B cell seeded on an antigen-coated dish for 30 min, fixed and stained for the nucleus (Hoechst, blue) and actin (phalloidin, red). Nuclear lobules are highlighted with a white line. (B–D) Representative confocal images of the actin signal at the immune synapse of B cells silenced for Nesprin-1 or Sun-1, labeled and activated as in A; quantification of central actin MFI (C) and peripheral actin, which was used to measure immune synapse area, n≥60 (D). (E, F) Confocal images of B cells activated as in A and schemes showing nuclear and lysosome positioning at synaptic center. (E) Upper panel shows cells stained for actin (red) and nucleus (Hoechst in blue, delineated with a white segmented line). Schemes below indicate, the center of mass of the immune synapse (black dot) and the nucleus center of mass (orange dot). Quantification of distance between the nucleus and immune synapse mass center (MC); n>60. (F) Upper panel shows cells stained as in E and stained for lysosomes (LAMP1, green). Schemes below indicate, lysosome positioning respect to the nucleus and the immune synapse. Quantification of lysosome cluster located outside or inside of the perinuclear region, n>60. All scale bars 5 µm. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparisons tests; *p < 0.05, ****p < 0.0001.



Having shown that Nesprin-1 and Sun-1 are required to maintain connection between actin and nucleus and regulate actin at the immune synapse, we next evaluated their role in synapse organization. To this end, control or Sun-1/Nesprin-1-silenced B cells were activated on antigen-coated dishes. The distribution of the BCR, lysosomes, and nucleus was evaluated in terms of their localization with respect to the immune synapse (z sections) as well their position within this region (central or peripheral). Regarding the BCR, control cells almost completely internalized the BCR from the cell surface after 15 min of ligand stimulation, revealed by staining of the receptor in non-permeabilized conditions. In contrast, Nesprin-1- and Sun-1-silenced cells displayed approximately 50% of this receptor at the cell surface after ligand stimulation, suggesting that they present defects in BCR internalization (Figures S5A–C).

Analysis of the nucleus revealed that control cells positioned this organelle at the center of the immune synapse, whereas in Nesprin-1 and Sun-1-silenced cells it was displaced from the synaptic center (Figure 4E). Similar defects were observed in lysosome positioning, where lysosomes were polarized to the immune synapse in both cell types (Figure S5D) but did not accumulate within the perinuclear space at the center of the immune synapse in Nesprin-1 and Sun-1-silenced (Figure 4F). These observations suggest that correct nuclear positioning is closely coupled to the proper localization of lysosomes.

Overall, silencing nuclear envelope proteins alters the distribution of actin, BCR, and the MTOC as well as lysosome recruitment towards the center of the immune synapse, highlighting a functional link between the regulation of nuclear morphology and immune synapse organization.



Nesprin-1 and Sun-1 Facilitate Antigen Extraction by Regulating Exo70 Positioning at the Immune Synapse

Having shown that Nesprin-1 and Sun-1 regulate immune synapse organization, we next assessed their role in regulating antigen extraction capacity by measuring the amount of antigen (OVA) remaining on beads in contact with activated B cells. Indeed, Nesprin-1- and Sun-1-silenced B cells extracted less antigen compared to control cells (Figures 5A, B). To evaluate whether the cause of defective antigen extraction is a consequence of mispositioned lysosomes at the synaptic interface, we measured MTOC and lysosome polarization toward the antigen in control, Nesprin-1-, and Sun-1-silenced B activated using antigen-coated beads. Our results confirm that Nesprin-1- and Sun-1-silenced B cells did not display significant defects in MTOC (Figures S6A, B) or lysosome polarization (Figures S6C, D), suggesting that the movement of lysosomes toward the immune synapse was not affected. However, upon activation, we detected that these cells formed less lysosome LAMP1+ rings that typically surround the activating beads (Figure 5C). As described above, lysosome did not accumulate at the center of the immune synapse in Nesprin-1 or Sun-1-silenced B cells, together these results suggest that docking and secretion at the synaptic interface was impaired, thereby explaining their lower antigen extraction capacity.




Figure 5 | Antigen extraction relies on Nesprin-1 and Sun-1. (A) Epifluorescence images of control or Nesprin-1- and Sun-1-silenced B cells incubated with antigen-coated beads for 0 or 120 min. Cells were stained against OVA (Green), actin (red), and LAMP1 (magenta). White circles indicate bead position. Scale bar 5 μm. (B) Percentage of OVA remaining on antigen-coated beads; n=80, **p = 0.001; ***p = 0.0006; ****p < 0.0001. Means with SEM lines shown. (C) Measurement of LAMP1+ rings surrounding antigen-coated beads; n=80; *p=0.05. (D, E) Confocal images of silenced B cells (as in A) under resting conditions, showing Exo70 (green) with: upper panel, microtubules/MTOC (α-Tub, magenta); and lower panel, actin (red) and nucleus (Hoechst, blue). Quantification of Exo70 distribution (radial profile) from the MTOC. n>30. (F, G) Confocal images of silenced B cells (as in A) activated on antigen-coated dishes for 30 min. Exo70 (green), actin (red) and nucleus (Hoechst, blue). Quantification of Exo70 concentration in central region of immune synapse; n=40, *p < 0.05, **p < 0.01. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparisons tests (B, C, G), mixed-effects analyses, and Dunnett’s multiple comparisons tests (E).



To obtain mechanistic insights underlying the altered positioning of lysosomes at the immune synapse in Nesprin-1 or Sun-1-silenced B cells, we focused on Exo70, a subunit of the exocyst complex associated with the MTOC that is repositioned to the B cell immune synapse, where it is required for tethering of lysosomes to the center of the synaptic membrane (15, 49, 50). To evaluate whether Nesprin-1- or Sun-1-silenced B cells had defects in mobilizing Exo70 to the synaptic membrane, we evaluated its localization under resting and activation conditions in these cells. Using imaging analysis, we observed that Nesprin-1- and Sun-1-silenced B cells had lower levels of Exo70 associated with the MTOC under resting conditions (Figures 5D, E). Upon activation, Exo70 was distributed in a more dispersed fashion throughout the synaptic membrane compared to control cells, where it concentrated at center (Figures 5F, G). These results suggest that Nesprin-1 and Sun-1 regulate the association of Exo70 with the MTOC and its further localization to the center of the immune synapse. Thus, the altered distribution of Exo70 in Nesprin-1- and Sun-1-silenced cells could explain why lysosomes fail to accumulate at the center of the synapse in these cells, thereby leading to impaired antigen extraction.

Collectively, our results provide evidence that Nesprin-1 and Sun-1 regulate nuclear morphology and orientation towards the immune synapse of activated B cells. The connection between these nuclear envelope proteins, mainly though the actin cytoskeleton, is required to orchestrate BCR internalization and promote precise lysosome-Exo70 recruitment for efficient antigen extraction.




Discussion

We here show that B cells adjust their nuclear morphology upon interaction with immobilized antigens. Such changes involve the reorientation of the nuclear groove towards the antigen contact site (immune synapse) and changes in nuclear groove size, which rely mainly on interactions between nuclear envelope proteins, Nesprin-1 and Sun-1 (part of the LINC complex), and the actin cytoskeleton. Indeed, actin remodeling around the MTOC, at the perinuclear region, has been previously described to occur in B cells, where BCR engagement triggers actin depletion from MTOC in a proteasome-dependent manner, thereby enabling MTOC repositioning from the perinuclear region to the synaptic membrane (37). In this report, we reveal another level of regulation showing that the LINC complex connects the nucleus to actin in order to orientate and regulate the size of the nuclear groove facing the antigen at the immune synapse. In migrating fibroblasts, movement of the nucleus away from the leading edge, enables MTOC reorientation to the migrating front. Nuclear movement is associated with actin retrograde flow, a process regulated by Cdc42 (51). Of note, Cdc42 is activated upon BCR antigen engagement, and regulates actomyosin contractions leading to MTOC, and lysosome polarization to the immune synapse (13). Thus, Cdc42 emerges as a key candidate that could regulate nuclear morphology in B cells and shall now be evaluated.

The main role of MTOC polarization in B cells is to drive lysosome recruitment and exocytosis at the immune synapse to facilitate efficient antigen extraction, a crucial step for their activation (13, 14). In this study, the higher levels of γ-Tubulin detected in perinuclear fractions under resting conditions and after longer activation times most likely reflect the tight association between the MTOC and nuclear membrane before antigen recognition, when the nucleus is fully reoriented to the immune synapse. We propose that this process is also regulated by nuclear orientation and morphology, where the nuclear groove becomes strategically positioned at the center of the synapse to enable accumulation of lysosomes at the synaptic membrane.

What are the molecular links between nuclear positioning and lysosome trafficking? We recently showed that Exo70, a component of the exocyst complex, associates with the MTOC and is recruited to the synaptic membrane of B cells to promote lysosome tethering (15). Interestingly, Exo70 has been described to interact with the lysosome-related organelle complex-1 (BLOC-1), which promotes Exo70 trafficking from the perinuclear region to the periphery of fibroblasts. BLOC-1 also interacts with dysbindin and pallidin, which are involved in nuclear positioning (52). Dysbindin- and pallidin-knockout mice showed aberrant nuclear positioning in kidney tubule cells, resulting in loss of cell polarization (53). In B cells, silencing Nesprin-1 and Sun-1 decreased the association of Exo70 with the MTOC, which displayed a more dispersed distribution throughout the synaptic membrane. Thus, LINC complex proteins influence the distribution of proteins involved in lysosome positioning and tethering at the plasma membrane. Whether Exo70 interacts with nuclear membrane proteins such as the LINC complex to regulate its positioning remains to be addressed.

Interestingly, Nesprin-1- and Sun-1-silenced B cells displayed higher levels of surface BCRs after early time points of activation with immobilized antigens, suggesting receptor internalization was defective in these cells. However, we cannot exclude that enhanced translocation of the BCR to the surface can explain these results. Nevertheless, under resting conditions both control and Nesprin-1-/Sun-1-silenced B cells have similar BCR levels at the cell surface, indicating that these cells do not display major differences in BCR trafficking at steady state. Additionally, considering that upon ligand engagement, the BCR is internalized to lysosome compartments and does not recycle (54), we favor the conclusion that that Nesprin-1- and Sun-1-silenced B cells display defects in BCR internalization upon engagement with immobilized antigens.

How do perturbations in nuclear envelope proteins, which result in nuclear mispositioning, affect the trafficking of a cell surface receptor? One possibility is that Nesprin-1 and Sun-1 affect cortical actin organization, as shown here, which could compromise recruitment of clathrin (55) and actin binding proteins, such as Abp1, known to regulate BCR endocytosis (56), or modulate clustering of receptors coupled to this internalization (57). The mechanism by which the nuclear envelope regulates cortical actin cytoskeleton organization and associated proteins involved in BCR trafficking remains to be addressed.

What other cues, in addition to BCR ligands, can modify nuclear morphology in B cells? Mechanical or physical forces that regulate intrinsic nuclear plasticity and morphology have been described in other cell types. We noticed that the morphology of the plasma membrane frequently followed the form of the nucleus, which was more evident in primary B cells. Thus, mechanosensing at the level of the synaptic membrane could be directly transmitted to the nucleus. Studies in fibroblasts suggest that Lamins A and C control the local mechanical stiffness within certain regions of the nuclear membrane, while Lamin B, in turn, mainly contributes to nuclear integrity (58). Most cells express both Lamin A and B, and silencing of Lamin A leads to irregular or deformed nuclei (59, 60). Interestingly, B cells only express Lamin B (39), suggesting that their nuclei could be less rigid. In fact, we observed that, depending on the area of the antigen-presenting surface, B cells expand their nuclear area, reflecting their high plasticity. This property would allow B cells to efficiently accommodate their cytoplasm to coordinate lysosome trafficking for antigen extraction and processing. In addition, nuclear plasticity could also regulate B cell motility inside the lymph node during the search for antigens. Indeed, a functional connection and coordination between the nucleus and MTOC has been revealed in dendritic cells during antigen exploration. Migrating dendritic cells position their nucleus at the leading edge, which acts as a sensor to find the path of less resistance, whereas the MTOC defines directionality (61). Whether B cells employ a similar strategy when searching for antigens remains unknown. We did not observe any significant impairment in MTOC polarization to the B cell immune synapse silenced for Nesprin-1 or Sun-1. However, given that in physiological environments, B cells are frequently activated by antigens associated with softer substrates, it would be interesting to evaluate MTOC polarization in the absence of LINC complex components under such conditions.

Overall, this work highlights the ways in which the nucleus modifies its orientation and morphology in response to interaction with antigen-coated surfaces. Nuclear conformation adapts to the antigen contact site to define a central region, juxtaposed with the nuclear groove and limited by the nuclear lobes. In this small cell, this configuration facilitates convergence of organelles specialized in antigen extraction and processing (Figure 6). Thus, nuclear envelope proteins, such as Nesprin-1 and Sun-1, accommodate the intracellular architecture of B cells to control immune synapse structure and function.




Figure 6 | Model of immune synapse organization controlled by nuclear envelope proteins Nesprin-1 and Sun-1. Upon activation, the immune synapse formed by a B cell and antigen-presenting cell is well organized. The MTOC, Exo70, and lysosomes are recruited to the center of the immune synapse, where antigen-BCR complexes are clustered and internalized. This region is formed by the positioning of the nuclear groove, which orchestrates cytoskeleton remodeling and membrane trafficking. In Nesprin-1- and Sun-1-silenced B cells, connections between actin and the nucleus are lost; the nuclear groove fails to orient towards the antigen contact site, leading to a disorganized immune synapse. This disorganized synapse is characterized by diminished BCR clustering at the center of the synapse and defective Exo70 recruitment, impairing local tethering of lysosomes required to efficiently extract and process immobilized antigens. Further studies are required to elucidate how physical changes in the shape of the nucleus impact immune synapse organization.
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Supplementary Figure 1 | (A) Representative confocal images of a resting B cell showing various Z-slices and 3D reconstructions used to evaluate cytoskeleton-associated nuclear morphology. Cells were fixed and stained for nucleus (Lamin B, green), actin (phalloidin, red), and microtubules (α-tubulin, magenta); yellow arrowheads indicate nuclear groove. (B) 3D reconstructions of images, showing B cell actin cortex, nucleus, and nuclear groove, (C) cell, nuclear, and cytoplasmic volumes; nucleus/cell volume; and nuclear groove volume. (D) Centrosome polarity index with respect to immune synapse; n≥45 cells from three independent experiments. (E) Correlation between nuclear groove and MTOC orientation by comparison of angles with respect to immune synapse. (F) Representative confocal images of B cells incubated with WGA-coated beads. Quantification of nuclear reorientation and centrosome polarity toward the beads (Percentage of cells with polarized, central, or non-polarized nuclei with respect to the antigen and Centrosome polarity index with respect to immune synapse), n ≥50 (G) Confocal images (left) and quantification (right) of increased nuclear groove area observed in B cells interacting with multiple activating beads; stained as described in (A); n=40. All scale bars 5 µm. Statistical analyses: unpaired t-tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Supplementary Figure 2 | (A) Resting cells were treated with cytoskeleton-disrupting drugs Nocodazole (Noco), Taxol, and Latrunculin A (LatA) for 30 min. Upper panel: 3D representative confocal images of cells stained for nucleus (Lamin B, green); lower panels: digitalization of each image and respective quantifications; n≥40. (B) Confocal images showing immune synapse plane of B cells incubated for 60 min with antigen-coated beads. After 10 min of activation, cells were treated with cytoskeleton-disrupting drugs as described in A or Cytochalasin D (CytD), SAHA or Blebbistatin (Bleb). White circles indicate bead position. (C) Percentage of cells with nuclear orientation towards immune synapse. n≥60 cells. (D) Percentage of cells with MTOCs oriented towards immune synapse; n≥90; three independent experiments. Statistical analyses: Kruskal-Wallis with Dunn’s multiple comparisons tests (A, C, D) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Supplementary Figure 3 | Analysis of cytoplasmic (Cyt.), perinuclear (Peri.), and nuclear (Nuc.) fractions purified from B cells. (A, B) Western blot of markers for each subcellular fraction: αTub, GAPDH, and actin as cytoplasmic markers; Nesprin-1 and Lamin B as perinuclear markers; and histone-3 (H3) as a nuclear marker. Resting (A) and activated (B) B cells. (C) Representative western blot of proteins in perinuclear fractions purified from B cells activated at different time points, as in (B), did not contain histone-3 (H3). (D, E) Quantification of perinuclear fractions levels indicated in (C). (D) LINC complex (Nesprin-1, Sun-1, Sun-2) and (E) cytoskeleton proteins (αTub, γTub, actin). Three independent experiments.

Supplementary Figure 4 | Left: Nesprin-1 or Sun-1 protein and GAPDH levels from control or Nesprin-1 and Sun-1-silenced cells, detected by Western blot. Right: Nesprin-1 and Sun-1 levels normalized to GAPDH levels. n=4 independent experiments. Statistical analyses: ANOVA followed by Sidak’s multiple comparison tests. ****p<0.0001.

Supplementary Figure 5 | (A) Confocal images of control, Nesprin-1- and Sun-1-silenced B cells activated on antigen-coated dishes for 15, 30, and 60 min. BCR (grey), actin (red), and Lamin B (green). Scale bar 5 µm. (B) BCR fluorescence intensity at the immune synapse (0-0.2 μm) and intracellular localization (0.4-2 μm) at each z plane. Mixed-effects analysis and Dunnett’s multiple comparisons test. n>30. * and # indicate statistical differences between control and Nesprin-1- or Sun-1-silenced cells, respectively. */# p<0.05, **/##p<0.01, ***/###p<0.001, ****/####p<0.0001. Mean and 95% CI line are shown. (C) Quantification of BCR remaining on the cell surface. Control and Nesprin-1- and Sun-1-silenced B cells (resting or activated for 15 min) were incubated with anti-mouse Alexa-647 to label the BCR in non-permeabilized conditions. Average levels measured from Control cells was considered as 100% for comparison rates. n≥60. (C) Lysosome fluorescence intensity at the immune synapse (0-0.2 μm) and intracellular localization (0.4-2 μm) according to Z distance. Cells were activated on antigen-coated dishes for 30 and 60 min. Mixed-effects analyses and Dunnett’s multiple comparisons tests confirmed no significant differences (ns).

Supplementary Figure 6 | (A, B) Representative images of microtubules (α-tubulin, magenta) and centrosome polarity indexes for control and Nesprin-1- and Sun-1-silenced B cells, activated with antigen-coated beads at indicated times; n≥70. (C) Representative confocal images of silenced B cells activated as in (A). Nucleus (Lamin B, green), actin (phalloidin, red), and lysosomes (LAMP1, magenta). Scale bar 5 µm. (D) Lysosome polarity index; n≥80. Mann-Whitney test showed no significant differences (ns) in (B) and (D). Statistical analyses: Kruskal-Wallis with Dunn’s tests; n≥40 cells from two independent experiments. *p<0.05, **p<0.01. White circles indicate bead position.



References

1. Carrasco, YR, and Batista, FD. B Cells Acquire Particulate Antigen in a Macrophage-Rich Area at the Boundary Between the Follicle and the Subcapsular Sinus of the Lymph Node. Immunity (2007) 27:160–71. doi: 10.1016/j.immuni.2007.06.007

2. Junt, T, Moseman, EA, Iannacone, M, Massberg, S, Lang, PA, Boes, M, et al. Subcapsular Sinus Macrophages in Lymph Nodes Clear Lymph-Borne Viruses and Present Them to Antiviral B Cells. Nature (2007) 450:110–4. doi: 10.1038/nature06287

3. del Valle Batalla, F, Lennon-Dumenil, AM, and Yuseff, MI. Tuning B Cell Responses to Antigens by Cell Polarity and Membrane Trafficking. Mol Immunol (2018) 101:140–5. doi: 10.1016/j.molimm.2018.06.013

4. Seda, V, and Mraz, M. B-Cell Receptor Signalling and Its Crosstalk With Other Pathways in Normal and Malignant Cells. Eur J Haematol (2015) 94:193–205. doi: 10.1111/ejh.12427

5. Obino, D, Diaz, J, Sáez, JJ, Ibañez-Vega, J, Sáez, PJ, Alamo, M, et al. Vamp-7–Dependent Secretion at the Immune Synapse Regulates Antigen Extraction and Presentation in B-Lymphocytes. Mol Biol Cell (2017) 28:890–7. doi: 10.1091/mbc.E16-10-0722

6. Yuseff, M-I, Pierobon, P, Reversat, A, and Lennon-Duménil, A-M. How B Cells Capture, Process and Present Antigens: A Crucial Role for Cell Polarity. Nat Rev Immunol (2013) 13:475–86. doi: 10.1038/nri3469

7. Le Roux, D, Lankar, D, Yuseff, MI, Vascotto, F, Yokozeki, T, Faure-André, G, et al. Syk-Dependent Actin Dynamics Regulate Endocytic Trafficking and Processing of Antigens Internalized Through the B-Cell Receptor. Mol Biol Cell (2007) 18:3451–62. doi: 10.1091/MBC.E06-12-1114

8. Harwood, NE, and Batista, FD. The Cytoskeleton Coordinates the Early Events of B-Cell Activation. Cold Spring Harb Perspect Biol (2011) 3:1–15. doi: 10.1101/cshperspect.a002360

9. Fleire, SJ, Goldman, JP, Carrasco, YR, Weber, M, Bray, D, and Batista, FD. B Cell Ligand Discrimination Through a Spreading and Contraction Response. Sci (80- ) (2006) 312:738–41. doi: 10.1126/science.1123940

10. Schnyder, T, Castello, A, Feest, C, Harwood, NE, Oellerich, T, Urlaub, H, et al. B Cell Receptor-Mediated Antigen Gathering Requires Ubiquitin Ligase Cbl and Adaptors Grb2 and Dok-3 to Recruit Dynein to the Signaling Microcluster. Immunity (2011) 34:905–18. doi: 10.1016/j.immuni.2011.06.001

11. Natkanski, E, Lee, WY, Mistry, B, Casal, A, Molloy, JE, and Tolar, P. B Cells Use Mechanical Energy to Discriminate Antigen Affinities. Sci (80- ) (2013) 340(6140):1587–90. doi: 10.1126/science.1237572

12. Vascotto, F, Lankar, D, Faure-André, G, Vargas, P, Diaz, J, Le Roux, D, et al. The Actin-Based Motor Protein Myosin II Regulates MHC Class II Trafficking and BCR-Driven Antigen Presentation. J Cell Biol (2007) 176:1007–19. doi: 10.1083/jcb.200611147

13. Yuseff, MI, Reversat, A, Lankar, D, Diaz, J, Fanget, I, Pierobon, P, et al. Polarized Secretion of Lysosomes at the B Cell Synapse Couples Antigen Extraction to Processing and Presentation. Immunity (2011) 35:361–74. doi: 10.1016/j.immuni.2011.07.008

14. Reversat, A, Yuseff, M-I, Lankar, D, Malbec, O, Obino, D, Maurin, M, et al. Polarity Protein Par3 Controls B-Cell Receptor Dynamics and Antigen Extraction at the Immune Synapse. Mol Biol Cell (2015) 26:1273–85. doi: 10.1091/mbc.E14-09-1373

15. Sáez, JJ, Diaz, J, Ibañez, J, Bozo, JP, Reyes, FC, Alamo, M, et al. The Exocyst Controls Lysosome Secretion and Antigen Extraction at the Immune Synapse of B Cells. J Cell Biol (2019) 218:2247–64. doi: 10.1083/jcb.201811131

16. Lebien, TW, and Tedder, TF. B Lymphocytes: How They Develop and Function. Blood (2008) 112:1570–80. doi: 10.1182/blood-2008-02-078071

17. Obino, D, Farina, F, Malbec, O, Sáez, PJ, Maurin, M, Gaillard, J, et al. Actin Nucleation at the Centrosome Controls Lymphocyte Polarity. Nat Commun (2016) 7:10969. doi: 10.1038/ncomms10969

18. Duong, NT, Morris, GE, Lam, LT, Zhang, Q, Sewry, CA, Shanahan, CM, et al. Nesprins: Tissue-Specific Expression of Epsilon and Other Short Isoforms. PloS One (2014) 9:e9438. doi: 10.1371/journal.pone.0094380

19. Zink, D, Fische, AH, and Nickerson, JA. Nuclear Structure in Cancer Cells. Nat Rev Cancer (2004) 4:677–87. doi: 10.1038/nrc1430

20. Roux, KJ, and Burke, B. Nuclear Envelope Defects in Muscular Dystrophy. Biochim Biophys Acta - Mol Basis Dis (2007) 1772:118–27. doi: 10.1016/j.bbadis.2006.06.001

21. de las Heras, JI, and Schirmer, EC. The Nuclear Envelope and Cancer: A Diagnostic Perspective and Historical Overview. In: Advances in Experimental Medicine and Biology. New York: Springer. p. 5–26. doi: 10.1007/978-1-4899-8032-8_1

22. Chen, B, Co, C, and Ho, CC. Cell Shape Dependent Regulation of Nuclear Morphology. Biomaterials (2015) 67:129–36. doi: 10.1016/j.biomaterials.2015.07.017

23. Lämmermann, T, Bader, BL, Monkley, SJ, Worbs, T, Wedlich-Söldner, R, Hirsch, K, et al. Rapid Leukocyte Migration by Integrin-Independent Flowing and Squeezing. Nature (2008) 453:51–5. doi: 10.1038/nature06887

24. Beadle, C, Assanah, MC, Monzo, P, Vallee, R, Rosenfeld, SS, and Canoll, P. The Role of Myosin II in Glioma Invasion of the Brain. Mol Biol Cell (2008) 19:3357–68. doi: 10.1091/mbc.E08-03-0319

25. Calero-Cuenca, FJ, Osorio, DS, Carvalho-Marques, S, Sridhara, SC, Oliveira, LM, Jiao, Y, et al. Ctdnep1 and Eps8L2 Regulate Dorsal Actin Cables for Nuclear Positioning During Cell Migration. Curr Biol (2021) 31:1521–30. doi: 10.1016/j.cub.2021.01.007

26. Hao, H, and Starr, DA. SUN/KASH Interactions Facilitate Force Transmission Across the Nuclear Envelope. Nucleus (2019) 10:73–80. doi: 10.1080/19491034.2019.1595313

27. Calero-Cuenca, FJ, Janota, CS, and Gomes, ER. Dealing With the Nucleus During Cell Migration. Curr Opin Cell Biol (2018) 50:35–41. doi: 10.1016/j.ceb.2018.01.014

28. Chang, W, Antoku, S, Östlund, C, Worman, HJ, and Gundersen, GG. Linker of Nucleoskeleton and Cytoskeleton (Linc) Complex-Mediated Actin-Dependent Nuclear Positioning Orients Centrosomes in Migrating Myoblasts. Nucleus (2015) 6:77–88. doi: 10.1080/19491034.2015.1004947

29. Crisp, M, Liu, Q, Roux, K, Rattner, JB, Shanahan, C, Burke, B, et al. Coupling of the Nucleus and Cytoplasm: Role of the LINC Complex. J Cell Biol (2006) 172:41–53. doi: 10.1083/jcb.200509124

30. Gomes, ER, Jani, S, and Gundersen, GG. Nuclear Movement Regulated by Cdc42, MRCK, Myosin, and Actin Flow Establishes MTOC Polarization in Migrating Cells. Cell (2005) 121:451–63. doi: 10.1016/j.cell.2005.02.022

31. Rocha-Perugini, V, and González-Granado, JM. Nuclear Envelope Lamin-A as a Coordinator of T Cell Activation. Nucleus (2014) 5:396–401. doi: 10.4161/nucl.36361

32. Lankar, D, Vincent-Schneider, H, Briken, V, Yokozeki, T, Raposo, G, and Bonnerot, C. Dynamics of Major Histocompatibility Complex Class II Compartments During B Cell Receptor-Mediated Cell Activation. J Exp Med (2002) 195:461–72. doi: 10.1084/jem.20011543

33. Chazotte, B. Labeling Membrane Glycoproteins or Glycolipids With Fluorescent Wheat Germ Agglutinin. Cold Spring Harb Protoc (2011) 2011:pdb-prot5623. doi: 10.1101/PDB.PROT5623

34. Shaiken, TE, and Opekun, AR. Dissecting the Cell to Nucleus, Perinucleus and Cytosol. Sci Rep (2014) 4:4923. doi: 10.1038/srep04923

35. Zhang, Q, Ragnauth, CD, Skepper, JN, Worth, NF, Warren, DT, Roberts, RG, et al. Nespirin-2 is a Multi-Isomeric Protein That Binds Lamin and Emerin at the Nuclear Envelope and Forms a Subcellular Network in Skeletal Muscle. J Cell Sci (2005) 118:673–87. doi: 10.1242/jcs.01642

36. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Methods (2012) 9:676–82. doi: 10.1038/nmeth.2019

37. Ibañez-Vega, J, Del Valle Batalla, F, Saez, JJ, Soza, A, and Yuseff, MI. Proteasome Dependent Actin Remodeling Facilitates Antigen Extraction at the Immune Synapse of B Cells. Front Immunol (2019) 10:225. doi: 10.3389/fimmu.2019.00225

38. Arganda-Carreras, I, Kaynig, V, Rueden, C, Eliceiri, KW, Schindelin, J, Cardona, A, et al. Trainable Weka Segmentation: A Machine Learning Tool for Microscopy Pixel Classification. Bioinformatics (2017) 33:2424–6. doi: 10.1093/bioinformatics/btx180

39. Jansen, MPHM, Machiels, BM, Hopman, AHN, Broers, JLV, Bot, FJ, Arends, JW, et al. Comparison of A and B-Type Lamin Expression in Reactive Lymph Nodes and Nodular Sclerosing Hodgkin’s Disease. Histopathology (1997) 31:304–12. doi: 10.1046/j.1365-2559.1997.2820881.x

40. Biedzinski, S, Agsu, G, Vianay, B, Delord, M, Blanchoin, L, Larghero, J, et al. Microtubules Control Nuclear Shape and Gene Expression During Early Stages of Hematopoietic Differentiation. EMBO J (2020) 39:e103957. doi: 10.15252/embj.2019103957

41. Gundersen, GG, and Worman, HJ. Nuclear Positioning. Cell (2013) 152:1376–89. doi: 10.1016/j.cell.2013.02.031

42. Wilson, MH, and Holzbaur, ELF. Opposing Microtubule Motors Drive Robust Nuclear Dynamics in Developing Muscle Cells. J Cell Sci (2012) 125:4158–69. doi: 10.1242/jcs.108688

43. Lele, TP, Dickinson, RB, and Gundersen, GG. Mechanical Principles of Nuclear Shaping and Positioning. J Cell Biol (2018) 217:3330–42. doi: 10.1083/JCB.201804052

44. Cadot, B, Gache, V, Vasyutina, E, Falcone, S, Birchmeier, C, and Gomes, ER. Nuclear Movement During Myotube Formation is Microtubule and Dynein Dependent and is Regulated by Cdc42, Par6 and Par3. EMBO Rep (2012) 13:741–9. doi: 10.1038/embor.2012.89

45. Roman, W, Martins, JP, Carvalho, FA, Voituriez, R, Abella, JVG, Santos, NC, et al. Myofibril Contraction and Crosslinking Drive Nuclear Movement to the Periphery of Skeletal Muscle. Nat Cell Biol (2017) 19:1189–201. doi: 10.1038/ncb3605

46. Starr, DA, and Fridolfsson, HN. Interactions Between Nuclei and the Cytoskeleton Are Mediated by SUN-KASH Nuclear-Envelope Bridges. Annu Rev Cell Dev Biol (2010) 26:421–44. doi: 10.1146/annurev-cellbio-100109-104037.Interactions

47. Lombardi, ML, Jaalouk, DE, Shanahan, CM, Burke, B, Roux, KJ, and Lammerding, J. The Interaction Between Nesprins and Sun Proteins at the Nuclear Envelope is Critical for Force Transmission Between the Nucleus and Cytoskeleton. J Biol Chem (2011) 286:26743–53. doi: 10.1074/jbc.M111.233700

48. Méjat, A, and Misteli, T. LINC Complexes in Health and Disease. Nucleus (2010) 1:40–52. doi: 10.4161/nucl.1.1.10530

49. Hertzog, M, Monteiro, P, Le Dez, G, and Chavrier, P. Exo70 Subunit of the Exocyst Complex Is Involved in Adhesion-Dependent Trafficking of Caveolin-1. PloS One (2012) 7:e52627. doi: 10.1371/journal.pone.0052627

50. Zhu, Y, Wu, B, and Guo, W. The Role of Exo70 in Exocytosis and Beyond. Small GTPases (2019) 10:331–5. doi: 10.1080/21541248.2017.1328998

51. Gomes, ER, and Gundersen, GG. Real-Time Centrosome Reorientation During Fibroblast Migration. Methods Enzymol (2006) 406:579–92. doi: 10.1016/S0076-6879(06)06045-9

52. Monis, WJ, Faundez, V, and Pazour, GJ. BLOC-1 is Required for Selective Membrane Protein Trafficking From Endosomes to Primary Cilia. J Cell Biol (2017) 216:2131–50. doi: 10.1083/jcb.201611138

53. Ciciotte, SL, Gwynn, B, Moriyama, K, Huizing, M, Gahl, WA, Bonifacino, JS, et al. Cappuccino, a Mouse Model of Hermansky-Pudlak Syndrome, Encodes a Novel Protein That is Part of the Pallidin-Muted Complex (BLOC-1). Blood (2003) 101:4402–7. doi: 10.1182/blood-2003-01-0020

54. Ouchida, R, Kurosaki, T, and Wang, J-Y. A Role for Lysosomal-Associated Protein Transmembrane 5 in the Negative Regulation of Surface B Cell Receptor Levels and B Cell Activation. J Immunol (2010) 185:294–301. doi: 10.4049/JIMMUNOL.1000371

55. Stoddart, A, Jackson, AP, and Brodsky, FM. Plasticity of B Cell Receptor Internalization Upon Conditional Depletion of Clathrin. Mol Biol Cell (2005) 16:2339–48. doi: 10.1091/mbc.E05-01-0025

56. Onabajo, OO, Seeley, MK, Kale, A, Qualmann, B, Kessels, M, Han, J, et al. Actin-Binding Protein 1 Regulates B Cell Receptor-Mediated Antigen Processing and Presentation in Response to B Cell Receptor Activation. J Immunol (2008) 180:6685–95. doi: 10.4049/jimmunol.180.10.6685

57. Hoogeboom, R, and Tolar, P. Molecular Mechanisms of B Cell Antigen Gathering and Endocytosis. Curr Top Microbiol Immunol (2015) 393:45–63. doi: 10.1007/82_2015_476

58. Lammerding, J, Fong, LG, Ji, JY, Reue, K, Stewart, CL, Young, SG, et al. Lamins a and C But Not Lamin B1 Regulate Nuclear Mechanics. J Biol Chem (2006) 281:25768–80. doi: 10.1074/jbc.M513511200

59. Buchkovich, NJ, Maguire, TG, and Alwine, JC. Role of the Endoplasmic Reticulum Chaperone BiP, SUN Domain Proteins, and Dynein in Altering Nuclear Morphology During Human Cytomegalovirus Infection. J Virol (2010) 84:7005–17. doi: 10.1128/jvi.00719-10

60. Adam, SA, and Goldman, RD. Insights Into the Differences Between the A- and B-Type Nuclear Lamins. Adv Biol Regul (2012) 52:108–13. doi: 10.1016/j.advenzreg.2011.11.001

61. Renkawitz, J, Kopf, A, Stopp, J, de Vries, I, Driscoll, MK, Merrin, J, et al. Nuclear Positioning Facilitates Amoeboid Migration Along the Path of Least Resistance. Nature (2019) 568:546–50. doi: 10.1038/s41586-019-1087-5




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ulloa, Corrales, Cabrera-Reyes, Jara-Wilde, Saez, Rivas, Lagos, Härtel, Quiroga, Yuseff and Diaz-Muñoz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        B Cells Adapt Their Nuclear Morphology to Organize the Immune Synapse and Facilitate Antigen Extraction

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Antibodies and Reagents

          



          		

            Cell Lines and Culture

          



          		

            Cell Transfection

          



          		

            Preparation of Antigen-Coated Beads and Coverslips

          



          		

            Activation of B Cells and Immunofluorescence

          



          		

            Antigen Extraction Assay

          



          		

            Live Imaging of the Nucleus and MTOC in B Cells

          



          		

            Cytoplasm, Nuclear and Perinuclear Fractionation

          



          		

            Immunoprecipitation Assay

          



          		

            BCR Cell Surface Staining

          



          		

            Cell Imaging

          



          		

            Image Analysis

          

            		

              Nuclear Groove Reorientation

            



            		

              Measurement of the Nuclear Groove Depth

            



            		

              MTOC and LAMP Polarity Indexes

            



            		

              Measurement of Nuclear or Actin Volume

            



            		

              Measurement of Nuclear Groove Area in Primary B Cells

            



            		

              Overlapping Fraction of Actin With Nuclear Lamin B

            



            		

              Measurement of Complete Nuclear Groove Rotation

            



            		

              Radial Distribution of Lysosomes or the BCR Within Z Sections

            



            		

              Segmentation and Position of Lysosome Clusters Relative to the Nucleus at the Synaptic Plane

            



            		

              Distribution of Exo70

            



          



          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            B Cells Change Their Nuclear Morphology and Reorient Their Nuclear Groove Toward the Immune Synapse

          



          		

            Cytoskeleton-Dependent Nuclear Reorientation to the B Cell Immune Synapse

          



          		

            B Cells Depend on Conserved Nuclear-Cytoskeleton Proteins, Nesprin-1, and Sun-1 to Regulate Nuclear Morphology

          



          		

            Nesprin-1 and Sun-1 Are Required for B Cells to Establish an Organized Immune Synapse

          



          		

            Nesprin-1 and Sun-1 Facilitate Antigen Extraction by Regulating Exo70 Positioning at the Immune Synapse

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2021.801164_cover.jpg
’ frontiers

in Immunology

B Cells Adapt Their Nuclear
Morphology to Organize the
Immune Synapse and Facilitate
Antigen Extraction





OEBPS/Images/fimmu-12-801164-g002.jpg
Resting B cells Nuclear Groove (different Z slices) Nuclear Lobes (different Z slices)
Nuclear lobes
P
Acin [ ,‘
Nuclear Groove
a-Tub

B  Resting Primary B cells (o] D
= 10 4
Merge 2 3
Main Nuclear Groove| £ 8 E
v % N < ﬁ o
a 3
LS ;.- S o
% 3T 9%
o e 03
O > ‘ 5
g2 3 1R
a — L=
Cell Nucleus Primary B cell
E F Fkkk G
180
2 ©
g! 150 3_
<
o 120 e
3 °
° T
o 9% <43
(G
o -
=
5 60 %
S 30 3
3
=z z
0

NonAct Act






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-801164-g006.jpg
Connection between
Nesprin-1 and Sun-1 with actin
coordinates Immune synapse
organization

Antigen
presenting cell

-
-
-
-
-
-
-
-
-
-
-

Control B cell

Loss of connections between
actin and the nucleus lead to a
Antigen disorganized Immune synpase

presenting cell

Nesprin-1/Sun-1
silenced B cell

\)(BCR @ Antigen & Exo70 @ Lysosome *{entrosome INesprinl ISUNl %?Nucleoskeleton éActin





OEBPS/Images/fimmu-12-801164-g004.jpg
Nuclear lobes
space

Immune synapse

B C
siCtr siNesprin-1 siSun-1 » 6000
2
[
[
o
& _ 4000
M
w2
S
S 2000
£
: =
Time g
(30 min)
siCtr siNesprin-1 siSun-1
<
2
[a)
£
°
<
Time
(30 min) »
Mass center Distance
Nucleus and IS
&3 ) -«
F . : ‘ )
siCtr siNesprin-1 siSun-1
a
=
<
- |
<
2
=)
£
B
<
Time X
(30 min) Inside Outside
Lysosome K Perlnu‘clear Perinuclear
cluster fegion region
positioning @

Nuclear groove

Ctr Nesprin-1 Sun-1

#1

MC Distance

Lysosome cluster

) Actin DNA

Time
(30 min)

OsiCtr
siNesprin-1 #1
OsiSun-1 #1

Ak

kork

#1 SiRNA Time
(min)
@
ER
2 =
]
E
=z
Ctr Nesprin-1 Sun-1 .
#1 #1 SIRNA
100

Outside Perinuclear
Region

B Inside Perinuclear
Region

Ctr Nesprin-1 Sun-1 SiRNA
#1 #1





OEBPS/Images/fimmu-12-801164-g005.jpg
Time __ siCtr  _ siNesprint siSun 1
(min) "OVAAg ____ Actin___LAMP _ LAMP OVA-A Actin TOVAAG ___ Actin_____LAMP _
- . .. .!
B c
OsiCtr
L mm siCtr 60 siNesprin-1 #1 %
= siNesprin-1 #1 OsiSun-1#2 —
@8 siSun-1#2 g
o Q
g g
Qo > 40
c (7]
o ®:
< 2t
o E 20
@
I}
@
iy
0
30 120 Time 0 30 60 120 Time
(min) (min)
E

Resting B cells

siCtr siNesprin-1 siSun-1

o
S o 100 —ser
=~ — siNesprin-1#1
& SR 80 — siSun-1 #2
2 S5 60
N TE
- €= 4
B o E
2 'S8 20
| u% -
s 0
a 0 02 06 10 14
(=4 .
g Distance (um)
<
Activated B cells (60min
. < . i *x
siCtr siNesprin-1 siSun-1 ——  0OsiCtr
siNesprin-1 #1
4 OsiSun-1#1

Exo70 MFI
(Ratio center/Center IS

Actin DNA Exo70






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-801164-g001.jpg
A B
Lamin B a-Tub BF

Tim Non-reoriented Oriented
(min;

Nuclear groove

b a ) mup 3
nu Antigen 'Antigen
(bead) (bead)

Angle of nuclear groove = cabc
a:center of antigen beads
b:center of the cell

c: center of the nuclear groove

30

Nuclear Groove Orientation
100 [T
CJ0 ] ]—| OAntpolarized
Center AP
B Center P
W Polarized

60

80

Distribution
(%)
@
o

40
20
120
0 .
Time
(min)
Nuclear groove &
+ g 10-60 min
z Y
X l/\t- Ucleds,  Nuclear groove
IS \nu
Antigen— \mrg.a 5 s e 3
-p
E )
Time 0:00 2:00 4:00 6:00 8:00 10:00 12:00
(min)
nucleus
Antigen —
0 10 20 30 45 60
" I.ysoscmes at IS| Lysosomes at IS
-
Nuclear groove /{
— il [ A'./
G
s H
—_— i
° - Resting B cells = 10
2 180 £ o
=) Nuclear groove o
& 150 depth 8 s R
21 2
8 20 8 T 6
6 % o
& 60 " I
3 Activated B cells 3 )
E S
z z

Nuclear groove
Ll depth °
0 10 20 30 45 60 Time s 0 30 60 Time

(min) (min)

Nuclear groove

Time






OEBPS/Images/fimmu-12-801164-g003.jpg
A B
IP: Nesprin1  19G Input Mw
= INesp) P (kDa)
Nesprin1 | (i 1 9 o — 112
Actin - - — — - LD
oot MM o
EEE. - -
Time 0 30 60 0 30 60 IgG
(min)
C
0.8
c
Lo
- £ Fkkk =
s§°° — — £
L 2 P 5
D304 Lo}
14
§¢ \ ’
S £o02 v ‘
o s
> 2
] o) o
Ctr Nesprin-1 Sun-1
#1 #1 siRNA -
I
=
D [}
Orientation of Nuclear Lobes %
Nuclear
groove
Antigen —p- @
«\ \* —
E !
Ctr S|Nespnn 1 siSun-1

Time
(30 min)

o

Nuclear Groove Depth

Resti
Nuclear groove slice

2D 3D Reconstruction
ing B cell

Actin-surrounding
nucleus

Whole B cell

siCtr

siNesprin-1

siSun1

F 8
8 180 5
K | OsiCtr
= 150 siNesprin-1 #1
b DOsiSun-1#1
s@ 120 !
EE
Z52 9
o g A =
E 2 60
s 30 n
£ JAN
2 o =
o 0 30 Time
(min)
OsiCtr
it siNesprin-1 #1
OsiSun-1#1
60  Time

(min)





