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The cytoskeletal regulator HEM1 governs B cell 
development and prevents autoimmunity
Elisabeth Salzer1,2,3,4*, Samaneh Zoghi1,2,3,5,6*, Máté G. Kiss3,7†, Frieda Kage8,9†, 
Christina Rashkova1,3,10†, Stephanie Stahnke9†, Matthias Haimel1,2,3†, René Platzer11, 
Michael Caldera3, Rico Chandra Ardy1,2,3, Birgit Hoeger1,2,3, Jana Block1,2,3, David Medgyesi1, 
Celine Sin3, Sepideh Shahkarami5,12,13, Renate Kain14, Vahid Ziaee15,16, Peter Hammerl17‡, 
Christoph Bock1,3, Jörg Menche3, Loïc Dupré1,18, Johannes B. Huppa11, Michael Sixt19, 
Alexis Lomakin1,2,3, Klemens Rottner8,9, Christoph J. Binder3,7, Theresia E. B. Stradal9, 
Nima Rezaei5,6,20, Kaan Boztug2,1,3,4,10§

The WAVE regulatory complex (WRC) is crucial for assembly of the peripheral branched actin network constituting 
one of the main drivers of eukaryotic cell migration. Here, we uncover an essential role of the hematopoietic-specific 
WRC component HEM1 for immune cell development. Germline-encoded HEM1 deficiency underlies an inborn 
error of immunity with systemic autoimmunity, at cellular level marked by WRC destabilization, reduced filamentous 
actin, and failure to assemble lamellipodia. Hem1−/− mice display systemic autoimmunity, phenocopying the human 
disease. In the absence of Hem1, B cells become deprived of extracellular stimuli necessary to maintain the strength 
of B cell receptor signaling at a level permissive for survival of non-autoreactive B cells. This shifts the balance of 
B cell fate choices toward autoreactive B cells and thus autoimmunity.

INTRODUCTION
The actin cytoskeleton is fundamental to mount successful immune 
responses, as evident from the wide range of defects that occur in 
actin-related inborn errors of immunity (1–4). Studies of these con-
ditions have revealed a pivotal role for the actin cytoskeleton and actin- 
binding proteins in immune system function: from hematopoiesis 
and immune cell development to immune cell migration to intercel-
lular and intracellular signaling including immune cell activation (1).

The actin cytoskeleton is composed of networks and bundles of 
actin filaments (F-actin) that are polymerized from actin monomers, 

e.g., underneath the plasma membrane. The polymerization is initi-
ated by the three classes of actin nucleators, the Arp2/3 complex, the 
formin family, and the more recently identified Spire, cordon-bleu, 
and leiomodin family proteins (5). Formins nucleate and elongate 
linear actin filaments, whereas the Arp2/3 complex drives filament 
branch formation on preexisting filaments (6). The Wiskott-Aldrich 
syndrome protein (WASP) and WASP family verprolin-homologous 
(WAVE) family proteins promote F-actin branching through the 
Arp2/3 complex. WAVE proteins form a 400-kDa heteropentameric 
(7–9) assembly called the WAVE regulatory complex (WRC). WRC- 
deficient cells are unable to generate lamellipodia or membrane ruf-
fles, and Wave2 knockout (KO) mice are embryonic lethal because 
of impaired endothelial cell migration (10). Most studies of actin- 
related immunodeficiencies typically attribute abnormalities in the 
locomotory cell apparatus per se to the key pathogenic mechanism 
(1–3, 11). At the same time, recent data from nonimmune cell types 
strongly suggest that cell-scale actin cytoskeleton morphodynamics 
control the spatiotemporal output and the intensity of signaling events 
at the molecular level (12, 13). However, the scale-bridging mecha-
nisms linking signaling events and actin cytoskeleton–mediated cell 
morphogenetic behaviors remain largely unexplored in the context 
of immune cell physiology and pathobiology.

Here, we find that WRC deficiency caused by the absence of 
the WRC hematopoietic cell–specific subunit HEM1 results in a 
previously unknown human disorder with severe immune dysregu-
lation and recurrent infections. By studying the molecular and cel-
lular mechanisms behind this inborn error of immunity, we uncover 
HEM1 as a key regulator of B cell receptor (BCR) signaling strength 
that is crucial for B cell development and homeostasis.

RESULTS
Identification of human HEM1 deficiency
We studied two patients with recurrent fever with and without 
signs of infection from the age of 4 months (Fig. 1A). Patient 1 (P1) 
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experienced multiple upper respiratory tract infections and later de-
veloped skin rashes, oral ulcers, photosensitivity, joint pain, fatigue, 
and glomerulonephritis (Fig. 1B and fig. S1A). She was tested positive 
for anti–double-stranded DNA (dsDNA) antibodies and diagnosed 
with systemic lupus erythematosus (SLE) according to current 
American College of Rheumatology (ACR) criteria (14). The patient 
exhibited failure to thrive with both height and weight below the third 
percentile. She has stable disease with long- term immunosuppression 

including corticosteroids and azathioprin. P1’s 8-year-old sister (P2) 
has experienced recurrent infections since the first year of life. Glucose- 
6-phosphate dehydrogenase (G6PD) deficiency (15) was diagnosed 
but did not result in severe hemolytic events. P2 had recurrent respi-
ratory tract infections, repeated skin abscesses, and multiple ear in-
fections resulting in tympanic membrane perforation and unilateral 
hearing loss. Recurrent lymphadenopathy and fever were evident 
independent of (overt) infections. Periodic fever syndromes were 
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Fig. 1. HEM1 deficiency results in aberrant cell morphology and defective lamellipodia formation in HEM1-deficient patients. (A) Pedigree of the index family: 
Double lines, consanguinity; black filling, the index patients; diagonal lines, deceased siblings. (B) Image of hematoxylin and eosin (H&E) staining showing capillary pro-
liferation and polymorphonuclear neutrophils in glomeruli (magnification, ×400) (left) and periodic acid–Schiff (PAS) staining showing mild mesangial expansion (mag-
nification, ×400) (right), consistent with lupus nephritis, class III, active. (C) Cropped immunoblot analysis of HEM1, WAVE2, ABI1, GAPDH (glyceraldehyde phosphate 
dehydrogenase), or HSP90 (heat shock protein 90) in PBMCs of healthy donor (HD), patients (P1 and P2), and their parents (left) and in CRISPR-Cas9 HEM1 KO Jurkat T cells 
(right). (D) Co-immunoprecipitation of endogenous WRC subunits with ectopically expressed EGFP-tagged proteins (indicated at the bottom) in wt B16-F1 cells. EGFP 
alone was used as control (right). (E) Hem2/Hem1 KO B16-F1 clone #8 was transfected with indicated EGFP-tagged constructs. The panels display respective phalloidin 
stainings. Scale bar, 10 m. (F) Quantification of lamellipodia/ruffle formation as indicated by the color shading shows fraction of cells in percentage ± SEM from three 
independent experiments. n equals number of transfected cells analyzed. Bottom: Representative examples of cell morphologies used for cell categorization. (G) Repre-
sentative images (bottom) and quantification (top) of expanded T cells spreading on fibronectin-coated surfaces stained with phalloidin and 4′,6-diamidino-2-phenylindole 
(DAPI) and imaged with a Zeiss LSM700 confocal microscope and a 63× oil immersion objective. Scale bar, 10 m. ns, not significant.
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considered, but no germline mutation in MEFV indicative of familial 
Mediterranean fever (16) was detected. P2 has remained negative for 
anti-dsDNA autoantibodies to date and does not take medications 
regularly, but was treated with antibiotics repeatedly for assumed or 
proven bacterial infections. An older sister of P1 and P2 had died 2 hours 
postpartum of unknown cause without tissue samples available for 
molecular investigation.

To figure out the molecular basis of this disease, we performed exome 
sequencing (ES) of P1 and identified a conserved, homozygous mis-
sense variant (c.C385T, p.R129W) in the gene NCKAP1L encoding 
HEM1. Genetic segregation analysis revealed perfect segregation under 
the assumption of autosomal recessive inheritance including homo-
zygosity for the affected sibling P2 (Fig. 1A and fig. S1, B and C). 
NCKAP1L was the only gene with homozygous variants shared among 
the two affected siblings. The identified variant has not been reported 
in public databases including ExAC (17) or gnomAD (18) (accession 
date: 1 January 2020) and is predicted highly damaging using pre-
diction tools including CADD (combined annotation dependent depletion) 
(https://cadd.gs.washington.edu; accession date: 1 January 2020). 
No rare homozygous premature nonsense or frameshift variants 
in NCKAP1L have been reported in gnomAD or other publicly 
available databases. The probability of cellular intolerance to a loss-
of-function mutation (pLI) score of 0.85 for NCKAP1L suggests 
that this gene may be essential for human health. Collectively, these 
observations gave strong support for HEM1 as a promising candidate 
gene for the syndrome investigated.

Defective WRC assembly and stability
To examine the effect of the identified gene variant on protein ex-
pression, we performed immunoblotting in the following patient- 
derived cells: peripheral blood mononuclear cells (PBMCs) (Fig. 1C), 
feeder-expanded T cells, and Epstein-Barr virus (EBV)–immortalized 
B cells (EBV-LCL) (fig. S1, D and E), and we consistently observed 
markedly reduced HEM1 protein expression. Furthermore, the ex-
pression of the catalytic component WAVE2 and other subunits of the 
WRC were severely reduced in patient cells, illustrating a detrimental 
effect of the loss of HEM1 expression on the WRC assembly and stability. 
CRISPR-Cas9–engineered HEM1-deficient Jurkat T cells recapitulated 
the expression patterns observed in patient cells (Fig. 1C; all Western 
blot raw data can be found at the end of the Supplementary Materials).

Nonhematopoietic cells express the homologous protein HEM2 
instead of HEM1 (19). In contrast to previous observations (20), recent 
work has suggested that compensatory HEM1 expression can, in 
principle, substitute for HEM2 expression (21). HEM2 and HEM1 
share about 60% sequence homology. However, the arginine resi-
due at position 129 in HEM1 is not conserved in HEM2, because 
the respective amino acid in HEM2 is shifted by two residues due to 
an upstream insertion and constitutes a lysine (instead of arginine) 
at position 131. The respective murine sequences are highly conserved, 
including R129 in Hem1 (fig. S1C).

To dissect the functional consequences of the R129W mutation 
in Hem1 and potential effects of the corresponding mutation in Hem2, 
we used the murine B16-F1 melanoma cell line as an established 
model system for actin remodeling and lamellipodium protrusion 
(22, 23). We first performed co-immunoprecipitation experiments 
with enhanced green fluorescent protein (EGFP)–tagged, murine 
wild-type (wt) Hem1, Hem1-R129W, and the analogous mutation 
in Hem2, Hem2-K131W, using B16-F1 wt cells. Hem1-R129W showed 
strongly reduced coprecipitation of its interactors Cyfip1, Abi, and 

WAVE as compared with Hem1-wt or Hem2-K131W (Fig. 1D), al-
ready suggesting compromised interaction of Hem1-R129W with 
endogenous WRC subunits. However, degradation of mutant protein 
was not obvious under these conditions, likely because of excess 
production of transient, ectopic protein, as opposed to steady-state 
expression of the endogenous mutant variant in mouse or human 
patient tissue. Lamellipodia formation relies on a functional WRC 
(24, 25). We thus hypothesized that the reduction of HEM1 and WAVE2 
expression abrogates lamellipodia formation in Hem1-R129W– 
expressing patient cells. To test this, we engineered CRISPR-Cas9–
edited Hem1/Hem2-deficient B16-F1 clones, which are completely 
devoid of lamellipodia (Fig. 1E, top panel). As opposed to EGFP 
expression alone, reexpression of EGFP-tagged Hem1-wt or Hem2-
wt rescued lamellipodia (Fig. 1, E and F). Hem1-R129W expression 
failed to restore these structures, whereas the Hem2-K131W expres-
sion phenotype was virtually identical to that of Hem1-wt or Hem2-
wt (Fig. 1, E and F). In contrast to Hem2-K131W, the Hem1-R129W 
protein was also unable to localize at subcellular sites normally oc-
cupied by Hem1-wt in B16-F1 wt cells, suggesting that the mutant 
Hem1 fails entirely to incorporate into functional WRCs (fig. S1F). 
Moreover, Hem1-R129W did not rescue lamellipodia formation in 
a second, independently generated Hem1/2 double-KO B16-F1 clone 
(fig. S1G). Consistently, cellular morphology in patient lymphocytes 
was aberrant, because they were unable to form stable lamellipodia 
and displayed reduced F-actin upon fibronectin stimulation (Fig. 1G 
and fig. S1, H to J). Instead, the cells showed signs of formin- and/
or WASP-mediated F-actin structures with aberrant membrane 
spikes. Quantification of cell shape descriptors and subsequent 
principal components analysis (PCA) of the data showed a significant 
difference between patient and healthy donor T cells, with reduced 
cell spreading area being the most discriminative feature (fig. S1J; 
list of distinguishing features, table S2).

Impaired T cell function in HEM1 deficiency
Because HEM1 deficiency resulted in loss of lamellipodia and de-
creased cell spreading on the extracellular matrix (ECM), we inves-
tigated the physiological consequences of these abnormalities in the 
context of immune cell behavior. Hem1/2 and other subunits of the 
WRC are classically implicated in cell migration (26, 27). However, 
when we examined immune cell migration efficiency using stan-
dard chemotaxis assays, we did not observe any remarkable differ-
ences between normal donor– and patient-derived cells (fig. S2A).

F-actin–mediated cell morphodynamics are also known to be 
crucially important for the effector/target cell conjugation and kill-
ing activity of cytolytic T cells (28). Nevertheless, our experiments 
showed that patient CD8 cells undergo normal activation (as mir-
rored by up-regulation of LFA-1 in both patient and CRISPR-Cas9– 
engineered HEM1-deficient Jurkat T cells) as well as intact conjugate 
formation toward OKT3-coated P815 cells (Fig. 2A and fig. S2B).

We nonetheless hypothesized that the cytoskeletal abnormalities 
observed in HEM1-deficient cells may perturb immune cell func-
tions associated with cell proliferation, survival, and differentiation. 
Detailed T cell evaluation revealed normal total numbers of T lym-
phocytes including CD4+ and CD8+ cells and T follicular helper (TfH) 
cells (fig. S2, C and D, and table S3) compared with published age- 
dependent reference values (29). However, subset analysis showed 
elevated relative percentages of central memory cells and exhausted 
effector memory cells (Fig. 2B and table S3). Furthermore, HEM1- 
deficient CD4 T helper memory subsets exhibited a hypersecretory 

https://cadd.gs.washington.edu
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T helper 1 (TH1)–biased phenotype compared with age-matched 
controls (fig. S2E). Invariant natural killer T (iNKT) cells were very 
low to absent in both patients (Fig. 2C), whereas the proportion of 
T cell receptor + (TCR+) cells compared with TCR cells showed 
a relative increase within the CD8+ T cell subset (table S3), both as 
seen in other immunodeficiencies with marked immune dysregula-
tion (30). Patients had only slightly elevated double-negative T (DNT) 
cells compared with published age-dependent reference values 
(table S3) (29). Increased DNTs are characteristic of autoimmune lym-
phoproliferative syndrome (ALPS) (31). However, expression of fatty 
acid synthase (FAS), FAS ligand–mediated apoptosis (fig. S2F), and 
ALPS biomarkers were unremarkable, inconsistent with classical 
ALPS. Similarly, haploinsufficiency of the regulatory cytotoxic T 
lymphocyte antigen–4 (CTLA-4) is known to cause severe systemic 
autoimmunity and immunodeficiency (32). Nevertheless, we found 

that expression of PD-1/PD-L1 and cycling of the immune check-
point CTLA-4 were unaffected (fig. S2, G and H), and no substantial 
reduction of regulatory T cell numbers was detected in the patients 
(table S3). We did, however, observe that both CD4+ T cells and CD8+ 
T cells were defective in antigen-induced proliferation independent 
of extracellular signal–regulated kinase (ERK) activation as observed 
in CRISPR–Cas9-engineered HEM1 KO jurkat T cells (Fig. 2D and 
fig. S2i) after stimulation with anti-CD3 and anti-CD28 antibodies. 
This phenotype was accompanied by impaired expression of the 
activation markers CD25 and CD69 (Fig. 2E).

Aberrant B cell phenotype in HEM1 deficiency
Loss of immune tolerance in SLE is supposedly multifactorial and 
includes a breakdown of T and B cell tolerance (33, 34). The presence 
of autoantibodies despite normal total immunoglobulin G (IgG), 
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Fig. 2. Impaired T cell function in HEM1 deficiency. (A) Rep-
resentative images of immune conjugate formation in healthy 
donor (upper row) and patient (lower row) expanded CD8+ 
T cells with anti-CD3–coated P815 target cells stained with 
WAVE2 (orange), phalloidin (green), DAPI (blue), and LFA-1 
(red), from left to right, respectively. Scale bar, 10 m. Bottom: 
Quantifications of synapse features including synapse length, 
F-actin, LFA-1, and WAVE2 intensities at the synapse area in 
both patients (P1 and P2) and two healthy donors (HD1 and 
HD2). TL, transmission light. (B) Radar plots showing the distri-
bution of main T cell subpopulations of CD4+ and CD8+ T cells 
[naïve, central memory (CM), effector memory (EM), and effec-
tor memory reexpressing CD45RA (TEMRA)] in both patients 
and age-matched controls. Age-matched controls are for easier 
illustration and comparison. Age- dependent reference values 
for these subsets have been published earlier (for details, see 
table S4). (C) Quantification plot based on immunopheno-
typing data of patient iNKT cells (CD3+TCR-V11+,TCRV24+) 
in P1, P2, and four different age-matched and one adult 
healthy donors. (D) ERK phosphorylation in CRISPR-Cas9 HEM1 
KO Jurkat T cells, stimulated with anti-CD3 (OKT3)/anti-CD28 for 
different time points. (E) Percentages of CD25- and CD69- 
positive cells upon stimulation with different concentrations of 
anti- CD3, anti-CD28, and stimulatory beads in CD4+ and CD8+ 
T cell populations from both patients and two healthy controls. 
Error bars in (A) and (E) represent SD.
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IgM, or IgA levels in P1 suggested aberrant B cell selection at the ger-
minal center (GC) stage. Consistent with the observations in T cells, 
patient B cells also displayed decreased spreading and lack of lamel-
lipodia upon IgM stimulation (Fig. 3, A and B, and table S4). These 
data suggested that, in addition to processes associated with antigen- 
induced proliferation of T cells, HEM1 deficiency might affect cell 
proliferation and/or differentiation in the B cell compartment. There-
fore, we decided to evaluate patient B cell subsets. Absolute counts 
of CD19+ cells and proportions of naïve, memory, and transitional 
B cells were within the aged-matched normal range compared with 
previously published data (35) (Fig. 3, C and D; fig. S3, A and B; and 
table S5), but patients showed an increase in cell subsets, such as innate- 
like CD19+CD38loCD21lo (CD21low) memory B cells, which were 
previously reported to be associated with autoimmunity (Fig. 3E) 
(35–37). CD21low memory-like B cells expand in conditions characterized 
by chronic immune stimulation (38), and studies using chronic in-
fection models showed that activity of these cells is inversely cor-
related with BAFFR expression due to increased cleavage of BAFFR 
upon BAFF stimulation (38). Therefore, we decided to evaluate BAFF 
levels in patients’ serum. However, surface measurements of BAFFR 
on HEM1-deficient patient B cell subsets revealed reduced levels of 
BAFFR on CD19+ cells and B cell subsets, indicating constant acti-
vation of these cells (Fig. 3F).

Hem1−/− mice replicate aberrant B cell development 
and multifaceted autoimmunity
To gain a mechanistic understanding of how HEM1 deficiency af-
fects B cell development and GC maturation, we took advantage of 
a recently generated Hem1−/− mouse model (fig. S4, A to C) (25). We 
found that Hem1−/− mice suffered from severe systemic autoimmu-
nity manifesting in splenomegaly, immune complex/lupus glomer-
ulonephritis with mesangial enlargement, hypercellularity, sclerosis 
(Fig. 4, A and B), and IgG and C3 deposits (Fig. 4B). Further, we 
detected massively increased levels of proinflammatory markers, 
including interleukin-6 (IL-6), interferon  (IFN), and MRP8/14 
(Fig. 4C), likely underlying the observed neutrophilia and mono-
cytosis in the peripheral blood and the spleen (fig. S4, D and E) as 
well as granulomatous lesions in multiple organs (fig. S4F). We also 
found aberrant leukocyte development in the bone marrow (Fig. 4D) 
and extramedullary hematopoiesis in the spleen as previously de-
scribed for Hem1−/− mice (fig. S4G) (39). Although T cell numbers 
were unaltered in the spleen (fig. S4H), Hem1−/− mice had an expan-
sion of the memory T cell compartment, phenocopying the HEM1- 
deficient patients (Fig. 2B). Blood B cell counts were rather reduced 
(Fig. 4E), and mature recirculating follicular B cells were almost 
absent in both the periphery (Fig. 4F) and bone marrow (fig. S4I), 
resulting in an increased ratio of immature/mature B cells (Fig. 4F). 
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Intriguingly, total splenic B cell numbers were unaltered (fig. S4J). 
In the spleen, Hem1−/− mice accumulated immature and transitional 
B cells, gated using IgD, CD19, and CD93, as previously described 
(40) (fig. S4K), and showed almost undetectable marginal zone and 
decreased follicular and mature B cells (Fig. 4G), explaining the lack 
of recirculating B cells (Fig. 4E). Numbers of both GL-7hi GC B cells 
and PD-1+ TfH cells (Fig. 4H) were drastically elevated in Hem1- 
deficient mice. Consistent with findings in HEM1-deficient individ-
uals, Hem1−/− mice produced manifold more potentially autoreactive 
antibody-secreting plasmablasts (Fig. 4I) and showed accumulation 
of serum dsDNA autoantibodies as early as 3 to 4 weeks of age (Fig. 4J), 
similar to findings in HEM1-deficient patients. In sum, these data 

suggest that the B cell compartment undergoes substantial changes 
in response to Hem1 deficiency in mice.

Single-cell RNA sequencing uncovers dysregulated  
B cell development
To investigate the dynamics of these changes in a systematic fashion, 
we decided to characterize splenic cell subsets via 10× single-cell 
RNA sequencing (RNA-seq) in total homogenized erythrocyte- 
depleted spleen suspension of 5- and 10-week-old Hem1+/+ and 
Hem1−/− mice. We were able to resolve the main leukocyte subsets 
using the Leiden clustering algorithm (Fig. 5, A and B). To identify 
hotspots of clustering, we evaluated cellular density and found three 
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main B cell (1a, 1b, and 1c) and four main T cell clusters (0a, 0b, 0c, 
and 0d) (Fig. 5C; fig. S5, A and B; and tables S6 and S7). On the 
basis of the differential expression analysis of B cell subclusters, we 
attributed cluster 1a to follicular B cells and 1b to GC B cells present 
in wt conditions. However, cluster 1c mainly present in the Hem1−/− 
situation could not be attributed to a specific stage of B cell develop-
ment (Fig. 5D). We speculated that this cluster may emerge from 
dysregulation of the B cell developmental program in the absence of 
Hem1. Evaluation of cell density maps over time revealed substantial 
differences in B cell subclusters in 5- versus 10-week-old mice, sug-
gesting a disturbed B cell developmental program that consequently 
leads to alterations in T cell subsets (Fig. 5E). Whereas in Hem1+/+ 

mice most B cells shifted from the GC cluster (1b) to the follicular 
B cell cluster (1a), Hem1−/− mice showed the highest density in cluster 
1c at 5 weeks but a global reduction in total B cells at 10 weeks, in-
dicating a substantial loss of splenic B cells (Fig. 5E). Furthermore, 
we observed that T cell clusters also show aberrant differentiation in 
Hem1−/− versus Hem1+/+ mice calculated using entropy analyses 
(41, 42) (fig. S5C), further extending findings from an early study in 
an ENU (N-ethyl-N-nitrosourea)–mutant mouse model (43).

Defective B cell–intrinsic survival in murine Hem1−/− B cells
Considering the aberrations in both T and B cell subclusters, we 
wanted to determine whether there is a B cell–intrinsic defect in the 
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context of Hem1 deficiency. For this purpose, we made use of the 
JHT mouse strain (44). JHT mice harbor a deletion of the JH mini-
genes generated through the Cre-loxP system and are truly devoid 
of B cells and Igs in all tested genetic backgrounds. The non–B cell 
compartment in JHT mice cannot be considered mixed, but is pre-
dominantly wt, and therefore, non–B cells are fully functional using 
this approach (45). We generated bone marrow chimeras of JHT 
and Hem1−/− versus Hem1+/+ bone marrow, in a ratio of 80% (JHT 
bone marrow) to 20% (either Hem1+/+ or Hem1−/− bone marrow), 
and transplanted them into sublethally irradiated C57BL/6J mice 
(referred to as JHT Hem1+/+ and JHT Hem1−/− bone marrow; Fig. 6A). 
In recent work, Shao et al. (38) demonstrated that Hem1-deficient 
hematopoietic stem cells may fail to engraft the bone marrow. To 
control for a potential engraftment issue, we also generated sub-
lethally irradiated C57BL/6J mice transplanted with either Hem1+/+ 
or Hem1−/− bone marrow alone (referred to as C57BL/6J Hem1+/+ 
and C57BL/6J Hem1−/−) and monitored all mice during a recovery 
period. Whereas as expected control C57BL/6J Hem1−/− mice 
fell severely ill and showed similar disease as seen in full-body 
Hem1−/− mice, C57BL/6J Hem1+/+ mice remained healthy. JHT Hem1+/+ 
mice appeared healthy as well, whereas one JHT-Hem1−/− mouse 
died and additional three mice showed considerable weight loss 
(Fig. 6, B and C), forcing us to terminate the experiment. Although 
reconstitution of hematopoietic cells was successful, as judged by the 
comparable numbers of stem cells Lin−Sca1+Kit− bone marrow cells 
(LSKs) in both groups (Fig. 6D), JHT-Hem1−/− mice displayed a re-
duction in immature and, even to a greater extent, mature B cell numbers 
in the bone marrow (Fig. 6E). Moreover, in the context of this bone 
marrow transplantation strategy, B cell–specific Hem1 deficiency even 
resulted in the absence of detectable B cells both in peripheral blood 
(Fig. 6F), accompanied by increased numbers of circulating mono-
cytes and neutrophils (Fig. 6G). As in other diseases, clinical phe-
notypes are complex and may originate from the interplay of different 
cell populations; however, these experiments indicate a critical role 
of HEM1 deficiency on B cell homeostasis and hence a role for 
B cells in disease pathogenesis. In support, depmap analysis showed 
that the gene expression profiles of Hem1−/− B cells are unexpectedly 
similar to those in B cells deficient of Pax5 (46) or Irf8 (47), well-
known master regulators of B cell development (fig. S6A).

Our findings prompted us to further investigate how a cytoskel-
etal protein such as HEM1 may influence B cell development. To 
this end, we first performed differential gene expression and path-
way enrichment analyses in B cells. We found antigen presentation, 
leukocyte differentiation, and cell adhesion as the most enriched 
pathways in Hem1−/− compared with Hem1+/+ B cells (tables S8 and 
S9). Because all these cellular pathways ensure the development of 
normal, non-autoreactive B cells, we decided to examine whether 
patient B cells display any abnormalities associated with cell spread-
ing and interactions with antigens. We found that patient B cells 
were unable to spread, as evidenced from a significantly decreased 
cell spreading area on ligand-coated substrates (Figs. 3, A and B, 
and 7A and fig. S6B). Instead of assembling polarized lamellipodia 
and membrane ruffles, cells assumed a rather rounded blebbing or 
spiky morphology normally associated with high levels of cortical 
actomyosin tension and the formation of long linear F-actin assem-
blies (fig. S6C). As a result of the decreased cell spreading, B cells 
exhibited a reduced capacity to recruit IgM and displayed a disorga-
nized B cell immunological synapse (IS) required to efficiently en-
gage and properly organize IgM molecules within the IS (Fig. 7, 

B and C, and fig. S6, B and D). This phenotype is specific to HEM1 
deficiency and was not observed to a similar extent in WASP-deficient 
B cells (fig. S6E).

Because actin cytoskeleton–mediated organization of the B cell 
synapse is key to integrate stimulatory cues and activate downstream 
signaling pathways (48), we hypothesized that in the absence of HEM1, 
B cells fail to activate critical signaling cascades to a degree sufficient 
to maintain cell fitness and proper development. Such signaling 
cascades classically include the kinases ERK and phosphatidylinositol 
3-kinase (PI3K), ultimately activating AKT, whose functions are crit-
ical to skew the balance of cell fate choices toward growth and pro-
liferation. Hence, when we biochemically probed the activation status 
of the kinase AKT, we found a significant decrease in the amount of 
phosphorylated AKT (pAKT Ser473) in patient cells compared with 
normal donor B cells (Fig. 7D). To execute its cell fate–controlling 
function, AKT operates through transcriptional regulators such as 
the evolutionarily conserved Daf-16–related Forkhead O (Foxo) 
family. Phosphorylation of the Foxo proteins by AKT is established 
to induce their nuclear export and subsequent inactivation of tran-
scriptional activity indispensable for B cell development. Thus, we 
used nuclear levels of Foxo proteins as a readout of its transcrip-
tional activity (49, 50). We found that IgM-stimulated normal donor– 
derived B cells display significantly decreased nuclear levels of Foxo1 
(Fig. 7E). By contrast, patient cells retained Foxo1 in the nucleus 
upon IgM stimulation, indicating that the AKT-mediated control of 
Foxo1 nuclear-cytoplasmic shuttling and thus transcriptional activ-
ity is attenuated in HEM1-deficient B cells (Fig. 7E) (50).

Foxo1 also operates as a transcriptional repressor of genes pro-
moting B cell survival, proliferation, and proper differentiation. 
Consistent with the above-described accumulation of Foxo1 in the 
nucleus of patient HEM1-deficient B cells, our analysis of single-cell 
RNA-seq data in mouse splenic B cells revealed Foxo1 targets (51) 
among top transcriptionally deregulated genes in Hem1−/− versus 
Hem1+/+ B cells. For instance, we found that pro-proliferative genes 
(Myc, Cdkn1b, Cdk1, and Rbl2), normally repressed by Foxo1, were 
reduced (Fig. 7F), whereas genes promoting controlled DNA damage 
(Ddb1) and controlling apoptosis (Fas, Bcl2, Bcl6, and Batf) via tran-
scriptional activation by Foxo1 were up-regulated in Hem1−/− B cells 
(Fig. 7F and fig. S6F). This transcriptional pattern was most evident 
in cluster 1c (Fig. 5D) that did not appear to correspond to any spe-
cific stage of B cell development. Therefore, we concluded that this 
cell cluster most probably emerges from the dysregulation of B cell 
developmental program resulting from Hem1 deficiency.

DISCUSSION
The multicomponent WRC is traditionally considered as one of the 
key molecular machineries enabling actin-driven migration of a va-
riety of animal tissue cell types (7, 10, 26). More recent studies of the 
WRC in immune cell migration reveal that its subunits are not nec-
essarily essential for basal cell migration but mainly contribute to the 
ability of rapidly crawling amoeboid leukocytes to navigate extra-
cellular spaces with increasing geometrical complexity (25). Given 
the conditional nature of the role of the WRC in cell migration and 
the systemic severity of KO phenotypes for WRC subunits (e.g., 
Wave2) at an organismal level (10), it is unlikely that WRC has 
evolved to regulate cell locomotion only. Here, by dissecting the 
pathobiology underlying a previously unknown inborn error of hu-
man immunity caused by deficiency in the hematopoietic-specific 
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WRC component HEM1, we uncover a role for the WRC in the 
context of B cell development and homeostasis (Fig. 7G).

Over the past years with the discoveries of key regulators of im-
mune homeostasis, it became clear that there is considerable vari-
ability, as the clinical presentation of even patients with the same 
genetic disorder may vary from subclinical to severe systemic auto-
immunity, as exemplified in patients with germline mutations in 
PIK3CD, CTLA4, or DEF6 (32, 52, 53). Reminiscent of such obser-

vations, we detected phenotypic variability in HEM1-deficient indi-
viduals, with the more severely affected patient P1 showing an SLE-
like autoimmune disease phenocopied by a Hem1-deficient mouse 
model, whereas the clinical phenotype of P2, to date, has remained 
milder despite similar B cell phenotypic aberrations including in-
creased CD21loCD38lo B cells. Aberrant B cell phenotypes similar to 
our observations for HEM1 deficiency are seen in other SLE and Common 
Variable Immunodeficiency (CVID) patients, including reduced 
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switched memory B cells and expanded CD21loCD38lo B cells. Although 
clonally related to memory B cells and plasmablasts, these cells form 
distinct clades within phylogenetic trees based on accumulated 
variable gene mutations, supporting exit from active GCs (37). 
CD21loCD38lo B cells express a transcriptional program, suggesting 
that they are primed for plasma cell differentiation and are refractory 

to GC differentiation (37). During GC maturation, B cells repetitively 
test and adapt their BCR to ensure the development of a tolerant, 
non-autoreactive BCR (54). B cells constantly take up soluble anti-
gens predominantly via clathrin-coated pits (55), but uptake of cell-bound 
antigens requires additional, larger- scale processes involving F-actin–
mediated cell shape reorganization. Encountering antigen-presenting 
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cells (APCs) bearing cognate antigen, B cells begin establishing the immune 
synapse (IS) (56) by spreading across the surface of the APC to scan 
for additional antigens. This process is followed by membrane con-
traction and the formation of antigen receptor microclusters initiat-
ing the signaling reactions necessary for lymphocyte activation (47).

We found that in the absence of HEM1, B cells fail to spread 
properly and exhibit a lower coverage of antigen-presented surfaces 
due to the lack of lamellipodia. This, in turn, results in significantly 
less efficient aggregation of membrane bilayer–bound IgM molecules 
within the B cell IS. These morphodynamic aberrations in B cell IS 
formation and function decrease the strength of the extracellular 
signal required to tune BCR signaling toward normal B cell devel-
opment. We hypothesize that in HEM1-deficient GCs, the control 
of developmental and survival programs is hijacked by autoreactive 
antigens as they elicit stronger signals, shifting the balance of B cell 
fate choices toward survival of autoreactive B cells and the develop-
ment of autoimmunity. Similar defects in T cell IS formation may 
further promote the disease progression, as cognate interactions 
between T and B lymphocytes lead to a bidirectional signal exchange 
(28, 47, 55). In addition, we speculate that when HEM1-deficient 
B cells extract antigens from live APCs, lack of Arp2/3-mediated 
actin branching reduces membrane flexibility hindering BCR-dependent 
membrane invagination and, as a result, antigen extraction. At the 
same time, formins known to take over the actin polymerase activity 
in the absence of Arp2/3-mediated actin branching would promote 
unbranched linear actin filament generation, which can sterically 
impede dynamic signal extraction. Collectively, these processes ex-
plain a reduced amount of perceived cell-bound signal.

Mutations in genes encoding multiple actin cytoskeleton regula-
tors have now been characterized as causing distinct inborn error of 
immunity (IEI) entities (57). In addition to combined impairments in 
innate and adaptive immunity, autoimmunity emerges as a common 
feature of some actin-associated IEIs. Studies in the prototypical Wiskott- 
Aldrich syndrome have highlighted the pivotal role of the Arp2/3 
activator WASP in controlling BCR and Toll-like receptor signaling in 
a B cell differentiation stage– dependent manner, with elevated respon-
siveness in immature B cells and reduced responsiveness in mature 
B cells (58, 59). Compared with WASP deficiency, DOCK8 deficiency 
is associated to accumulation of autoreactive B cells (60). As suggested 
by studies in murine models, WIP deficiency, still poorly investigated 
in humans, might also be associated with autoimmunity due to 
aberrant B cell activation (61). In parallel to WAVE, also WASP, 
DOCK8, and WIP, which have been shown to interact (62), control 
actin branching via the ARP2/3 complex. The overlapping func-
tion of these proteins in tuning B cell activation and tolerance may 
therefore be due to the fact that they converge in controlling spatio-
temporal activation of the ARP2/3 complex. A recent study showed 
that pharmacological inhibition of ARP2/3 impairs BCR microcluster 
mobility, promoting APC-induced B cell activation at the IS (63). 
Our study highlights that beyond these overlapping aspects, the 
WAVE versus WASP- mediated activation of Arp2/3 in B cells may 
differ, in terms of both molecular control and associated phenotype.

Collectively, we here characterize a loss-of-function mutation in 
WRC actin regulatory complex, which results in B cell develop-
mental dysregulation and autoimmunity. We demonstrate that the 
WRC critically regulates extracellular signal perception and signal 
bridging, identifying a major and previously unrecognized role for 
the WRC in B cell development and immune homeostasis across 
species.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the role of HEM1 in 
human and mouse immune system and the consequence of HEM1 
deficiency in immune dysregulation and autoimmunity. For this pur-
pose, we made use of primary material from two HEM1-deficient 
patients, which were genetically analyzed in our laboratory primarily, 
and also, we used Hem1−/− mouse as an animal model. To study the 
cellular functions in this genetic defect, we also produced cell line 
models, which are described in the following sections.

Patients and ethics
Patients and other family member samples were included after col-
lecting informed written consent and with approval from the ethics 
committee of the Tehran University of Medical Sciences. The 
patients were evaluated, followed up, and treated at the Departments 
of Rheumatology and Immunology at Children’s Medical Center 
Hospital, Tehran University of Medical Sciences, Tehran, Iran. The 
study was approved by the local ethics committee of the Medical 
University of Vienna, Austria.

Animal experiments ethics
All experimental studies were approved by the Animal Ethics Com-
mittee of the Medical University of Vienna, Austria and were per-
formed according to the guidelines for Good Scientific Practice of 
the Medical University of Vienna, Austria.

Exome sequencing
For ES, a TrueSeq Rapid Exome kit as well as the Illumina HiSeq3000 
system and the cBot cluster generation instruments were used as 
previously described (64, 65), with minor changes. Briefly, reads were 
aligned to the human genome version 19 by means of the Burrows- 
Wheeler Aligner (BWA). VEP (variants effect predictor) was used 
for annotating single- nucleotide variants and insertions/deletions 
lists. The obtained list was then filtered according to the presence of 
variants with a minor allele frequency (MAF) of >0.01 in 1000 Genomes, 
gnomAD, and dbSNP build 149. After further filtering steps for 
nonsense, missense, and splice-site variants using VCF.Filter software 
(66), an internal database was used to filter for recurrent variants. 
Moreover, variants are prioritized using tools, such as SIFT, Polyphen-2, 
and the CADD score as well as HGCS, that predict the deleteriousness 
of a present variant.

Preprocessing and analysis of single-cell RNA-seq data
For details regarding sample preparation, please see Supplementary 
Materials and Methods. Preprocessing of the single-cell RNA-seq 
data was performed using Single-Cell Software Suite (version 3.0.2, 
10× Genomics) (67). Raw sequencing files were demultiplexed using 
the Cell Ranger command “mkfastq.” Each sample was aligned to the 
human reference genome assembly “refdata-cellranger-mm10-1.2.0” 
using the Cell Ranger command “count,” and all samples were ag-
gregated using the Cell Ranger command “aggr” without depth nor-
malization. Raw expression data were then loaded into Python 3.7.3 
and analyzed using the Scanpy (1.4.5.post1) package (68).

Filtering and preparation of single-cell RNA-seq data
Cells with fewer than 700 detected genes, with fewer than 1200 counts, 
or that exceeded a total mitochondrial gene expression of 20% were 
removed. Genes expressed in fewer than 20 cells or fewer than three 
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counts were also removed. Count data were normalized (excluding 
highly expressed genes) and batch effect–corrected, and unwanted 
variations [number of counts per UMI (unique molecular identifier), 
mitochondrial fraction, and ribosomal fraction] were regressed out.

Clustering, differential expression, and further analyses
Highly variable genes (4000) were identified using the Cell Ranger 
(67) implementation in Scanpy (Single-Cell Analysis in Python) (68). 
Dimensionality reduction was performed using uniform manifold 
approximation and projection (UMAP) (69) and PCA. The PCA 
was based on the identified variable genes and limited to the first 50 
principal components. The neighborhood graph was computed tak-
ing the UMAP and PCA into account. The Leiden (70) algorithm 
with a resolution of 0.1 grouped cells into clusters. By quantifying 
the connectivity of partitions with partition-based graph abstraction 
(71), the UMAP was recalculated and subclusters within the B cell 
and T cell identified using the Leiden algorithm with a resolution of 
0.6 and 0.4, respectively. Differential expression analysis was per-
formed based on t test, which overestimates variance of each group. 
The P values were adjusted for multiple testing using the Benjamini- 
Hochberg correction. Entropy analysis was performed using the 
SLICE (72) package following the standard workflow.

Data availability
All single-cell RNA-seq data included in this manuscript have been 
deposited with the functional genomics data store ArrayExpress 
(73) archive and accessible under the accession number 
E-MTAB-8706.

Flow cytometry analyses
All flow cytometric analyses were recorded on BD LSRFortessa. 
All data were analyzed using FlowJo X (TreeStar), and data 
were graphed with Prism 8.0 (GraphPad Software). For detailed 
experimental procedures and antibodies, see the Supplementary 
Materials.

Cell line generation and editing
For details regarding Jurkat, B16-F1 EBV-LCL generation and 
editing, as well as feeder T cell expansion, see the Supplementary 
Materials.

Rescue experiments and microscopy
Cells were transfected as described above and seeded on the follow-
ing day onto 15-mm-diameter glass coverslips coated with laminin 
(25 g/ml; Sigma-Aldrich, L2020) in laminin-coating buffer: 50 mM 
tris, 150 mM NaCl. Cells were allowed to adhere overnight and then 
fixed with prewarmed 4% paraformaldehyde (PFA; Sigma-Aldrich 
P6148) in phosphate-buffered saline (PBS) for 20 min. Permeabili-
zation was carried out using 0.05% Triton X-100 in PBS for 1 min, 
subsequently followed by three washing steps with 1× PBS. To vi-
sualize the actin cytoskeleton, cells were subjected to phalloidin 
staining (ATTO-594–conjugated phalloidin, ATTO-TEC AD594-
81, 1:200) and finally mounted onto glass slides using ProLong 
Gold antifade reagent (Thermo Fisher Scientific, P36934). PFA-
fixed samples of cells expressing certain EGFP-tagged proteins of 
interest were analyzed on an inverted microscope (Axiovert 100TV, 
Zeiss) equipped with an HXP 120 lamp for epifluorescence illumi-
nation, a Coolsnap-HQ2 camera (Photometrics), a filter wheel 
(LUDL Electronic Products LTD), and electronic shutters driven 

by MetaMorph software (Molecular Devices Corp., Sunnyvale, CA, 
USA). Images were taken using either 63×/1.4 numerical aperture 
(NA) or 100×/1.4 NA Plan apochromatic oil objectives. Cells de-
void of Hem1/Hem2 expression and thus incapable of lamellipodia 
formation served as tool to address and compare the effects of cer-
tain point mutations in either Hem1 or Hem2 on lamellipodia for-
mation. Cells expressing respective construct (positive for EGFP 
signal) were categorized according to their cellular morphology as 
exemplified in “final figure C.” Fractions of cells in percentage were 
plotted as stacked bar charts using Excel 2010 (Microsoft).

Video microscopy and immunofluorescence studies 
of patients and healthy controls
For details regarding immunofluorescence, TCR and BCR signaling 
analyses, and video microscopy, please refer to the Supplementary 
Materials.

Generation of Hem1−/− mice
To generate conditional Hem1-KO mice, a targeting vector was 
used in which exons 4 and 5 of the Hem1 gene were flanked by loxP 
sites. A Neo-cassette flanked by frt sites was inserted into intron 3, 
allowing for G418 selection. This vector was electroporated into 
murine embryonic stem cells (embryonic stem line IGD3.2) (25). 
Homologous recombinant clones were identified by genomic 
Southern hybridization and polymerase chain reaction (PCR). A 
targeted embryonic stem cell clone was injected into C57BL/6 blast-
ocysts and gave rise to germline chimeric animals. The Neo-cassette 
was removed from the hem1 locus by mating the resulting animals 
(fl_neo/wt), with transgenic mice expressing flip recombinase, re-
sulting in conditional Hem1 mice (fl/wt) that were backcrossed to a 
C57BL/6 background. Last, male Hem1 fl/wt animals were crossed 
with female K14-cre mice to obtain animals being heterozygously 
deleted for Hem1 (del/wt). Unless otherwise indicated, age-matched 
female and male animals were used at 4 to 8 weeks of age. All mice 
were group-housed on a 12:12-hour light-dark cycles at 22°C with 
food and water provided ad libitum.

Bone marrow transplantation
Bone marrow transplantation studies were performed as previously 
described (74). In short, 8-week-old C57BL/6J mice were sublethally 
irradiated (2 × 6 Gy) and were subsequently intravenously injected 
via the retro-orbital plexus with 3 × 106 mixed bone marrow from 
8-week-old JHT and Hem1+/+ versus Hem1−/− donors (4:1 ratio). 
The recipient mice were given a 14-week recovery period before in-
tervention studies.

Microscopy
We further operated an Eclipse Ti-E (Nikon) inverted micro-
scope system (setup #2) that was equipped with a high NA objective 
[×100 magnification, NA = 1.49, Nikon SR APO total internal 
reflection fluorescence (TIRF)] and a low NA objective (×20 mag-
nification, NA = 0.75, Nikon S Fluor). For excitation, we used five 
diode lasers with the wavelengths 405, 488, 514, and 642 nm (iBeam 
smart, Toptica) and 532 and 561 nm (Obis). The excitation light 
was cleaned up with clean-up filters that matched the correspond-
ing wavelengths (Chroma). Setup 2 was also coupled to a xenon 
lamp (Lambda LS lamp, Sutter Instrument Company), which was 
equipped with a filter wheel (Sutter Instrument Company) with the 
following filters installed: 340/26, 387/11, 370/36, 474/27, 554/23, 
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and 635/18 (all Chroma). This setup was further operated with 
the beam splitters zt405/488/532/640rpc and ET-Dualb. Sedat 
CFP (cyan fluorescent protein)/YFP (yellow fluorescent protein) 
sbxm + HC510/20 (all Chroma) and a Notch filter blocking 405-, 
488-, 532-, and 640-nm light (Chroma). Emission light was cleaned 
up with the use of a filter wheel (Sutter Instrument Company), 
which was equipped with the bandpass filters ET450/50, ET510/20, 
ET525/50, ET605/52, and ET700/75 (all Chroma). Emission 
light was recorded with a backside-illuminated electron-multiplying 
charge-coupled device (EM-CCD) camera (Andor iXon Ultra 897). 
An eight-channel DAQ-card (National Instruments) and the micro-
scopy automation and image analysis software MetaMorph (Mo-
lecular Devices) were used to program and apply timing protocols 
and control all hardware components. Microscopy setups were 
covered by a box, and temperature-sensitive experiments were con-
ducted under the control of a temperature control system from Leica 
(setup #1) and PeCon (setup #2). For details regarding bilayer 
preparation and antibody labeling, please see the Supplementary 
Materials.

B cell synapse formation
Primary human B cells were washed once in imaging buffer [Hanks’ 
balanced salt solution (HBSS) (Life Technologies) supplemented with 
ovalbumin (0.4 mg ml−1; Merck), 2 mM CaCl2, and 2 mM MgCl2 
(Merck)] and seeded on supported lipid bilayer (SLBs) functionalized with 
mSav:STAR635P- MHM88-biotin (20 to 100 molecules/m2) and inter-
cellular adhesion molecule–1 (ICAM-1)–12His (~100 molecules/m2) 
to record B cell synapse formation. Images were recorded in TIRF 
mode using a 100× TIRF objective (Nikon) and at 25°C. We recorded 
B cell synapses only from adherent cells, a condition that was verified 
by interference reflection microscopy (IRM) using 554/23-nm lamp 
excitation and a CFP/YFP + HC510/20 cube. To visualize B cell synapse 
formation in TIRF, we recorded a red image (640-nm laser excitation, 
705/72-nm emission filter) of mSav:STAR635P-MHM88-biotin fol-
lowed by a blue image (488-nm laser excitation, 510/20-nm emission 
filter) of ICAM-1–AF488 with an illumination time of 10 ms. We 
used a laser power density of 0.16 and 0.06 kW cm−2 to excite 
STAR635P and AF488, respectively. Videos of B cell synapse for-
mation were recorded with a 20× objective in epifluorescence mode 
using 635/18-nm lamp illumination to visualize mSav:STAR635P-
MHM88- biotin, 474/27-nm lamp illumination to excite ICAM-
1–AF488, and 554/23-nm lamp illumination to excite 7AAD 
(7-aminoactinomycin D) (live/dead cell discrimination). We re-
corded an image stack (whitelight, GFP, Cy3, and Cy5 illumination) 
every 10 s with an illumination time of 100 ms for all channels.

For experiments involving chemical fixation, cell samples were 
fixed with 4% PFA (Thermo Fisher Scientific) in PBS for 10 min at 
room temperature and subsequently washed in HBSS (Life Technol-
ogies) supplemented with ovalbumin (0.4 mg ml−1; Merck), 2 mM 
CaCl2, and 2 mM MgCl2 (Merck) to terminate the fixation reaction. 
Microscopy images were processed and analyzed with the open-source 
image processing package Fiji (75). B cell synapse dynamics was as-
sessed by measuring the ability of B cells to collect stimulatory anti- 
IgM antibodies (mSav:STAR635P-MHM88-biotin) upon interaction 
with the bilayer. For that purpose, the Fiji software was used to 
extract the area and the integrated density of fluorescently labeled 
anti-IgM (mSav:STAR635P-MHM88-biotin) associated with each 
cell. This analysis was applied to a sequence of 100 images covering 
an acquisition time of 34 min to capture both the spreading of indi-

vidual B cell synapses and the progressive enrichment in collected 
anti-IgM antibodies.
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