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Plasma membrane topography governs the 3D
dynamic localization of IgM B cell antigen
receptor clusters
Deniz Saltukoglu1,2 , Bugra Özdemir2,3,† , Michael Holtmannspötter4 , Ralf Reski2,3 ,

Jacob Piehler4 , Rainer Kurre4 & Michael Reth1,2,*

Abstract

B lymphocytes recognize bacterial or viral antigens via different
classes of the B cell antigen receptor (BCR). Protrusive structures
termed microvilli cover lymphocyte surfaces, and are thought to
perform sensory functions in screening antigen-bearing surfaces.
Here, we have used lattice light-sheet microscopy in combination
with tailored custom-built 4D image analysis to study the cell-
surface topography of B cells of the Ramos Burkitt’s Lymphoma
line and the spatiotemporal organization of the IgM-BCR. Ramos
B-cell surfaces were found to form dynamic networks of elevated
ridges bridging individual microvilli. A fraction of membrane-
localized IgM-BCR was found in clusters, which were mainly
associated with the ridges and the microvilli. The dynamic ridge-
network organization and the IgM-BCR cluster mobility were
linked, and both were controlled by Arp2/3 complex activity. Our
results suggest that dynamic topographical features of the cell sur-
face govern the localization and transport of IgM-BCR clusters to
facilitate antigen screening by B cells.
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Introduction

Clonal selection of B lymphocytes is initiated when they recognize

cognate antigens via their B cell antigen receptor (BCR) within

secondary lymphoid organs (Roozendaal et al, 2009; Cyster, 2010;

Gonzalez et al, 2011; Kuka & Iannacone, 2018). In these organs, B

cells actively survey specialized antigen-bearing cells (Wykes et al,

1998; Qi et al, 2006; Carrasco & Batista, 2007; Junt et al, 2007; Phan

et al, 2007; Cinamon et al, 2008; Roozendaal et al, 2008; Suzuki

et al, 2009; Cai et al, 2017). Antigen surveillance and sensing are

thought to be facilitated by actin-based lymphocyte protrusions

called microvilli that cover the cell surface (Majstoravich et al,

2004; Sage et al, 2012; Cai et al, 2017; Orbach & Su, 2020). Genetic

studies show that components of the actin cytoskeleton play a major

role in both the regulation and activation of different BCR classes

and that mutations in cytoskeletal genes can cause auto-immune

diseases and/or immunodeficiency (Thrasher, 2009; Lanzi et al,

2012; Moshous et al, 2013; Keppler et al, 2018; Bouafia et al, 2019;

Rey-Suarez et al, 2020). The IgM- and IgD-class BCRs on naı̈ve B

cells form separate clusters on the B cell surface (Maity et al, 2015).

IgM- and IgD-BCR functionally connect to different transmembrane

proteins within their proximity, suggesting that the B cell plasma

membrane is compartmentalized (Kl€asener et al, 2014; Becker et al,

2017), similar to what has been reported in T cells (Lillemeier et al,

2010; Roh et al, 2015). Cell surface topography in conjunction with

the actin cytoskeleton has the potential to contribute to the compart-

mentalization of cell surface molecules. Topography-dependent dis-

tribution of immune-related cell surface proteins is a topic of

growing interest and has implications for receptor silencing and

immune cell surveillance strategies (Cai et al, 2017; Fernandes et al,

2019; Orbach & Su, 2020; Franke et al, 2022). Live cell total internal

reflection fluorescence (TIRF) microscopy studies suggest that cell

surface dynamics of the IgM-BCR is linked to the underlying actin

cytoskeleton (Treanor et al, 2010; Mattila et al, 2013, 2016; Tolar,

2017; Rey-Suarez et al, 2020). However, 3D topography-dependent

localization of IgM-BCR is difficult to address with TIRF microscopy

because imaging is limited to a single plane, and the requirement to

spread B cells on substrates leads to the flattening of protrusive

structures such as the microvilli. Variations of the TIRF technique

such as variable angle-TIRF microscopy performed on fixed T cells

demonstrated that the T cell receptor (TCR) and CCR7 accumulate

at the tips of microvilli (Jung et al, 2016; Ghosh et al, 2021). An
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improved substrate coating to keep T cell surface protrusions intact

in living cells and application of three-dimensional (3D) single-

molecule localization microscopy (SMLM) at the cell-substrate inter-

face showed that membrane protrusions segregate CD4 from the

transmembrane phosphatase CD45 (Franke et al, 2022). With

expansion microscopy, it was demonstrated that CD45 is excluded

from microvilli tips in T and B cells (Jung et al, 2021).

To understand IgM-BCR plasma membrane localization in the

context of dynamic 3D surface topography, we have performed dual

color lattice light sheet microscopy (LLSM) of IgM-BCR and a

plasma membrane marker on cultured Burkitt’s lymphoma Ramos B

cells. LLSM with its ultra-thin light-sheets allows for high-speed 3D

imaging with lowest phototoxicity and photobleaching (Chen et al,

2014). It provides almost aberration-free, diffraction-limited resolu-

tion with highest sensitivity and unmatched temporal resolution.

These features make LLSM an efficient tool to study 3D surface

dynamics. Quantification of cell surface intensity distributions in

light sheet microscopy has previously been performed for PIP2, K-

ras and septins (Driscoll et al, 2019; Weems et al, 2021). In this

work, we developed dedicated image analysis methods to correlate

receptor localization with cell surface topography. We show that

IgM-BCR forms clusters on the unperturbed 3D surface. We uncover

that the B cell surface is patterned by an elevated ridge network on

which microvilli emerge. IgM-BCR clusters localize to these protru-

sive structures and couple with their dynamics via the Arp2/3 com-

plex. Moreover, the localization of IgM-BCR clusters to cellular

protrusions are governed by factors upstream of the actin and

microtubule cytoskeletons. Our findings imply a role for dynamic

surface topography in functional BCR localization to facilitate anti-

gen surveillance.

Results

The IgM-BCR is clustered on the Ramos B cell surface

For cell surface-selective photostable fluorescence labeling of the anti-

gen receptor, we fused 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP)-

specific IgM-BCR to an N-terminal SNAP-tag (SNAP-IgM-BCR). An

external SNAP-tag labeling strategy was chosen to avoid signals

from organelle-associated IgM-BCR. We retrovirally expressed

SNAP-IgM-BCR in heavy and light chain gene-knockout (H/L-KO)

Ramos B cells (He et al, 2018) along with EGFP carrying the 14 most

C-terminal amino acid sequence including the farnesylated CaaX

motif of the K-ras gene to visualize the plasma membrane (Fig EV1A

and B). This EGFP-CaaX construct was well-expressed in cells and

produced a high contrast between the plasma membrane and cytosol

for efficient cell surface segmentation. To assess the distribution of

another receptor family in comparison, we used an N-terminally

tagged CD40 (SNAP-CD40). We confirmed SNAP-IgM-BCR’s

uncompromised signaling competence by activation with antigen

(Fig EV1C and D). After cell surface labeling of the SNAP-tag,

Matrigel-embedded Ramos B cells were imaged by LLSM in two

channels (EGFP, DY549P1) with a speed of 2.5 s per volume. To limit

the analysis of IgM-BCR and CD40 molecules to the plasma mem-

brane, we created cell surface masks by segmenting the EGFP-CaaX

volumes (Figs 1A and EV1E). 3D segmentation per time-frame was

performed via a modification of nnU-Net (Isensee et al, 2021) using

self-generated ground truth. To faithfully extract the surface topogra-

phy and microvilli protrusions, the model was trained to be sensitive

to fine details (Movie EV1).

Visual inspection of the EGFP-CaaX, SNAP-IgM-BCR and SNAP-

CD40 signals in cross-sectional slices and surface-masked volumes

showed that these proteins are differentially distributed on the

plasma membrane (Fig 1B and C, Movie EV2). Compared with

EGFP-CaaX and SNAP-CD40, SNAP-IgM-BCRs accumulated into dot-

like, high-contrast structures. To quantify this effect, we developed

a cluster segmentation method based on local intensity contrast in

3D image data. This method extracted distinct clusters of IgM-BCR

(Fig 1D and E, Movie EV3). Along with the cluster segmentation, we

proposed a metric (namely, “granularity”) that roughly quantifies

the accumulation of the signal in clusters. A granularity score of 0

indicates signal accumulation in the form of lines or cell surface

patches, whereas 1 indicates perfect granules. After applying our

cluster segmentation method to different classes of images, signifi-

cantly higher granularity scores were obtained for IgM-BCR

compared with EGFP-CaaX and SNAP-CD40 (Fig 1D and E,

Movie EV3). In addition to granularity, we also quantified other

features to understand whether the IgM signal is enriched within the

segmented clusters. We found that the total signal within the

segmented IgM-BCR clusters amounted to 22% of the surface-

masked total receptor signal with a 2.1-fold increase in average

▸Figure 1. Distribution of SNAP-IgM-BCR and SNAP-CD40 on the B cell surface.

A 3D image of an EGFP-CaaX-expressing Ramos B cell embedded in Matrigel (left), segmentation of the inner dome (center) using our own script based on
Watershed segmentation and segmentation of the cell surface (right) using an nnU-Net model that we trained based on our self-generated ground truth. Scale
bar = 5 μm.

B Cross-sectional raw intensity images of a SNAP-IgM-BCR/EGFP-CaaX and a SNAP-CD40/EGFP-CaaX (only the DY549P1 channel shown) co-expressing Ramos B cell
embedded within a Matrigel and imaged by LLSM in two channels (EGFP, DY549P1). Scale bar = 5 μm.

C Maximum intensity projection of surface-masked image stacks of the cells shown in (B).
D Cluster masks generated by a custom cluster detection algorithm based on local contrast.
E Cluster granularity score.
F Total voxel intensity in segmented clusters (Σci) in comparison with the total voxel intensity within the cell surface mask (Σti).
G Enrichment of intensity within the clusters. Average voxel intensity in segmented clusters (μci) in comparison with the average voxel intensity of the non-clustered

(“diffuse”) signal within the cell surface mask (μdi).

Data information: n = 7 (30-time frames/cell) for EGFP-CaaX and IgM-BCR from four independent experiments, n = 3 (50-time frames/cell) for CD40 from two indepen-
dent experiments. Violin plot solid lines represent the median and dotted lines represent the quartiles in (E–G). Two-tailed, unpaired t-test was used in (E–G).
***P < 0.001, ****P < 0.0001. Comparison in (G) between IgM-BCR and CD40, P = 0.0005.
Source data are available online for this figure.
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intensity (Fig 1F and G). This value was lower for EGFP-CaaX

(14%) or CD40 (8%) with much less enrichment (1.2-fold) com-

pared with IgM-BCR (Fig 1F and G). This quantification highlights

that a substantial fraction of the IgM-BCR complexes on the plasma

membrane of unstimulated Ramos B cells resides in clusters.

3D plasma membrane topography of Ramos B cells

To understand the cell surface topography of B cells in more detail,

we transformed the surface mask into a triangular mesh and com-

puted the micron-scale shapes using the shape index metric (Koen-

derink & van Doorn, 1992). The color-coded index shows that the B

cell surface can be described by shallow invaginating cups (in yel-

low, labeled as “c”) surrounded by saddles and elevated ridges (in

blue, labeled as “r”) in a repetitive way (Fig 2A and B). Thus, the

whole Ramos B cell surface was classified into a pattern of

positively- and negatively-curved micro-topographies. To analyze

the organization of the ridge structure in more detail, we used a

Hessian-based line filter to mask the curvilinear features on the raw

intensity images of EGFP-CaaX (Fig EV1E). When the outcome (ex-

cluding the microvilli) was superimposed onto the EGFP-CaaX

image, the extracted lines correlated with the elevated regions of the

cell surface (Fig 2C). These elevated regions displayed higher EGFP-

CaaX intensities, possibly because the ridges create opposing
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membranes that are not resolved due to the diffraction limit of light

and/or because they are preferred by the CaaX motif.

The extracted curviliniar features formed an interwoven network

of polygonal patterns throughout the cell surface (Fig 2C and D).

Importantly, all microvilli on the cell surface were extracted in con-

nection with the ridges, confirming that microvilli are extensions on

the elevated ridge network (Fig 2D). Network node analysis showed

that most of the network nodes with or without a microvillus con-

nection have a node degree of 3, implying simple branching in their

formation (Fig 2E and F). In a smaller fraction (20%) of the nodes,

the node degree was 4. Nodes with microvillus connections com-

prised 40% of all the extracted nodes on the skeleton (Fig 2G). In

sum, the Hessian line extraction analysis showed that the elevated

ridges and microvilli form an interconnected network that is topo-

graphically distinct from the rest of the Ramos B cell surface.

IgM-BCR clusters are enriched on the ridges and microvilli

After detailing the cell surface topography of Ramos B cells, we

investigated whether IgM-BCR clusters are enriched at a particular

surface structure. To do so, we compartmentalized the cell surface

into distinct topographical features, namely, shallow invaginations

(SI), ridges (R), nodes (N), microvilli shafts (MS) and microvilli tips

(MT; Figs 3A and EV1E). Nodes corresponded to the sites where

ridges and microvilli connect (microvillus roots) or to the sites

where ridges laterally branch. Among the surface features, micro-

villi occupied the most volume, followed by shallow invaginations

and ridges plus nodes (R + N; Fig EV2A).

To quantify cluster density at each surface feature (cluster count/

feature volume), we represented each segmented IgM-BCR cluster

by the coordinates of its centroid. Simulated random coordinates on

the surface mask were distributed evenly across the five different

surface features, showing that feature volume does not bias distribu-

tion (Fig 3D). In contrast, IgM-BCR clusters were least dense within

the shallow invaginations and 1.8- and 4-fold enriched on the ridges

and nodes, respectively (Fig 3B–D). Within the microvilli, cluster

density was 1.5-fold enriched at the microvilli tips in comparison

with microvilli shafts (Fig 3B–D).
To account for the extent of IgM-BCR accumulation in clusters at

different surface features, we calculated the ratio of the mean IgM-

BCR intensity within clusters (μci) to the mean non-clustered (“dif-

fuse”) IgM-BCR intensity from the whole surface (μdi). This ratio

was highest at nodes with 2.5-fold increase and lowest at microvilli

tips with a 1.2-fold increase (Fig 3E). Since our clustering algorithm

detects local contrast, it can efficiently identify clusters within a

high (ridge) and low (microvillus) diffuse intensity background

(Fig EV2B–D).
In addition to this discrete analysis, we assessed the cluster dis-

tribution in a continuous manner with geodesic distance maps. We

initiated these maps either from the ridge centerlines, the nodes or

the microvilli tips and moved away from these initiation sites, sam-

pling equal volumes (Fig 3F–H). Along the length of the microvillus

geodesic distance map, IgM-BCR cluster density was highest at

microvilli tips (Fig 3F). The IgM-BCR cluster density at the ridge and

node geodesic distance maps also displayed a sharp decrease mov-

ing away from the initiation sites (Fig 3G and H). The decrease in

CD40 cluster density was not as steep when moving away from

ridge centerlines or nodes (Fig EV2F and G). However, CD40 density

was also highest at the microvilli tips within the microvilli

(Fig EV2E). These analyses coherently substantiate that IgM-BCR

clustering is localized in a patterned fashion and enriched at certain

topographical features.

IgM-BCR mobility and ridge network dynamics are linked by
Arp2/3 complex activity

Since the ridge network predominantly has a node-degree of 3, it is

possible that branched actin polymerization mediated by the Arp2/3

complex is involved in its formation or dynamics. In cells treated

with 100 μM of the Arp2/3 complex inhibitor CK-666 for 30 min,

phalloidin staining did not detect significant decrease in polymer-

ized cortical actin (Fig EV3A). In cells treated with CK-666 for 15–
45 min, the ridge network could still be extracted and had a similar

node-degree distribution as in untreated B cells (Fig EV3B). For

visual inspection of the dynamics, we produced a sum projection of

the skeletonized ridge network and microvilli along the time dimen-

sion in 15 consecutive frames, covering a window of 37.5 s. For a

quantitative analysis of the dynamics of surface features and clus-

ters, we propose the metric “staticity”. Staticity is inversely corre-

lated with the dynamics of the feature mask being analyzed. For the

surface feature images, the staticity was calculated based on similar-

ity scores using the “intersection over union” (IOU) method (San-

jaya et al, 2020) for consecutive pairs of time frames and was

separately calculated for the skeletonized ridge and microvilli data-

sets. For cluster centroids the staticity was calculated from a staticity

heatmap which was derived by correlating the datasets of cluster

centroids with a 4D Gaussian kernel.

Untreated cells yielded blurred sum projection images of ridges

and microvilli with low staticity scores, highlighting their dynamic

nature (Fig 4A and D). In stark contrast, CK-666-treated cells dis-

played a frozen ridge network with high staticity scores. Different

from what is reported for Jurkat T cells (Cai et al, 2017), the cumu-

lative surface coverage of dynamic cell projections seemed to

depend more on ridge dynamics rather than lateral microvilli move-

ments in Ramos B cells (Fig EV3C). CK-666 effectively abolished the

surface coverage mediated by the ridge network.

Interestingly, CK-666 treatment also strongly affected the cluster-

ing of IgM-BCR on the topographic landscape of the B cell. In com-

parison with untreated cells, Arp2/3 complex-inhibited cells

displayed a higher IgM-BCR cluster density at ridges and nodes

(Fig 4G and 3F). These clusters were brighter (Fig 4F) and arrested

in mobility (Fig 4B, C and E, Movie EV4). In microvilli-assigned

clusters (purple), arrested ones were mainly found at the roots of

microvilli (Fig 4C). It is likely that these clusters occupy the highly

curved joints at the ridge and microvillus intersection, suggesting

that Arp2/3 complex function is required for IgM-BCR cluster mobil-

ity at this topographical region. During microvilli elongation, IgM-

BCR entered the microvilli in a clustered form (Fig 4H, Movie EV5).

IgM-BCR clusters dissipated and reformed, however, in a way that

seemed to produce a forward movement towards the microvilli tips.

In Arp2/3 complex-inhibited cells microvilli neither underwent elon-

gation, nor de-novo formation (Movie EV4). Taken together, these

data suggest that Arp2/3 complex-dependent cytoskeletal dynamics

may promote the outward translocation of IgM-BCR clusters from

the node pool to microvilli structures and link IgM-BCR cluster

mobility to ridge and microvilli dynamics.

4 of 21 The EMBO Journal 42: e112030 | 2023 � 2023 The Authors

The EMBO Journal Deniz Saltukoglu et al



Antigen-induced micro-clusters associate with the ridge network

To find out how antigen stimulation affects IgM-BCR distribution on

cell surface features, we used 50 ng/ml of 15mer NIP coupled to

BSA (NIP-15-BSA) to stimulate the cells for 5–30 min. The binding of

the cognate antigen led to the formation of the typical bright antigen-

induced IgM-BCR micro-clusters (Ag-MC; Fig 5A). Using high-

stringency cluster extraction (with local intensity fold change 3× or
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higher), we found that these Ag-MC concentrated on the cell body but

not on microvilli tips and microvilli shaft (Fig 5A and B). In terms of

Ag-MC and ridge network dynamics, there were two profiles. In one

profile, Ag-MC were immobilized on a frozen ridge network (Lower

panel of Fig 5C–E) with higher cluster and ridge network staticity

scores (Fig 5G and H). Interestingly, these cells displayed local ridge

mobility at areas that lacked an Ag-MC (Fig 5F). In the second profile,

Ag-MC underwent displacement on non-stabilized ridges (Upper panel

of Fig 5C–E and G–I). Therefore, surface topography provides a plat-

form for the anchoring and directional movement of Ag-MC.

IgM-BCR association with elevated topography is upstream of
the actin and microtubule cytoskeletons

Next, we sought to find out how ridges and microvilli on the B cell

surface are affected by the loss of the cortical actin cytoskeleton.

Phalloidin staining demonstrated that the treatment of Ramos B cells

with 2 μM Latrunculin A (LatA) for 30 min fully depolymerized the

cortical actin cytoskeleton (Fig 6A) and a large part of the cell sur-

face was smoothened (Fig 6B, D and I). Dynamic ridge network and

microvilli were retracted, demonstrating that these structures are
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maintained by the actin cytoskeleton. However, LatA-treated cells

displayed one large polarized protrusive region, which was static

(Fig 6B, D and I, Movies EV6 and EV7) and some elongated or spot-

like elevations, which could slide on the plasma membrane as a

whole and merge with each other when in close vicinity (Fig 6C,

Movie EV6). The large polarized protrusive structure upon LatA

treatment formed immediately following treatment and contained

polarized residual filamentous actin at early time points (Fig EV4A).

However, the structure persisted after the whole actin cytoskeleton

was depolymerized (Fig EV4A). Depolymerizing the microtubule

cytoskeleton with 20 μM Nocodazole (Noc) for 30 min before LatA

treatment abolished the formation of the polarized protrusive struc-

ture and led to enlarged, fully rounded cells (Fig EV4B). However,

adding Noc to cells after 30 min of LatA incubation did not alter the

cellular phenotype induced by only-LatA (Fig EV4C). Hence, LatA-

induced polarized protrusions involve a guidance cue from the

microtubule cytoskeleton but are maintained by factors other than

microtubules or filamentous actin.

With LatA treatment, IgM-BCR clusters were not dispersed (Fig

6D, F and I). In smooth regions, as the topographical unevenness of

the surface was compromised, the differences in the intensity distri-

bution of EGFP-CaaX and IgM-BCR became more evident (Fig 6D

and I, Movie EV7 – upper panel, Movie EV8). Segmented IgM-BCR

clusters in LatA-treated cells did not display a preference for smooth

or elevated regions (Fig 6G). Although the increase in the staticity

score was not significant, IgM-BCR clusters looked trapped within

the elevated regions (Fig 6H, Movie EV7 - upper panel and Movie

EV8). The non-significance is likely due to the fact that receptor

clusters could move within the confines of elevations and elevations

could themselves move on the cell surface. On the other hand, IgM-

BCR clusters did not undergo entrapment and were mobile on the

smooth regions (Fig 6H, Movie EV7 - upper panel and Movie EV8).

Interestingly, the sum projection of cluster centroids (amounting to

37.5 s) that were associated with the smooth regions produced a

localization map consisting of short linear trajectories and cluster-

absent regions in a patterned way (Fig 6I). Sum projections taken

iteratively at each time point demonstrated that this collective tra-

jectory of mobile clusters on smooth regions seemed to form a net-

work of polygonal patterns, surprisingly resembling the pattern

framework of the ridges (Movie EV9 and Fig EV4D).

After antigen stimulation of LatA-treated Ramos B cells, Ag-MC

were distinctively enriched on the large polarized protrusion and

the elevated regions (Fig 6D, F and G, Movie EV7 - lower panel).

This enrichment seemed to result at least partially from directional

mobility of Ag-MC towards these regions (Fig 6E, Movie EV10), sim-

ilar to what is observed in the formation of the immunological

◀ Figure 3. IgM-BCR clusters are enriched on ridges and microvilli.

A Topographical features of the B cell surface. The cell body is separated from the microvilli (MV) protrusions using mathematical morphology. On the cell body, the
ridge (R) network (yellow) is computed and its nodes (N; blue) are annotated. The remaining surface area is termed shallow invaginations (SI, dark green).
Individual microvilli are split into their shaft (MS, purple) and tip (MT, red) and all features are combined in one image. Scale bar = 5 μm.

B Segmented IgM-BCR clusters (black) are superimposed onto the extracted surface features. Cluster-surface feature overlay reveals the accumulation of IgM-BCR
clusters on ridges and their nodes. The zoomed-in microvillus displays a cluster density at its root (corresponding to a node) and tip. Scale bar inset = 1 μm.

C Cluster density at surface features. IgM-BCR cluster density within different topographical features quantified as cluster count per surface feature volume.
D Normalized cluster density. Comparison of mean cluster densities computed in (C) as normalized to the value of shallow invaginations. The black squares indicate

the SI-normalized cluster density of randomly assigned cluster centroids on the cell surface. Bars and error bars represent mean � SD.
E IgM-BCR intensity enrichment within the segmented clusters at different surface features, calculated for the cells quantified in (C). Intensity enrichment was mea-

sured by dividing the average voxel intensity in the IgM-BCR clusters (μci) by the average voxel intensity of the non-clustered IgM-BCR residing within the surface
feature mask (μdi). Data points and error bars represent mean � SD.

F–H Continuous analysis of IgM-BCR cluster density using geodesic distance maps initiated from (F) microvilli tips towards microvilli roots, (G) centerline of ridges
towards cell body surface, and (H) nodes towards cell body surface. Data points and the dotted lines represent mean � SD. Scale bars = 5 μm.

Data information: n = 7 cells (30-time frames/cell) from four independent experiments were analyzed. Two-tailed, paired Student t-test was used in (C) and (E).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Comparison in (C) between N and MS, P = 0.0003; between N and MT, P = 0.0145.
Source data are available online for this figure.

▸Figure 4. IgM-BCR cluster dynamics are linked with ridge network dynamics in an Arp2/3 complex-dependent manner.

A, B Sum projections of the skeletonized ridge network and microvilli (A) and segmented IgM-BCR clusters (B) in an untreated and 100 μM CK-666-treated cell for 15
consecutive time frames amounting to 37.5 s. Scale bars = 5 μm.

C Color coding of the segmented IgM-BCR clusters in (B) according to their assigned surface feature. Green clusters correspond to shallow invaginations (SI), yellow
to ridge plus nodes (R + N), purple to microvilli (MV) and microvilli tips (MT).

D, E Staticity scores for different surface features (R + N, MV; D) and for segmented IgM-BCR clusters assigned to different surface features (E) in untreated and 15–
30 min 100 μM CK-666-treated cells. Violin plot solid lines represent the median and dotted lines represent the quartiles.

F IgM-BCR intensity enrichment within the segmented clusters at different surface features. Intensity enrichment was measured by dividing the average voxel inten-
sity in the IgM-BCR clusters (μci) by the average voxel intensity of the non-clustered (“diffuse”) IgM-BCR residing within the surface feature mask (μdi). Data points
and the error bars represent mean � SD.

G Continuous analysis of IgM-BCR cluster density in 15–30 min 100 μM CK-666-treated cells using geodesic distance maps initiating from distinct surface features
(centerline of ridges, nodes and microvilli tips; to compare with untreated in Fig 3F). Data points and the dotted lines represent mean � SD.

H Time-course images of EGFP-CaaX and IgM-BCR intensity in an elongating microvillus in an untreated cell (purple, microvilli mask). Scale bar = 1 μm.

Data information: n = 7 (30-time frames/cell) for untreated cells from four independent experiments and n = 5 (30 to 50-time frames/cell) for CK-666 treated cells from
two independent experiments. Two-tailed, unpaired Student t-test was used in (D–F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Comparison in (D) between UT
and CK-666 at R + N, P = 0.0001; at MV, P = 0.0258. Comparison in (E) between UT and CK-666 at R + N, P = 0.0001; at MV, P = 0.001. Comparison in (F) between UT
and CK-666 at SI, P = 0.0003.
Source data are available online for this figure.
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synapse. Ag-MC became immobilized on the elevated regions, dis-

playing higher staticity scores and bright cluster centroid sum pro-

jection images (Fig 6H and I). Depolymerizing the microtubule

cytoskeleton for 30 min after LatA incubation (30 min) and prior to

antigen stimulation did not alter the immobilization of Ag-MC on

the elevated regions (Fig EV4C and Movie EV11). In conclusion, the

basic surface patterning governing IgM-BCR cluster localization

dynamics and anchoring of IgM-BCR to elevated surfaces are

regulated by mechanisms operating upstream of the actin and

microtubule cytoskeletons.

Discussion

Analyzing the Ramos B cell surface in 4D, apart from the well-

documented lymphocyte microvilli (Majstoravich et al, 2004;

Orbach & Su, 2020), we observed an elevated, continuous and

v
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dynamic surface structure that interconnects neighbouring micro-

villi, which we termed the ridge network. A similar structure,

named micro-ridges, has been found on blood-purified lymphocytes

by scanning electron microscopy (Fern�andez-Segura et al, 1994).

Cumulative surface coverage of mobile microvilli has been proposed

as a mechanism in Jurkat T cells to survey opposing membranes for

antigens (Cai et al, 2017). On Ramos B cells, ridges cover more sur-

face area in a given time span compared with microvilli. IgM-BCR

clusters are found to be enriched on both the ridges and microvilli.

The elongation of microvilli is associated with the recruitment of

IgM-BCR clusters moving towards microvilli tips. The inhibition of

the Arp2/3 complex blocks ridge movements, halts microvillus elon-

gation and leads to arrested, larger IgM-BCR clusters, most notably

at nodes (which include microvilli roots). We propose that Arp2/3

complex activity is necessary for the coordinated localization of

IgM-BCR on microvilli, and ridges function in antigen surveillance

and as receptor reservoir. We think that the amount of IgM-BCR car-

ried to the microvilli could be subjected to regulation by environ-

mental signals. Movement of IgM-BCR clusters from microvilli roots

towards the tips could further serve to reduce the threshold for BCR

activation, as the transmembrane phosphatase CD45 that negatively

regulates BCR activation has been found to be excluded from micro-

villi tips (Jung et al, 2021).

The spherical morphology that we studied here is likely to occur in

circulating B cells.Within tissues or during a germinal center reaction,

however, lymphocytes display a migratory phenotype, which is sub-

jected to frequent reorganization of polarity. We speculate that the

convergence of receptor and ridge network dynamics (via the Arp2/3

complex)may be an important factor in regulating receptor redistribu-

tion during rapid shape changes. Moreover, a system organized as a

surface-spanning networkmay have an advantage in rapidly respond-

ing to environmental cues that may arise from any direction.

◀ Figure 5. Antigen-induced micro-clusters (Ag-MC) localize to and move on the ridge network.

A IgM-BCR cluster distribution upon Ag stimulation. Ramos B cells in the Matrigel were stimulated with 50 ng/ml NIP-15-BSA Ag. Ag-MC on the B cell surface
were segmented and overlaid with the ridge network (including microvilli) with a 1.25× and 3.0× local intensity cut-off for cluster detection.
Scale bar = 5 μm.

B IgM-BCR intensity enrichment within the segmented clusters at different surface features for unstimulated (US) and Ag-stimulated cells. Intensity enrichment was
measured by dividing the average voxel intensity in the IgM-BCR clusters (μci) by the average voxel intensity of the non-clustered (“diffuse”) IgM-BCR residing
within the different surface feature masks (μdi). Data points and the error bars represent mean � SD.

C, D Sum projections of the skeletonized ridge network and microvilli (C) and segmented IgM-BCR clusters (D) in Ag-stimulated cells with a low and high staticity score
(duration: 37.5 s). Scale bar = 5 μm.

E Color coding of the segmented IgM-BCR clusters in (D) according to their assigned surface feature. Green clusters correspond to shallow invaginations (SI), yellow
to ridges plus nodes (R + N), purple to microvilli (MV) and microvilli tips (MT).

F Close-up of the encircled region in (E) displaying IgM-BCR localization, sum projections of the ridge network and segmented clusters. Ridge network lacking Ag-MC
are not stabilized. Scale bar = 1 μm.

G, H Staticity scores for different surface features (R + N, MV; G) and for segmented IgM-BCR clusters assigned to different surface features (H) in unstimulated and Ag-
stimulated cells. Violin plot solid lines represent the median and dotted lines represent the quartiles.

I Time course images of an Ag-MC undergoing displacement on ridges. Scale bar = 1 μm.

Data information: n = 7 (30-time frames/cell) for unstimulated cells from four independent experiments and n = 8 (10–50-time frames/cell) for Ag-stimulated cells from
four independent experiments. Two-tailed, unpaired Student t-test was used in (B), (G), (H), except for R + N of (H), where non-parametric Mann–Whitney U test was
used. *P < 0.05, **P < 0.01, ***P < 0.001. Comparison in (B) between US and Ag for SI, P = 0.0006; at R, P = 0.0039; at N, P = 0.0107. Comparison in (G) between US and
Ag at R + N, P = 0.003; at MV, P = 0.012. Comparison in (H) between US and Ag at SI, P = 0.001; R + N, P = 0.0006; at MV, P = 0.0299.
Source data are available online for this figure.

▸Figure 6. LatA-induced surface elevations anchor IgM-BCR.

A Phalloidin-Alexa555 staining of fixed and permeabilized Ramos B cells expressing EGFP-CaaX and IgM-BCR with or without 2 μM LatA treatment for 30 min. Scale
bar = 5 μm.

B Topographical features of the Ramos B cell surface in a cell treated with 2 μM LatA for 15–30 min. LatA-treated cells display disorganized and polarized elevations.
The cell is morphologically separated into smooth (green) and elevated (yellow) regions. Scale bar = 5 μm.

C Time frames from a LatA-treated cell in which stable elevations undergo merging. Scale bar = 1 μm.
D Surface-masked EGFP-CaaX and IgM-BCR signal and overlay of segmented elevations (yellow) with the surface-masked IgM-BCR signal in cells treated with LatA and

LatA+Ag (50 ng/ml NIP-15-BSA). Scale bars = 5 μm.
E Time frames from a LatA+Ag cell showing directed movement of Ag-MC towards the elevations (yellow). Each Ag-MC shown with a different colored arrow. Scale

bar = 1 μm.
F IgM-BCR intensity enrichment within all the segmented clusters in LatA and Lat + Ag cells.
G Cluster density at surface features. Quantification of the IgM-BCR cluster density in terms of cluster count per surface feature volume for all segmented IgM-BCR clus-

ters (left panel, local contrast cutoff = 1×) and for Ag-MC (right panel, local contrast cutoff = 3×).
H Staticity scores for segmented IgM-BCR clusters on smooth and elevated regions in LatA and LatA+Ag cells.
I Surface-masked EGFP-CaaX and IgM-BCR signal for a LatA and LatA+Ag cell and the sum projections of their segmented IgM-BCR clusters (duration: 37.5 s). IgM-BCR

clusters are color-coded (green and yellow) according to their assigned surface region. Scale bar = 5 μm.

Data information: n = 6 (50-time frames/cell) for LatA cells from three independent experiments and n = 7 (50 time-frames/cell) for LatA+Ag cells from two independent
experiments. Violin plot solid lines represent the median and dotted lines represent the quartiles in (F) and (H). Two-tailed, paired Student t-test was used in (G) and
two-tailed, unpaired Student t-test was used in (F), (H). *P < 0.05. Comparison in (F) between LatA and LatA+Ag, P = 0.0467. Comparison in (G) between smooth and ele-
vated in LatA+Ag for 1× cut-off, P = 0.0260; for 3× cut-off, P = 0.0124. Comparison in (H) between smooth and elevated in LatA+Ag, P = 0.0143.
Source data are available online for this figure.
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When the actin cytoskeleton is depolymerized, microvilli

and ridges mostly retract but a large polarized protrusion with

additional disorganized elevations forms on the cell surface. These

LatA-induced structures may be the result of the static accumula-

tion of curvature-inducing Bin/Amphiphysin/RVS (BAR) domain-

containing proteins (BAR proteins). BAR domains are known to

bind and stabilize phosphoinositides (Zhao et al, 2013; Suetsugu

et al, 2014), oligomerize into higher-order patterns (Becalska et al,

2013; Simunovic et al, 2017), and bend membranes to form

dynamic protrusive structures in cooperation with Rho GTPases and

Arp2/3 complex-mediated actin polymerization (Suetsugu &

Gautreau, 2012; McDonald & Gould, 2016). Actin polymerization

seems to provide feedback for their dynamic localization (Wu et al,

2018) and the absence of the feedback may result in static mem-

brane bending by some BAR proteins (Becalska et al, 2013;

Saarikangas et al, 2015). In our experiments, LatA did not induce

the formation of the static protrusive structure when the micro-

tubule cytoskeleton was depolymerized priorly, an observation in

line with Obino et al (2016). Microtubule-mediated polarity cues for

protrusion formation could involve regulating the phosphoinositide

content of the plasma membrane (Golub & Caroni, 2005; Sugiyama

et al, 2015), asymmetrically activating Rho signaling (Pineau et al,

2022) or providing direct interaction with membrane-bending fac-

tors (Kelley et al, 2015). We think that, once these factors, likely to

belong to the BAR protein superfamily, stably bind and bend mem-

branes in the absence of actin cytoskeleton, subsequent microtubule

depolymerization is no longer effective.

Our LatA experiments have shown that neither the actin cytoskele-

ton nor the topographical features are responsible for the clustering

of IgM-BCR. However, these factors are involved in the coordinated

movement of the receptor clusters on the plasma membrane. In cells

devoid of the actin cytoskeleton, on the smoothened regions of the

plasma membrane, IgM-BCR clusters are in rapid motion. This obser-

vation is in line with TIRF microscopy experiments, where IgM-BCR

on the ventral side of LatA-treated B cells become more mobile (Tre-

anor et al, 2010; Mattila et al, 2013, 2016; Tolar, 2017; Rey-Suarez

et al, 2020). However, IgM-BCR clusters look trapped in the LatA-

induced elevations. We suspect that these regions accumulate a mis-

localized scaffold for IgM-BCR, that connects IgM-BCR to outward

curvature, which under normal conditions, would couple the recep-

tor to ridge dynamics. The directed motion of Ag-MC on smooth

regions towards the LatA-induced protrusions could possibly involve

microtubules and dynein (Schnyder et al, 2011).

Interestingly, the 3D trajectory of IgM-BCR clusters on smooth

regions of LatA-treated cells still seems to form a network of polygo-

nal patterns. Molecules such as phosphoinositides or Rho GTPases

display dynamic molecular patterns at the cell cortex as a result of

positive and negative feedback loops acting on them (Koch & Mein-

hardt, 1994; Bement et al, 2015; Xiong et al, 2016; Michaud et al,

2022). It is conceivable that such molecular patterns may form the

basis of the network-forming ridges by recruiting curvature-

inducing proteins and actin nucleation-promoting factors (Miki

et al, 2000; Ho et al, 2004; Fricke et al, 2009; de Kreuk & Hordijk,

2012; Suetsugu & Gautreau, 2012; Becalska et al, 2013; Saeng-

sawang et al, 2013; Aspenström, 2014; Suetsugu et al, 2014; Simu-

novic et al, 2017; Wu et al, 2018). Our results suggest that the actin

cytoskeleton is essential for dynamic 3D topography and proper

IgM-BCR localization. However, an additional molecular layer with

the capacity to form cortical patterns seems to play a role in recruit-

ing IgM-BCR and controlling actin polarization to position the recep-

tor clusters on the elevated surface structures.

We propose that the germinal center-derived Ramos B cell is a

good model system to study questions related to microvilli and sur-

face topography, as it expresses many of the microvilli-associated

molecules common to lymphocytes (Appendix Table S1; Hao et al,

2008). Regulation of lymphocyte surface structures is a fairly unex-

plored area and many of the molecules discovered in the context of

intestinal microvilli and stereocilia are not expressed by lympho-

cytes (Appendix Table S2). We think that insight into antigen

surveillance in connection with the 3D compartmentalization of the

B cell surface may open new avenues for better vaccine design.

Materials and Methods

Ramos B cell line culture

Ramos B cells were cultured in RPMI-1640 Medium with Gluta-

MAXTM (Art. No. 61870010, ThermoFisher Scientific) supplemented

with 10% fetal calf serum (Cat. No. P30-3302, Lot No. P140508,

PAN), 10 U/ml penicillin–streptomycin (Ref. 15140-122, Gibco) and

10 mM HEPES (Ref. 15630-056, Gibco). All cell lines were cultured

in a 37°C incubator with 5% CO2.

Cloning

SNAP-IgM-BCR
Geneblocks (IDT) encoding the b1-8 leader sequence and EGFP was

amplified with the primer pair CCCTCGTAAAGAATTCATGGGATGG

AGCTGTATCATCCTC and GTCGGCGAGCTGACG. Geneblocks

encoding the linker with the A(EAAAK)3A amino acid sequence and

the heavy chain variable region specific for the hapten NIP were

amplified with the primers GCGTGCAGCTCGCCGACCACTACCAG

CAGAACACCCC and TGAGGAGACTGT GAGAGTGGTGC. Plasmid

encoding the mouse μ heavy chain was amplified with the primers

TCTCACAGTCTCCTCAGAGAGTCAGTC and GAGGTGGTCTGGAT

CCTCATTTCACCTT GAACAGGGTGAC. The three fragments were

fused using the in-fusion HD enzyme premix (Cat. No. ST0345,

Takara) into a pRetroX-TetOne-Puro (Cat. No. 634309, Takara)

backbone using the EcoRI-HF (Cat. No. R3101, NEB) and BamHI-HF

(Cat. No. R3136, NEB) restriction sites. Next, the region encoding

the three fused sequences was amplified with GAGGTTAACGAATT

CATGGGATGGAGCTGTATCATC and CCAGCCTGCTTCAGCAGGCT

GAAGTTAGTAGCTCCGCTTCCTGATTTCACCTTGAACAGGGTGACG.

The mouse λ light chain with specificity for NIP was amplified with

the primers TGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTG

GACCTATGGCCTGGATTTCACTTATACTCTCTC and TGGCTGCAG

GTCGACCTAGGAACAGTCAGCACGGGA. The two fragments were

fused using the in-fusion enzyme into a pM retroviral vector cut

with EcoRI-HF and SalI-HF (Cat. No. R3138, NEB) restriction

enzymes. The primers contained the coding sequence for the P2A

cleavage site in between the μ heavy and λ light chains. Next, myc-

tag was inserted at the C-terminus of heavy chain with the primer

pair CAGAAACTGATCTCTGAGTTCGAGCTGAACGGAAGCGGAGCT

ACTAAC and CTCCCCAGAGGCAGCTCCTCCGCCTGATTTCACCTT

GAACAGG using the Q5 site-directed mutagenesis kit (Cat. No.
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E0554, NEB). Finally, b1-8 leader-EGFP was switched to a b1-8

leader-SNAP-tag by amplifying the SNAP-tag sequence with

GAGGTTAACGAATTCATGGGATGGAGCTGTATCATCCTCTTCTTG

GTAGCAACAGCTACAGGTGTCCACTCCATGGACAAAGACTGCGAA

ATGAAGCG and TCTGCTGGCGGCCGACCCAGCCCAGGCTT and

cloning into the plasmid with the in-fusion enzyme using the

EcoRI-HF and NotI-HF (Cat. No. R3189, NEB) restriction sites

before and after the b1-8 leader-EGFP sequence.

EGFP-CaaX
EGFP sequence was amplified with the primers CGAGGTTAACGA

ATTCCATGGTGAGCAAGGGC and ATTTTATCGATAAGCTTCTACA

TAATTACACACTTTGTCTTTGACTTCTTTTTCTTCTTTTTA. The ampli-

fied fragment was cloned into pM retroviral vector cut with EcoRI-

HF and SalI-HF restriction enzymes using the in-fusion enzyme.

SNAP-CD40
cDNA encoding CD40 was amplified from the cDNA pool of Ramos

B cells with the primer pair CGAGGTTAACGAATTCATGGTTCG

TCTGCCTCTGC and GCCGCTTCCGCCTCC CTGTCTCTCCTGC.

EGFP was amplified with the primers GGAGGCGGAAGCGGCGT

GAGCAAGGGCGAGG and ATTTTATCGATAAGCTTTCACTTGTAC

AGCTCGTCCATGCC. The two fragments were inserted into a pM

retroviral vector cut with EcoRI-HF and HindIII-HF with the in-

fusion enzyme. Next, CD40 sequence was amplified with GGAGGC

GGAAGCGGCGAACCACCCACTGCATGC and TTTTATCGATAAGCT

TTCACTGTCTCTCCTGCACTGAGATG. SNAP-tag sequence with an

N-terminal b1-8 leader sequence was amplified with CGAGGTTAAC

GAATTCATGGGATGGA and GCCGCTTCCGCCTCCACCCAGCCCA

GGCTG. The two fragments were cloned into a pM retroviral vector

cut with EcoRI-HF and HindIII-HF using the in-fusion enzyme.

Generation of the Ramos B cell lines with retrovirus

H/L chain locus of Ramos B cells was silenced using the CRISPR-

Cas9 technology. For a detailed protocol, refer to (He et al, 2018).

The retroviral plasmids encoding SNAP-IgM-BCR, EGFP-CaaX and

SNAP-CD40 were transfected (1,000 ng) along with the pKat plas-

mid encoding the viral coat protein (500 ng) into the Platinum-E

ecotropic retroviral packaging cell line (Cat. No. RV-101, Cell Bio-

labs) using the transfection reagent PolyJet (Cat. No. SL100688,

SignaGen) in a 6-well plate format. Platinum-E cells were main-

tained in the RPMI cell culture medium. The virus containing super-

natant was collected for each plasmid after 48 h. 500,000 H/L-KO

Ramos B cells were first transduced with the EGFP-CaaX retrovirus

supernatant in a 1:1 ratio for 4 h in a 37°C incubator with 5%CO2.

Cells were resuspended in fresh culture medium and incubated for

another 7 days before sorting for the EGFP signal with a BioRad cell

sorter. Sorted cells were transduced another round either with retro-

virus encoding SNAP-IgM-BCR or SNAP-CD40 using the same proto-

col. Cells were stained with SNAP-Surface® 549 (DY549P1; Cat. No.

S9112, New England Biolabs) for 15 min in a 37°C incubator with

5%CO2 and sorted for the fluorescent signal.

Calcium flux measurements upon antigenic stimulation

1 million cells per ml were loaded with 1 μM Indo-1 (Cat. No. I1223,

Invitrogen) in 0.1% pluronic-containing cell culture medium for

30 min at a 37°C incubator with 5% CO2. Loaded cells were washed

in cell culture medium three times and rested in the incubator for

30 min. All calcium measurements with one batch of loading were

completed within the 45 min following the 30 min resting period.

Ratiometric measurements for Indo-1 were performed with BD Facs.

The collected data points were saved as a .cvs file using the FlowJo

export option. Calcium flux graphs were generated in Mathematica

with a home-written code. NIP-15-BSA-Biotin (Cat. No. N-1027-5,

Biosearch Technologies), goat F(ab0)2 anti-mouse IgM, human

adsorbed antibody (Cat. No. 1022-01, polyclonal, Southern Biotech),

goat anti-human IgM antibody (Cat. No. 2020-01, polyclonal, South-

ern Biotech), goat anti-mouse lambda antibody (Cat. No. 1060-01,

polyclonal, Southern Biotech) were used to stimulate the cells.

Actin cytoskeleton staining of Ramos B cells

1 million cells were washed in PBS, incubated with the indicated

drugs for the indicated times at a 37°C incubator and fixed with 4%

PFA for 15 min at RT. Fixed cells were washed three times in PBS,

permeabilized with 0.1% Triton-X in PBS for 3 min, blocked in 1%

BSA-PBS for 30 min and stained with 0.2 μM Phalloidin-Alexa Fluor

555 (Invitrogen, Cat. No. A34055) in 1% BSA-PBS for 1 h.

Sample preparation for LLSM and imaging

Lattice light-sheet microscopy was performed on a home-built clone

of the original design by the Eric Betzig group (Chen et al, 2014).

Before imaging, 2 ml of a Ramos B cell suspension was centrifuged

for 2 min at 700 g. Afterwards, the supernatant was resuspended in

200 μl fresh cell culture medium together with 1 μM SNAP-Surface®

549. After 15 min of incubation, the cell suspension was washed

four times with 2 ml PBS, pH 7.4 at 37°C. In the next step, the cell

pellet was resuspended in approximately 20 μl PBS, pH 7.4 and

mixed with phenol-red free Corning® Matrigel® Matrix (Product No.

356237, Corning) in a ratio of 1:1. 2 μl of this mix was dropped on a

freshly plasma cleaned 5 mm round glass coverslips (Art. No.

11888372, ThermoFisher Scientific). Coverslips were then trans-

ferred to a small humidified chamber and incubated at 37°C until

gel formation was complete. Then, the coverslip was mounted in a

custom-built sample holder that was attached on top of a sample

piezo. This ensures that the sample is inserted at the correct position

between the excitation and detection objectives inside the sample

bath containing PBS, pH 7.4 at 37°C. For the inhibition of the Arp2/

3 complex, CK-666 (Cat. No. 3950, Tocris) was added at a concen-

tration of 100 μM to the sample bath. For the destabilization of the

whole actin cytoskeleton, 2 μM Latrunculin A (Cat. No. 3973,

Tocris) was added to the media bath. In both cases, cells were

imaged for up to 1 h. For the depolymerization of the microtubule

cytoskeleton, 20 μM nocodazole was added to the sample bath for

up to 30 min (Cat. No. 1228, Tocris). For the stimulation of cells via

IgM-BCR, 50 ng/ml NIP-15-BSA-Biotin was added to the media bath

and images were collected after a short incubation of about 5 min

and proceeded for about 30 min. To test the antigen stimulation of

cells in CK-666-, Latrunculin A- or nocodazole-treated cells, cells

were first incubated for 30 min inside the microscopy chamber with

the respective substance before the addition of 50 ng/ml NIP-15-

BSA. Imaging was then performed after 5 min and proceeded until

30 min. For image acquisition, a dual-channel image stack was
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acquired in sample scan mode by scanning the sample through a

fixed light sheet with a step size of 500 nm which is equivalent to

a ~ 270 nm slicing with respect to the z-axis considering the sample

scan angle of 32.8°. A dithered square lattice pattern generated by

multiple Bessel beams using an inner and outer numerical aperture

of the excitation objective of 0.48 and 0.55, respectively, was used

during the experiments. Channels were sequentially excited using a

488-nm laser (2RU-VFL-P-300-488-B1R; MPB Communications Inc.,

Pointe-Claire, Canada) for EGFP and a 561 nm laser (2RU-VFL-P-

2000-561-B1R; MPB Communications Inc.) for SNAP-Surface® 549.

Fluorescence was collected by a water dipping objective (CFI Apo

LWD 25XW, NA 1.1, Nikon) and imaged on a sCMOS camera

(ORCA-Fusion, Hamamatsu, Japan) with a final pixel size of

103.5 nm. Acquisition was performed at 100 frames per second with

an exposure time of 8 ms for each channel.

LLSM data processing

Lattice light-sheet raw data were further processed by using an

open-source LLSM post-processing utility called LLSpy (https://

github.com/tlambert03/LLSpy) for deskewing, deconvolution, chan-

nel registration and transformation. Deconvolution was performed

by using experimental point spread functions recorded from 100 nm

sized FluoSpheresTM (Art. No. F8801 and F8803, ThermoFisher Sci-

entific) and is based on the Richardson–Lucy algorithm using 10

iterations. For channel registration and alignment, 200 nm sized flu-

orescent TetraSpeckTM microspheres (Art. No. T7280, ThermoFisher

Scientific) were imaged with the same step size of 500 nm as used

for cellular imaging. Alignment was done with a 2-step transforma-

tion method that deploys an affine transformation in xy and a rigid

transformation in z.

Image analysis

Section 1: Segmentation of plasma membrane features
Binary masks for different topographical features of B-cell surface

were created by using the following protocol:

1 Creation of a binary mask for the entire plasma membrane surface

using the EGFP-CaaX signal.

2 Creation of a binary mask for the inner space of the cell corre-

sponding to the cytoplasm (named “dome” throughout the text).

3 Refinement of the plasma membrane mask from step 1 using the

dome from step 2.

4 Extraction of a surface mesh and calculation of the shape index to

examine topography.

5 Creation of a binary mask for the ridge network using the EGFP-

CaaX signal.

6 Partitioning of the plasma membrane topography into multiple

morphological features using the binary masks from step 1, 2, 3

and 5.

Step 1: Binary segmentation of the plasma membrane surface

To perform the binarization of the EGFP-CaaX signal, a 3D segmenta-

tion model was trained using the network architecture DynUNet,

which is implemented in Project MONAI (https://github.com/Project-

MONAI/MONAI/tree/0.8.1). DynUNet itself is modified from nnU-Net

developed by Isensee et al (2021). To train this model, we first

generated the ground truth dataset by using a semi-automatic segmen-

tation approach. This approach consists of (i) training an unsuper-

vised binary voxel classification model that uses k-means clustering

(using scikit-learn 1.0.1) on a multivariate feature space (created using

SciPy version 1.7.1), and (ii) manual correction of images segmented

by this model and validation of the binary masks by three domain

experts. The ground truth dataset was generated from 6 × 3D images,

each extracted from a different LLSM time series. The feature extrac-

tion for the training of the voxel classifier includes multiscale filtering

of the image with a series of filters (filter names and filter parameters

provided in Table 1). Manual correction of the preliminary binary

masks produced by the voxel classifier was performed using the

Napari package version 0.4.12 (Sofroniew et al, 2021) as GUI. Prior to

DynUNet model training, the following data augmentations were per-

formed: cropping, contrast adjustments, Gaussian noise injections,

Gaussian smoothing, Gibbs noise injections and rotations. The aug-

mentations were performed by using the “transforms” module of the

MONAI package. The DynUNet model was then trained based on the

parameters and specifications provided in Table 2. The trained model

was used to segment each volume in the volumetric time-course data.

The output from this segmentation was refined by removing binary

objects smaller than 30 voxels.

Step 2: Extraction of the dome

A semi-automatic, robust, watershed-based protocol was developed

and applied to extract the dome of the cell directly from the EGFP-

CaaX signal. The protocol is based on the automatic selection of two

seeds for the interior and exterior of the cell. The algorithm is out-

lined as follows:

I Binarize the raw image with a low threshold to obtain a rough

binary surface object.

II If the surface object contains gaps, use mathematical morphol-

ogy to close them. Then fill the interior space of the object via

binary filling.

III Use binary opening to eliminate any protrusive structures

from the filled surface. This leads to a rough dome-like

structure. Extract the surface layer of this dome using either

mathematical morphology or specifying a level of its distance

transform.

IV Compute a distance transform using the surface layer from step

III as the zero level.

V Select a distance threshold to specify internal and external seeds

from the distance map. For example, a distance threshold of

3 μm will specify an internal patch 3 μm inwards from the

Table 1. Specifications of the filters used in the voxel-wise feature
extraction.

Filter Type Parameter(s) Value(s)

Minimum Window (Square Box) Dimension 3 voxels

Gaussian Sigmas 1, 1.5

LoG Sigmas 0.8, 0.82, 0.84, 0.9,
0.93, 0.96, 1.0, 1.5

DoG Sigma1 and Sigma 2 5 and 7

Gray Closing Window (Sphere) Diameter 5 voxels

White Top-hat Window (Sphere) Diameter 3 voxels
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surface and an external shell enclosing the cell from 3 μm out-

wards from the surface. Label the internal and external seeds.

VI Generate an input image for the watershed algorithm by calcu-

lating a weighted mean of the raw image and the distance map

from step IV. The weights can be specified by the user.

VII Perform the watershed segmentation on the input image using

internal and external labels as markers. The dome is the compo-

nent corresponding to the internal label in the output.

Step 3: Refinement of the plasma membrane mask

The plasma membrane mask from (section-1/step-1) usually con-

tains small gaps at the cell surface, which may interfere with the

downstream analysis. To close these gaps, we merged the output

from (section-1/step-1) and the surface layer of the dome from

(section-1/step-2). We subtracted the entire dome object except for

its surface layer, from the plasma membrane mask, to ensure that

the downstream analysis is confined to the cell surface and the

microvilli, and that any other components within the cytoplasm are

excluded from the analysis.

Step 4: Calculation of the shape index

The dome from (section-1/step-2) and the plasma membrane mask

from (section-1/step-3) was merged via Boolean union operation,

leading to an in-filled cell mask. Then a triangular surface mesh was

calculated from this cell mask using the PyVista module (Sullivan &

Kaszynski, 2019, https://github.com/pyvista) version 0.32.1. Subse-

quently, principal curvatures of the surface topography were calcu-

lated from this mesh using the igl library (https://libigl.github.io/)

python bindings version 2.2.1. Finally, the shape index was calcu-

lated by plugging the principal curvatures in the following equa-

tion (according to the study by Koenderink & van Doorn (1992)):

S ¼ 2

π
arctan

K2þ K1

K2�K1
K1 ≥ K2ð Þ;

where K1 and K2 are the larger and smaller principal curvatures,

respectively.

Step 5: Extraction of the ridge mask and the skeleton

Hessian-based approaches are frequently used for the detection and

segmentation of curvilinear objects (Zhao et al, 2019). Here the fol-

lowing pipeline was used for the extraction of the ridges:

I Apply a Hessian-based vesselness filter (Sato et al, 1998; imple-

mented in ITK version 5.2.1) to the intensity image.

II Rescale the values of the Hessian response image between 0 and 1.

III Binarize the rescaled Hessian response image using a combina-

tion of local and global thresholding, as described below:

c ¼ max�min

L ¼ 0:2� minþmaxð Þ

t ¼
g; I ið Þ< c ið Þ
L ið Þ; I ið Þ ≥ c ið Þ

(

T ¼
0; I ið Þ< t ið Þ
1; I ið Þ ≥ t ið Þ

(

where I is the image array and i is the voxel index; max and min

are the local maxima and local minima transforms of the image,

respectively, calculated with a spherical local window having a

diameter of 7 voxels; g is a user-specified global threshold. Here

we used multi-otsu thresholding (Liao et al, 2001), implemented in

scikit-image (version 0.18.3) to calculate four thresholds and

assigned the lowest threshold to g; t is the local threshold; T is the

final thresholded image.

IV Subject the thresholded image to one round of closing operation

with a spherical structuring element in a window of (3, 3, 3).

The output from this process is the ridge mask.

V Subject the binary ridge mask from step IV recursively to steps I

to IV. This yields a thinned form of the ridge mask.

VI Apply 3D morphological skeletonization (Lee et al, 1994),

implemented in scikit-image (version 0.18.3) to the thinned

ridge mask from step V. The output from this process is the 1-

voxel thick ridge skeleton.

Step 6: Partitioning of the plasma membrane mask into its topographi-

cal features

Step 6A: Partitioning of the cells that are not treated with LatA By

using the outputs from (section-1/steps-2, 3 and 5), the topo-

graphical features of the plasma membrane mask were identified.

This process is further divided into multiple steps as described

below.

Table 2. Specifications of the segmentation model. Any specifications
not disclosed in this table are equal to the defaults implemented in
the MONAI version 0.7.0 (Version 0.7.0 10.5281/zenodo.5525502).

Model architecture
DynUNet (https://docs.monai.io/en/stable/
networks.html#dynamic-unet-block)

Number of spatial
dimensions

3

Number of input
channels

1

Number of output
channels

2

Convolution kernel size (1, 3, 3, 3)

Convolution strides (=
upsample kernel size)

(1, 2, 2, 2)

Dropout None

Normalization Instance normalization

Activation layer Leakyrelu

deep supervision False

Residual connections True

Loss function DiceCELoss (https://docs.monai.io/en/stable/
losses.html#diceceloss)

to_onehot_y True

softmax True

squared_pred True

Batch True

Optimiser Novograd (https://docs.monai.io/en/stable/
optimizers.html#novograd)

Learning rate 1e-2
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Step 6A/a: Separating the protrusive structures (microvilli) from

the cell body:

The pipeline, which is based on binary mathematical morphol-

ogy, is outlined below:

I Calculate the union of the dome from section-1/step-2 and the

plasma membrane mask from section-1/step-3 to obtain an “in-

filled” cell mask.

II Apply a binary opening filter to the output from step 1using a

box-shaped structuring element. We used a structuring element

of voxel size (3, 5, 5).

III Apply a binary opening filter to the output from step II using an

ellipsoidal structuring element. We used a structuring element

of voxel size (5, 7, 7).

IV Calculate the intersection of the output from step III and the

plasma membrane mask. This process yields the cell body mask.

V Subtract the cell body mask from the plasma membrane mask.

This process yields the microvilli mask.

Step 6A/b: Extraction and annotation of the ridge network:

A custom algorithm was applied to the ridge skeleton from

section-1/step-5 to detect and label microvilli tips and ridge junc-

tions. In the first step of the algorithm, the skeleton vertices are

annotated based on the local sum in a (3, 3, 3) neighbourhood of

each vertex as described in the following:

Vneigh i; j; kð Þ ¼ ∑
m;n; pð Þ∈ Sijk

V m;n; pð Þ;

where V is the skeleton image; Vneigh is the local sum evaluated

over the skeleton; m, n and p are the coordinates in the local win-

dow of (3, 3, 3) around the point (i, j, k); i, j and k are the global

coordinates.

The annotation is then performed as described below:

L i; j; kð Þ ¼
2; Vneigh i; j;kð Þ ¼ 1 ! Edge label

1; Vneigh i; j;kð Þ ¼ 2 ! Tiplabel

3; Vneigh i; j;kð Þ> 3 ! Node label

8><
>:

where L is the label image.

In the second step of the algorithm, a correction function to the

label image was applied, which recognizes very short edges

(< 200 nm) and replaces them with a node label. We then used our

feature masks from section-1/step-6A/a to confine the annotations.

Namely, the cell body mask was used to confine the nodes and

edges to the cell body and the microvilli mask was to confine the

tips to the microvilli.

Step 6A/c: Construction of the feature images:

Three geodesic distance maps per cell were computed based on

the labeled network image from section-1/step-6A/b using the fast

marching method (implemented in scikit-fmm version 2021.10.29).

The first geodesic map (gdmap_skeleton) was computed by assum-

ing the intersection of the skeleton and the cell body mask as the

zero level set and the cell body mask as the speed image. The sec-

ond geodesic map (gdmap_tips) was computed by assuming the tips

as the zero level set and the microvilli mask as the speed image.

Finally, the third geodesic map (gdmap_nodes) was computed by

assuming the nodes as the zero level set and the cell body mask as

the speed image.

After computing the geodesic distance maps, the final topograph-

ical features were computed as follows:

• Microvilli tips mask was obtained by applying a threshold of 2.1

to the gdmap_tips.

• Microvilli shaft mask was obtained by subtracting the microvilli

tips mask from the microvilli mask.

• Cell body node mask was obtained by applying a threshold of 1.5

to the gdmap_nodes.

• Cell body ridge mask was obtained by applying a threshold of 2.7

to the gdmap_skeleton and then subtracting the cell body node

mask from the resulting binary mask.

• Cell body shallow invaginations mask was obtained by subtracting

the union of the cell body ridge mask and the cell body node mask

from the cell body mask

Step 6B: Partitioning of the LatA-treated cells Cells that were

treated with LatA displayed a generally smooth surface with occa-

sional, bulky stacks of the membrane. As these cells did not show

an organized ridge network, they were not suitable for partitioning

using the approach described in section 1/step 6A. The LatA-

treated cells showed a surface topography that contained short

stretches of curvilinear elevations as well as disorganized blob-like

chunks of the membrane with varying sizes. To detect both types

of structures, two detection filters for each raw image were sepa-

rately applied, one for curvilinear structures (Jerman et al, 2016b)

and one for blob-shaped structures (Jerman et al, 2016a). To

detect structures of different sizes, each filter was applied at multi-

ple scales, using sigma values of 1 and 2 for the curvilinearity fil-

ter and sigma values of 1, 2 and 3 for the blob filter. Then each

response image was segmented using a global threshold, which

was generally chosen to be the Otsu threshold (Otsu, 1979) but

varied when necessary. When the binary masks were obtained for

both curvilinear and blob-shaped structures, these were combined

using a Boolean union filter to obtain a preliminary “elevation”

mask. Finally, a watershed segmentation was applied to delineate

the elevation mask. For this watershed step, we selected the pre-

liminary elevation mask as marker 1, the dome from section 1/

step 2 as marker 2 and the negative of the Euclidean distance

transform of the cell surface mask from section 1/step 3 as the

main input image. As a result of the Watershed segmentation, the

label corresponding to marker 1 was designated as the elevation

mask and the label corresponding to marker 2 was designated as

the cell body mask.

Section 2: Segmentation of IgM clusters
It was asserted that a voxel patch must meet the following criteria

to be assumed as a cluster.

Cluster criteria:

1 The patch has intensities that are significantly higher than its

neighbourhood.

2 The patch has a size (voxel count) below a size threshold.

To extract patches that meet criterion 1, a two-step algorithm

was developed, which uses a custom local thresholding function

with hyperparameters adaptive to different images. The two steps

are outlined as follows:
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Step 1: Extract a “blob” mask

A blob mask is a binary image calculated from local curvature cues

that are derived from the raw image. The local curvature cues are

the eigenvalues of the Hessian matrix H(f):

H fð Þ ¼
h11 h12 h13

h21 h22 h23

h31 h32 h33

¼

∂
2f

∂x12
∂
2f

∂x1∂x2

∂
2f

∂x1∂x3

∂
2f

∂x2∂x1

∂
2f

∂x22
∂
2f

∂x2x3

∂
2f

∂x3x1

∂
2f

∂x3∂x2

∂
2f

∂x32

where f is convolution of the image I with a Gaussian kernel (we

used a sigma value of 1).

The eigenvalues λ1, λ2 and λ3 were calculated from the H(f). Sub-

sequently, the blob mask B was calculated as below:

B λið Þ ¼
1; λi <Tk

0; Otherwise;

(

with λi ¼ λ1; λ2; λ3f g

where T is the Otsu threshold of the negative values of λi and k is

a user-specified value (we selected the value of 0.01 for an over-

segmentation). Finally, the blob mask B was calculated as the

intersection of the components:

B ¼ B λ1ð Þ∩B λ2ð Þ∩B λ3ð Þ

The blob mask calculated in this manner contains nearly all possi-

ble voxel patches that can be extracted from a grayscale image I.

These patches are treated as “candidates” to be clusters.

Step 2: Find optimal local signal thresholding hyperparameters

A local thresholding function based on a modification of the Niblack

threshold method (Niblack, 1985) was used in that the binarization

via local thresholding is restricted to the high-contrast regions in the

image as expressed below:

T ¼ Imean þ kIstd

C ¼ Imax�Imin

f k; lð Þ ¼
1; I>T;C> l

0; Otherwise

(

where Imean, Istd, Imax, Imin are arrays with local means, standard

deviations, maxima and minima, respectively, calculated using a

square-box local neighbourhood with a window size of 5 voxels; T

is the Niblack threshold and C is the local contrast.

The segmentation function f is then dependent on the hyper-

parameters k and l, which must be optimized for segmenting the

clusters of a particular image. To this end, we applied a grid search

for a series of k and l and chose the binary mask with greatest simi-

larity to the blob mask B from (section 2/step-1). In other words, for

a specific image I, we applied:

minimise 1�similarity BI ; f I k; lð Þð Þð Þ

where we used the Tversky method (Tversky, 1977) as the similar-

ity function between the two binary images. This process segments

any existing clusters (blob-shaped elements) in the image, how-

ever, high-contrast objects that are not actually clusters (e.g., flat

or elongated objects) are also binarized. To find the relative vol-

ume of the clustered signal compared with that of the non-

clustered signal, we applied a size threshold to the output from the

cluster segmentation process.

Step 3: Apply a size threshold

The output image from (section-2/step-2) was filtered with a size

threshold so that binary objects with a voxel count greater than a

user-specified threshold are ruled out from being considered clus-

ters. A size threshold of 75 voxels was selected for this step and the

output was designated Mc (cluster mask).

Step 4: Locate centroids and apply feature-based contrast threshold

The centroid of each cluster from (section-2/step-3) was located

and labeled and designated Cc (cluster centroids). Subsequently,

the ratio of the IgM intensity at each cluster centroid to the mean

intensity of the corresponding morphological feature was calcu-

lated. The output is a map of feature-based intensity fold increase

at cluster centroids. Finally, a threshold was applied to this map

so that any centroids with a ratio lower than a given threshold

are deleted. Depending on the analysis, this threshold was speci-

fied as 1.25 or 3, meaning that each centroid must have an inten-

sity of 1.25-fold (for moderate stringency) or 3 fold (for high

stringency) higher than the mean intensity of the corresponding

morphological feature.

Analysis

Granularity
Granularity was defined as the ratio of the voxel count of the size-

filtered binary objects (clusters, output from section-2/step-3) to the

total voxel count of the binary objects yielded by the cluster seg-

mentation protocol (clusters + non-clustered binary objects, output

from section-2/step-2).

Feature-based cluster density
Feature-based cluster density is the ratio of the cluster count

within a particular morphological feature to the total volume of that

feature.

dD ¼ ∑C∩D
v∑D

where dD is the cluster density for a particular morphological fea-

ture; D is the mask for the morphological feature in question; C is

the centroid mask and v is the voxel volume for the image.

Cluster density plotted with geodesic distance
To analyze the cluster density in relation to geodesic distance, the

geodesic distance maps from (section-1/step-6A/c) were divided

into equal-sized bins so that each bin represents a particular

geodesic distance range. Then the cluster density was calculated

within each bin as described below:
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DH ¼

1; gdmap> value0AND gdmap ≤ value1

2; gdmap> value1AND gdmap ≤ value2

3; gdmap> value2AND gdmap ≤ value3

4; gdmap> value3AND gdmap ≤ value4

. . .

i; gdmap> valuei�1AND gdmap ≤ valuei

8>>>>>>>><
>>>>>>>>:

d ið Þ ¼ ∑C∩DH ið Þ
v∑DH ið Þ

where DH is the binned image; i is the index to a particular bin

(hence represents geodesic distance); d(i) is the density calculated

for the particular bin indexed by i.

Global cluster enrichment
Global cluster enrichment is defined as the fold increase of the

global mean value of clustered IgM signal over the global mean

value of non-clustered IgM signal:

MCI ¼ ∑I∩MC

∑MC
MNCI ¼ ∑I∩MNC

∑MNC

CE ¼ MCI

MNCI

where I is the grayscale image; MC is the cluster mask; MNC is the

non-clustered surface mask; MCI is the mean clustered intensity;

MNCI is the mean non-clustered intensity; CE is the cluster

enrichment.

Cluster enrichment per feature
Cluster enrichment per feature is defined as the fold increase of the

mean value of clustered IgM signal within a particular morphologi-

cal feature over the global mean value of non-clustered IgM signal:

MCID ¼ ∑I∩ MC∩Dð Þ
∑MC∩D

MNCI ¼ ∑I∩MNC

∑MNC

CED ¼ MCID
MNCI

where D is the binary mask for a specific morphological feature;

MCID is the mean clustered intensity within feature; CED is the

cluster enrichment for feature D.

Proportion of the clustered intensities
To calculate the proportion of clustered signal, the summed value

within the cluster mask was divided into the summed value within

the entire surface mask (clustered + non-clustered):

PCI ¼ ∑I∩MC

∑I∩ MNC∪MCð Þ

where PCI is the proportion of the clustered intensities.

Calculation of staticity for cluster centroids
To create a staticity map, a 4D segmented image (the volumet-

ric time-course) for the cluster centroids was correlated with a

4D Gaussian kernel. This correlation operation yields a stronger

response with cluster centroids that remain within a close

neighbourhood compared with centroids that undergo large dis-

placements. In other words, voxels corresponding to relatively

immobile centroids have high values on the map, whereas vox-

els corresponding to highly dynamic centroids have low values.

Once we had the staticity map, we calculated the staticity as

the proportion of voxels higher than a user-defined threshold.

Therefore:

SM ¼ Cc�g

SMH ¼
1; SM>T and D> 0

0; otherwise

(

SML ¼
1; SM ≤ T and D> 0

0; otherwise

(

S ¼ ∑SMH

∑SML

where Cc is the binary input image for cluster centroids, which is

subjected to the staticity analysis; SM is the staticity map; D is the

binary feature mask to limit clusters within a specific surface fea-

ture; g is the Gaussian kernel with shape (7, 5, 5, 5) voxels and

weights (3, 1, 1, 1) in the order of (t, z, y, x); S is the staticity

term; T is the user-defined threshold (we used the value 0.15 for

all datasets).

The staticity was calculated for the first 15 frames of each time-

course image.

Calculation of staticity for surface features
With label images of surface features, staticity was calculated based

on the similarity of consecutive time frames. To measure similarity,

the intersection over union (IOU) method was used. Highly dynamic

surface features undergo large displacements between time frames

resulting in low IOU scores, whereas relatively immobile features

yield high IOU scores. The staticity is then the mean of the IOU

scores calculated for all consecutive pairs along the first 15 frames

of each time-course dataset.

Therefore:

S ¼ 1

15
∑
15

t¼1

D t�1ð Þ∩D tð Þ
D t�1ð Þ∪D tð Þ

where S is the staticity term; D is the binary input image for one of

the computed surface features, which is subjected to the staticity

analysis; t is the time frame.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism. Experi-

ments were performed independently, repeated at least twice and

similar results were obtained from each cell imaged. Data collection

was not performed blindly. Data was only excluded when the image

quality did not suffice for image segmentation and analysis. Distri-

bution was assumed as normal for statistical analysis, except for

Fig 5H (R + V). For statistical analyses, two-tailed paired or

unpaired Student’s t-tests or Mann–Whitney U test were performed,

as specified in the figure legends. Significance was drawn at

*P < 0.05. Significance was defined as ****P < 0.0001,

***P < 0.001, **P < 0.01.
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Data availability

Lattice light-sheet volumetric time-series image data used for this

publication have been submitted to Bioimage Archive in a channel

registered, deskewed and deconvolved form with the accession

number S-BIAD573 (https://www.ebi.ac.uk/biostudies/studies/S-

BIAD573?key=6ebd285d-ca26-46b6-a846-4459e1b2af1e). The image

analysis code is available upon request. Full details of the code are

provided in the Materials and Methods section.

Expanded View for this article is available online.
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