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Subcapsular sinus macrophages (SSMs) play a key role in im-
mune defence by forming immunological barriers that control
the transport of pathogens from lymph into lymph node follicles.
SSMs participate in antibody responses by presenting antigens
directly to naive B cells and by supplying antigens to follicular
dendritic cells to propagate germinal centre reactions. Despite
the prominent roles that SSMs play during immune responses,
little is known about their cell biology because they are tech-
nically challenging to isolate and study in vitro. Here, we used
multi-colour fluorescence microscopy to identify lymph node-
derived SSMs in culture. We focused on the role of SSMs as
antigen-presenting cells and found that their actin cytoskeleton
regulates the spatial organisation and mobility of immune com-
plexes displayed on the cell surface. Moreover, we determined
that SSMs are mechanosensitive cells that respond to changes
in extracellular matrix (ECM) rigidity by altering the architec-
ture of the actin cytoskeleton, leading to changes in cell mor-
phology, membrane topography, and immune complex mobility.
Our results reveal a new mechanism regulating physical aspects
of antigen presentation by antigen-presenting cells, which may
have implications for B cell activation and antibody responses.
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Introduction
Adaptive immune responses rely on the arrival of exoge-
nous antigens to lymph node follicles, where they can trig-
ger B cell activation to initiate antibody responses. Anti-
gens arrive in lymph nodes via afferent lymphatic vessels,
which propel lymph-borne antigens over a layer of CD169+

macrophages that line the subcapsular sinus floor. Subcap-
sular sinus macrophages (SSMs) have a distinct morphol-
ogy that underpins their dual roles as immunological barri-
ers and antigen-presenting cells. They interdigitate a layer of
lymphatic endothelial cells (1), protruding a "head" into the
lymph to capture antigens (2–5), and extending long "tail"
processes deep into the follicle either to present antigens di-
rectly to cognate B cells (4) or to transfer them to follicular
dendritic cells (FDCs) for long-term retention (6–8). SSMs
thus play a key role in naive B cell activation by acting as
antigen-presenting cells, and in B cell affinity maturation by
controlling antigen deposition on FDCs, which supply anti-
gens to B cells during germinal centre reactions.
The prominent role that SSMs play in B cell responses has
prompted several groups to attempt to isolate SSMs by lymph

node digestion and cell sorting to study their cell biology
(3, 5, 6, 9–11). However, SSMs are limited in number, highly
sensitive to manipulation, and prone to die during isolation
protocols. They form apoptotic membrane blebs that are ac-
quired by interacting lymphocytes, which then carry SSM
surface markers and masquerade as SSMs during flow cy-
tometric analysis (12). SSMs are, therefore, technically chal-
lenging to study in vitro, and consequently we have limited
understanding of their biology at the single-cell level.
Here, we have used large-scale, multi-colour fluorescence
imaging to identify SSMs in in vitro mouse lymph node cul-
tures. We demonstrate that the SSM actin cytoskeleton reg-
ulates both the spatial organisation and mobility of immune
complexes presented on the cell surface, and that these phys-
ical features of antigen presentation are altered by changes to
ECM rigidity.

Results
Identifying SSMs in vitro. Identification of SSMs in cul-
ture experiments was fortuitous and arose through studies of
antigen presentation by FDCs (13). In these experiments we
extract FDCs from mouse lymph nodes through a combina-
tion of mechanical and enzymatic disruption of tissue fol-
lowed by positive selection using antibody complexes con-
taining an FDC-specific antibody (rat IgG2c, κ anti-mouse
FDC-M1). This approach enriches FDCs but does not pu-
rify them, and FDCs must be identified in culture as CD45–

CD21/35+ cells that capture and retain immune complexes
on their surface (14–16). During our investigations, we iden-
tified unexpectedly a population of CD45+ CD21/35– cells
that were also heavily labelled by immune complexes, and
so used multi-colour fluorescence imaging and flow cytom-
etry to immunophenotype the cells in more detail, based on
surface marker expression.
Flow cytometric analysis showed that the FDC-M1 posi-
tive selection enriched CD45+ CD11b+ cells of myeloid lin-
eage (Fig S1, A and B). These cells are known to differ-
entiate into either macrophages or dendritic cells and pop-
ulate lymphoid organs (17). Lymph node macrophages and
dendritic cells can be distinguished based on expression of
CD11c; dendritic cells are CD11chi while macrophages are
CD11cneg/low (6, 18). We observed by flow cytometry that
>80% of CD11b+ cells were CD11cneg/low (Fig S1B), and
fluorescence imaging of the cells stained with anti-CD11b
and anti-CD11c monoclonal antibodies in culture confirmed
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that they expressed CD11b (Fig. 1A) but not CD11c (Fig.
1B). This CD45+ CD11b+ CD11cneg/low phenotype indicated
that the cells were likely macrophages. We confirmed further
their macrophage lineage by staining them with an antibody
targeting CD68, a transmembrane glycoprotein that is highly
expressed by macrophages and localises primarily to endo-
somes and lysosomes (Fig. 1C) (19).
Lymph node macrophages are a heterogeneous population of
cells that, during homeostasis, are classified into three sub-
sets: subcapsular sinus macrophages (SSMs), medullary si-
nus macrophages (MSMs), and medullary cord macrophages
(MCMs) (12, 20). These subsets can be distinguished based
on their surface expression of the C-type lectin sialoadhesin
(CD169) and the murine macrophage marker F4/80. MCMs
are CD169– while SSMs and MSMs are both CD169+. The
latter two populations differ in F4/80 expression; SSMs are
CD169+ F4/80neg/low and MSMs are CD169+ F4/80+ (21).
Immunofluorescence staining of cells cultured on collagen I-
coated glass showed that they expressed CD169 (Fig. 1D)
and were negative or expressed very low levels of F4/80
(Fig. 1E), while flow cytometric analysis confirmed that
>90% of CD169+ cells were F4/80– (Fig S1B). Immunoflu-
orescence staining also showed that the cells were negative
for SIGN-R1 (CD209b) (Fig. 1E), a marker of medullary
macrophages not expressed by mouse SSMs (Fig. 1E)
(12, 21). Based on this extended CD11b+ CD11c– CD169+

F4/80neg/low CD209b– phenotype and the ability of the cells
to capture and retain large amounts of immune complexes on
their surfaces, we concluded that the cells are indeed SSMs.

SSMs use Fcγ receptors to present immune com-
plexes. SSMs do not express FDC-M1 but do express high
levels of Fcγ receptors (FcγRs) (22). We therefore pos-
tulated that SSMs were enriched during the cell isolation
procedure due to interactions between their FcγRs and the
Fc domain of either the rat IgG2c, κ anti-mouse FDC-M1
primary antibody or the biotinylated mouse IgG2a anti-rat
Igκ secondary antibody used for cell enrichment. First, we
confirmed that cells expressed FcγRs by staining with anti-
CD16/32 (FcγRIII/FcγRII) (Fig. S2A). Next, we repeated
the cell isolation using a rat IgG2c, κ isotype control an-
tibody in place of the FDC-M1 antibody. Flow cytometric
analysis confirmed our hypothesis that SSMs were enriched
through interactions between IgG antibody complexes and
FcγRs (Fig. S1C). Given the high capacity of SSMs to bind
IgG antibody complexes, we wondered whether these cells
require complement to present immune complexes. To an-
swer this question, we loaded SSMs with antibody complexes
composed of goat IgG anti-mouse κ and donkey anti-goat
IgG (H+L) that either were, or were not, mixed with serum
in GVB++ buffer as a source of complement. We observed
that complement fixation was not required for SSMs to cap-
ture and retain antibody complexes on the cell surface (Fig
S2, B and C). Therefore, we conclude that SSMs primarily
use FcγRs to present immune complexes.

Immune complexes on the SSM surface colocalise
with actin filaments. We next characterised the morphol-

ogy of SSMs at the single-cell level in vitro. After culturing
SSMs on collagen I-coated glass coverslips for 5 to 7 days,
we loaded them with Cy3B-labelled immune complexes and
then fixed, permeabilised, and stained them with phalloidin-
Alexa Fluor 488 (AF488) to detect filamentous (F)-actin (Fig.
2A). Staining the actin cytoskeleton revealed that SSMs form
several distinct actin structures including filopodia (Fig. 2B),
lamellipodia (Fig. 2C), and podosomes (Fig. 2D) at the cell-
ECM interface and actin-enriched membrane ruffles (Fig.
2E) on the dorsal cell surface. Immune complexes were ex-
cluded from podosomes but colocalised with both filopodia
and ruffles, and heavily decorated lamellipodia. We quan-
tified the spatial association of immune complexes with F-
actin, focusing on membrane ruffles. To do this, we devel-
oped an image analysis workflow that assigned each immune
complex on the dorsal cell surface as either "on actin" or
"off actin", to determine the fraction of immune complexes
that associate with ruffles (see materials and methods). The
quantitation showed that all immune complexes on the dorsal
cell surface associated with membrane ruffles (Fig. 2, E and
F). Treatment of the cells with pharmacological inhibitors
of proteins that regulate actin assembly or contractility, in-
cluding CK-666 (Arp2/3), SMIFH2 (formins), blebbistatin
(myosin II), and Y-27632 (Rho-associated protein kinase),
slightly loosened the association of immune complexes with
actin ruffles but did not disrupt it (Fig. 2, F and G; Fig. S3).
Treating cells with jasplakinolide to stabilise actin filaments
slightly improved the spatial overlap of immune complexes
and ruffles. Only mycalolide B, a drug that severs actin fil-
aments, completely disrupted the association by removing
dorsal membrane ruffles from the cells (Fig. S3). We also
confirmed that immune complex association with cytoskele-
tal filaments was specific to F-actin, as they did not colocalise
with microtubules or the intermediate filaments vimentin and
nestin (Fig. 2H; Fig. S4, A-C). These results demonstrate
that immune complexes have a strong propensity to localise
to actin-enriched membrane ruffles on the dorsal surfaces of
SSMs.

Immune complex mobility coincides with F-actin dy-
namics. The actin cytoskeleton regulates the functions of
immunoreceptors in many immune cell types including
phagocytic macrophages, where binding of IgG antibodies
to FcγRs induces cytoskeletal remodelling and consequent
changes in FcγR mobility and clustering (23). Since we ob-
served that F-actin tightly associates with FcγR-presented
immune complexes in fixed SSMs, we reasoned that the cell
cytoskeleton might also constrain the lateral mobility and
clustering of immune complexes in live SSMs. To investi-
gate this possibility, we analysed the motion of fluorescent
immune complexes on the dorsal surfaces of SSMs express-
ing LifeAct-green fluorescent protein (GFP) (Fig. 3A), which
binds specifically to F-actin in live cells without interfering
with actin dynamics (24). Immune complex labelling was
performed at low density so that individual immune com-
plexes could be detected. The cell surface was imaged in
the immune complex and F-actin channels with a frame rate
of 20 Hz for 15 seconds using widefield epifluorescence mi-
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Fig. 1: Identification of SSMs in culture with multi-colour fluorescence microscopy. SSMs were enriched from lymph node single-cell suspensions, cultured in vitro
on collagen I-coated class coverslips, labelled with fluorescent immune complexes (ICs), and stained with monoclonal antibodies to CD45, CD11b, CD11c, CD68, CD169,
F4/80, and CD209b. Immunofluorescence imaging and quantitation confirmed that the cells are (A) CD45+ CD11b+, (B) CD11c–, (C) CD68+, and (D) CD169+. As expected,
antibodies against CD45, CD11b, and CD169 specifically label the plasma membrane, while anti-CD68 labels the membranes of intracellular vesicles. Though several cells
had relatively high mean intensity values of CD11c staining, close inspection of the images reveals that this signal is due to cell debris and not specific staining of the cell
membrane. (E) The cells expressed no or very low amounts of the medullary macrophage markers F4/80 and CD209b. n = 5 to 48 SSMs collated from 2 biological replicates.
Scale bars: 10 µm.

croscopy at 37 °C (Movie S1).

In agreement with the fixed-cell images, the live-cell time-
lapse images showed that immune complexes accumulated
near regions of high F-actin intensity (Fig. 3B). The motion
of immune complexes and F-actin structures was correlated;
slow-moving immune complexes associated with large, static
F-actin aggregates while highly mobile immune complexes
appeared to be "pushed" by small, dynamic F-actin patches
(Fig. 3, B and C, and Supplementary Video 1). The coinci-
dence of immune complex and F-actin dynamics was further
supported by kymographic analysis. Within dense regions
of F-actin, low-mobility immune complexes were brought
together to form larger clusters, indicating that F-actin can

induce clustering of immune complexes on the cell surface
(Fig. 3D). Elsewhere on the cell membrane, fast-moving im-
mune complexes and F-actin patches showed that they were
spatiotemporally linked (Fig. 3E). Taken together, these ob-
servations indicate that the SSM actin cytoskeleton regulates
the organisation and mobility of immune complexes on the
cell surface.

Immune complexes presented by SSMs exhibit multi-
ple diffusive states. The previous results showed that im-
mune complexes spatially and temporally associate with F-
actin in SSMs expressing LifeAct-GFP. To explore further
the role that F-actin plays in controlling immune complex
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Fig. 2: Immune complexes presented by SSMs associate with actin filaments (A) A single z-plane image (z = 0 µm) from a z-stack of an SSM labelled with immune
complexes and stained with phalloidin-AF488. Scale bar: 10 µm. (B-E) Zoomed in regions highlighted in (A) showing the different F-actin structures formed by SSMs including
(B) filopodia, (C) lamellipodia, (D) podosomes, and (E) dorsal membrane ruffles. Immune complexes densely label filopodia, lamellipodia, and ruffles and are excluded from
podosomes. Scale bars: 2 µm. (F) Quantitation of the spatial association of immune complexes with dorsal membrane ruffles in SSMs treated with drugs that perturb
actin filament assembly or actomyosin contractility. An enrichment ratio value of 1 indicates "on actin" and a value of 0 indicates "off actin." Each dot represents the mean
enrichment ratio value of all immune complexes within six regions of interest (ROIs) from one cell. n = 44-57 cells per treatment, pooled from six independent experiments.
(G) Coefficient of variation values for the data in 2F. (H) Quantitation showing that immune complexes associate with F-actin-rich dorsal membrane ruffles, but not microtubles,
vimentin, or nestin.

motion, we characterised the diffusion of immune complexes
displayed by cells that had been treated with mycalolide B to
depolymerise actin filaments, jasplakinolide to stabilise actin
filaments, or DMSO as a control. Visual inspection of the
immune complex trajectories with and without drug treat-
ments indicated that the SSM actin cytoskeleton did influence
immune complex mobility (Fig. 4A). In control (DMSO-
treated) cells, we observed immobile and partly mobile popu-
lations as before (Fig. 3). Treatment with mycalolide B visi-
bly increased immune complex mobility (Fig. 4A, Movie S2)
and treatment with jasplakinolide immobilised all immune
complexes (Fig. 4A, Movie S3).

The diffusion of a molecule can be categorised as one of three
types based upon the relationship between its mean-squared
displacement (MSD), 〈r2 (τ)〉, and time lag, τ : Brownian

(random), superdiffusive (directed), and subdiffusive (con-
fined). The MSD of particles diffusing in the plane of a
membrane is described by the power law 〈r2 (τ)〉= 4Dτα,
where D is the diffusion constant and α is the anomalous
scaling exponent. Values of α = 1 indicate Brownian mo-
tion, α < 1 subdiffusive motion, and α > 1 superdiffusive
motion. A log-log plot of MSD versus τ yields a straight
line of slope α and thus provides a convenient representa-
tion of the nature of the motion (Fig. 4B). Our results show
that immune complex diffusion was confined in control cells
(α = 0.38) (Fig. 4C), in agreement with observations that
FcγRs are confined within submicron actin compartments
in bone marrow-derived macrophages (23). Treatment of
SSMs with jasplakinolide to stabilise actin filaments slightly
increased immune complex confinement (α = 0.35) while
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Fig. 3: The movement of F-actin and immune complexes are spatiotemporally correlated at the SSM surface (A) Representative widefield image of F-actin (LifeAct-
GFP, green) and immune complexes (Cy3B-labelled, magenta) at the dorsal membrane of a live SSM. Scale bar: 10 µm. (B) Magnification of the boxed area in (A). Two-colour
time-lapse images of immune complexes and F-actin. Images are pseudo-coloured to represent changes in fluorescence intensity. Low-mobility immune complexes are
denoted by a white box and by the corresponding black box in the F-actin images. These complexes were trapped in a region of high F-actin intensity. A high-mobility
immune complex is denoted by a white circle and the corresponding black circle in the F-actin images. The trajectory traces the movement of the mobile immune complex
across time. The high F-actin intensity immediately adjacent to the complex indicates that the complex is "pushed" by a dynamic F-actin structure. Scale bar: 2 µm. (C)
Temporal projections of immune complex and F-actin dynamics (t = 0 to 15 s) with cold colours representing early times and warm colours later times. Scale bar: 2 µm. (D, E)
Kymographs representing the motion of immune complexes and F-actin from (D) the boxed region and (E) along the trajectory marked in (B). Arrow heads show the starting
positions of immune complexes in each kymograph. Vertical scale bars: 2 µm.

treatment with mycalolide B to remove actin barriers dras-
tically reduced confinement (α = 0.62) (Fig. 4C). Thus, our
data indicate that the actin cytoskeleton constrains the lateral
mobility of immune complexes on the SSM surface.

MSD analysis provides a single diffusion constant for each
immune complex. Our observations that immune complexes
could transiently associate with actin, however, suggested
that each immune complex could sample different mobil-
ity states within a single trajectory (Fig. 3E and 4A).
This observation was supported by plotting the instanta-
neous velocity of immune complexes over time, which re-
vealed that they generally moved with slow speeds of <2
µm/s but were transiently free to move with speeds of 5-8
µm/s (Fig. 4D). To quantify this heterogeneous behaviour
and better understand the role of actin in generating dis-
tinct mobility characteristics, we analysed the single-particle
trajectories using single-molecule analysis by unsupervised
Gibbs sampling (SMAUG) (25). SMAUG uses nonparamet-
ric Bayesian statistics to uncover different mobility states

from within single trajectories and quantify their diffusion
constants (D) and weight fractions (π). We applied this anal-
ysis tool to our trajectories and found that in DMSO-treated
cells, most immune complexes were immobile (πimmobile=0.6,
Dimmobile<0.001 µm2/s), with the remaining having moder-
ate mobility (πmoderate=0.4, Dmoderate=0.01 to 0.05 µm2/s)
(Fig. 4E). Treatment with mycalolide B to sever actin fil-
aments allowed immune complexes to diffuse more freely.
While the fraction of complexes with moderate mobility
was slightly lower (πmoderate=0.35), the proportion of im-
mobile complexes was substantially reduced (πimmobile=0.2)
and a new, highly mobile population appeared (πhigh=0.45,
Dhigh=0.1 µm2/s). Treatment with jasplakinolide to stabilise
actin filaments caused almost complete immobilisation of im-
mune complexes (πimmobile=0.9). Taken together, these data
indicate that the SSM actin cytoskeleton constrains the mo-
bility of immune complexes presented by FcγRs on the cell
surface.
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Fig. 4: Quantitative analysis of immune complex single-particle trajectories (A) Representative trajectories of individual immune complexes diffusing on the surfaces of
SSMs treated with DMSO, mycalolide B, or jasplakinolide. Trajectories are colour-coded by their diffusion constant, with highly mobile complexes in red (D≈0.1 µm2/s) and
immobile complexes in dark blue (D<0.001 µm2/s). Scale bar: 200 nm. (B) Log-log plot of MSD versus time from immune complex single-particle trajectories. The symbols
represent the mean MSD values from all acquired trajectories per condition (>1000 trajectories per cell; DMSO: 13 cells, Myc B: 14 cells, Jasp.: 10 cells), and the fills the
standard errors of the mean. Data are from one experiment representative of three experiments. (C) Anomalous scaling exponents, α, extracted as the slopes from linear
fits to plots of MSD versus time for the first 10 time lags. Each plain dot represents the mean α value for >1000 immune complexes from one cell (n = 2-7 cells per condition)
and each outlined dot represents the mean value for one independent experiment (N = 3 experiments). Data are colour coded by experiment. Bars represent mean ± SEM.
(D) Sample plot of instantaneous speed versus time for one immune complex. Instances of high speed are colour-coded pink and instances of low speed are blue. The
corresponding xy trajectory is shown in the inset with the same colour-coding scheme. Inset scale bars: 200 nm. (E) Bar graphs showing the mean weight fraction, π, of each
mobility state identified by SMAUG analysis for immune complexes diffusing on cells treated with DMSO, mycalolide B, and jasplakinolide. The plot was constructed from the
same single-particle trajectories used to calculate the values of α in (C) and merges data from three independent experiments. The weighted mean of the diffusion constant
for each condition, D, is given atop each bar. ****p<0.0001.

ECM rigidity alters SSM morphology. Our results sug-
gested that dorsal membrane ruffles are morphological struc-
tures involved in immune complex presentation by SSMs.
Generally, the morphology of a cell results from the balance
of cell-intrinsic forces such as tension and contractility, and
cell-extrinsic forces such as ECM stiffness (26). Disrupting
the cellular force balance can cause rapid alterations in cy-
toskeletal structure (27) that can impact cell polarisation (28)
and membrane ruffling (29). We were therefore curious to
know whether SSMs could also alter the organisation of their
actin cytoskeleton to reflect changes in ECM rigidity.

To investigate the effect of ECM stiffness on SSMs, we cul-
tured the cells on glass and flat polyacrylamide hydrogels
with similar surface densities of collagen I (Fig. S5A) but dif-
ferent rigidities, with mean Young’s moduli ranging from 2
to 180 kPa (Fig. 5A; Supplementary Table 3). SSMs cultured
on the gels for 5 days adhered well to all of the gels (Fig. 5B).
Imaging F-actin revealed that compared to cells cultured on
glass, cells cultured on 2 kPa gels had a 60% lower mean
spread area (Fig. 5C), 43% increased mean roundness (Fig.
5D), and 61% lower cell volume (Fig. 5E). These results
indicate that SSMs become smaller and more rounded in re-

sponse to a softer ECM.

SSM responses to ECM rigidity were also reflected by
changes in the prominence of F-actin-based structures. Po-
dosomes are actin-rich, circular structures that form at the
ventral surface of dendritic cells and macrophages, enabling
cells to adhere to the ECM via integrins (30). They also
have a mechanosensory function, allowing cells to sense the
rigidity of the substrate. SSMs on all substrates formed po-
dosomes. Reducing ECM stiffness did not cause a major
change in the mean area of the podosome actin core (0.29
µm2 on glass and 0.22 µm2 on 2 kPa gels) (Fig. S5B), but de-
tailed analysis showed that the number of podosomes with
area >0.3 µm2 decreased substantially on soft ECM (41%
on glass versus 15% on 2 kPa gels) (Fig. 5F). Likewise,
filopodia—thin membrane protrusions that cells use to probe
the microenvironment—were formed by SSMs on all sub-
strates but grew shorter on soft ECM (Figs. 5G and S5C),
with the proportion of filopodia >4 µm in length shifting from
45% on glass to 13% on 2 kPa gels. Together, these results
indicate that SSMs are mechanosensitive cells that adapt their
morphology to changes in ECM rigidity.
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Fig. 5: ECM rigidity alters SSM morphology and actin cytoskeleton organisation (A) Images of SSMs on collagen I-coated substrates of different stiffness. Scale bar:
10 µm. (B) The number of SSMs adhered to the 78.5 mm2 substrate surface on day 5 of culture. Data are from four independent experiments. (C, D) Cells change their size
and shape in response to ECM rigidity as assessed by (C) spread area (µm2), (D) roundness (%), and (E) volume (µm3). Each plain dot represents one cell and each outlined
dot represents the mean value for one independent experiment (n = 11 to 26 cells per condition per experiment, N = 4 independent experiments). Data are colour-coded by
experiment. Bars represent mean ± SEM. (F-H) Cells respond to changes in substrate stiffness by altering (F) the size of podosomes at the ECM-cell interface and (G) the
length of filopodia. The bin sizes for the histograms in (F) and (G) are 0.02 µm2 and 0.5 µm, respectively. Data are pooled from three or four independent experiments (n =
15 to 34 cells per condition per experiment). *p<0.05, **p<0.01, ***p<0.001.
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SSM mechanosensing of ECM rigidity alters the mobil-
ity of immune complexes. SSM mechanosensing of ECM
rigidity also affected the formation of membrane ruffles on
the dorsal cell surface. The images in Fig. 6A show that SSM
dorsal membranes were replete with actin-rich ruffles when
cells were cultured on collagen I-coated glass, and devoid of
them when cells were cultured on collagen I-coated 2 kPa
gels. Analysis of membrane ruffle formation showed that the
fraction of SSMs with at least one ruffle decreased with ECM
rigidity, from 100% of cells on glass to only 31% of cells on 2
kPa gels (Fig. 6B). This change in membrane topography did
not impact the ability of SSMs to capture immune complexes,
as the surface density (0.12 complexes/µm2) (Fig. 6C) and
size (fluorescence intensity) (Fig. 6D) of immune complexes
were unchanged. The loss of membrane ruffles and retention
of immune complex density resulted in a loss of spatial asso-
ciation between immune complexes and ruffles on the dorsal
surface (Fig. 6E). Because we previously found that the actin
cytoskeleton constrains the lateral motion of immune com-
plexes (Fig. 3 and 4), we hypothesised that ECM stiffness-
induced alterations in membrane ruffle formation would also
impact immune complex mobility. We therefore tracked im-
mune complexes on the surfaces of live SSMs cultured on
collagen I-coated substrates of different stiffness and anal-
ysed the trajectories using SMAUG. The weighted mean dif-
fusion constant of immune complexes was 56% lower when
SSMs were cultured on 2 kPa gels (0.0057 µm2/s) compared
to glass (0.0129 µm2/s) (Fig. 6F). Detailed analysis of the
different mobility states showed that the fraction of immo-
bile complexes (Dimmobile<0.001 µm2/s) increased from 0.4
on glass to 0.6 on 2 kPa gels, and the fraction of complexes
with D≥0.03 µm2/s decreased from 0.31 on glass to 0.06 on
2 kPa gels. Thus, membrane ruffling and stiff ECM increases
the lateral mobilty of immune complexes presented by SSMs.

Discussion
Our study reveals a dynamic relationship between SSM
membrane topography and immune complex presentation
that is influenced by ECM mechanics. We show, using high-
resolution fluorescence microscopy, that SSMs cultured on
stiff collagen I-coated surfaces form prominent F-actin-based
membrane protrusions. These protrusions enrich FcγR-
presented immune complexes and promote their rapid move-
ment on the cell surface. Culturing SSMs on soft colla-
gen I-coated substrates depletes them of F-actin protrusions,
leading to slower immune complex mobility. These findings
demonstrate that physical aspects of immune complex pre-
sentation—namely, membrane topography and immune com-
plex mobility—are not fixed features of SSMs, but rather dy-
namic qualities that change in response to mechanical forces
transmitted from the ECM.
Our paper focuses on the role of SSMs as antigen-presenting
cells, and as such, we should consider how SSMs interact
with B cells. In the lymph node, B cells migrate to the sub-
capsular sinus region to sample SSM surfaces for antigens
(4). Most B cells spend <5 minutes in contact SSMs (2),
so they must be efficient in their search. B cells rapidly

scan their B cell receptors (BCRs) over antigen-presenting
surfaces using actin-based membrane protrusions (31–33),
which is a general mechanism employed by lymphocytes to
locate antigens (34). We show here that SSMs, too, em-
ploy active surface topography to move immune complexes
on their surfaces, suggesting that SSMs may survey B cell
surfaces in return to facilitate encounters between immune
complexes and BCRs.

Quantitative imaging of molecular interactions between B
cells and SSMs in vivo is not currently possible. Instead, to
dissect the molecular-scale events that underpin B cell ac-
tivation, researchers have stimulated B cells with artificial
surfaces to mimic cell-cell interactions in vitro. These ex-
periments have revealed that, upon binding cognate antigen,
B cells rapidly remodel their actin cytoskeleton to reposition
BCRs and integrins to optimise signalling (35), and exert me-
chanical forces on BCRs to extract and internalise antigens
(36). The ability of B cells to carry out these functions de-
pends on physical properties of the antigen-presenting sur-
face (37). For example, in vitro experiments have shown that
B cells interacting with antigens on fluid planar lipid bilay-
ers (DAg ≈ 4 µm2/s) (38) easily assemble large BCR-antigen
microclusters that signal robustly (39). In contrast, B cells
encountering the same antigens tethered to glass coverslips
(DAg = 0 µm2/s) form much smaller clusters and have an at-
tenuated response. In this paper, we reveal that neither of
these scenarios is an accurate representation of antigen pre-
sentation by SSMs. Using single particle tracking and quanti-
tative analysis of the trajectories, we show that immune com-
plexes presented by SSMs frequently transition between im-
mobile (D<0.001 µm2/s) and moderate-mobility (0.03-0.05
µm2/s) states in a way that depends upon actin. These dif-
fusion constants are close to those of BCRs (DIgM-BCR =
0.03 µm2/s and DIgD-BCR = 0.003 µm2/s) (40), suggesting
that SSMs may resist the lateral transport of BCR-antigen
complexes to inhibit microcluster growth. Speculatively,
certain immune complex mobility states may also be more
favourable for BCR microcluster formation. Moreover, we
show that SSMs present (multivalent) immune complexes at
low average densities (0.12 complexes/µm2), in contrast to
the very high antigen densities commonly used in vitro (50 to
4000 molecules/µm2) (13, 35, 41). We suspect that present-
ing multivalent antigens at low density and with low mobility
will maintain low-avidity BCR-antigen interactions to pro-
mote stringent B cell discrimination of antigen affinities (42).
These findings invite the development of artificial surfaces
that better imitate physical characteristics of real antigen-
presenting cells for future in vitro studies of B cell activation.

An important finding in our experiments is the discovery
that SSMs are mechanosensitive cells that respond to ECM
rigidity differences by altering F-actin architecture to mod-
ify cell shape, membrane topography, and immune complex
mobility. The in vivo relevance of SSM mechanotransduc-
tion stems from the fact that in response to immunological
challenge, lymph nodes rapidly and massively increase their
volume, which requires remodelling of stromal and ECM net-
works. The network tension remains the same or even de-
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Fig. 6: ECM rigidity alters membrane topography and immune complex mobility, but not the density or clustering of immune complexes (A) Maximum intensity
projection of three z-planes, totalling 0.6 µm depth, at the dorsal membrane of SSMs cultured on collagen I-coated glass (top row) or 2 kPa polyacrylamide gel substrates
(bottom row). Cy3B-labelled immune complexes (magenta) are present on both cell membranes, but actin-rich membrane ruffles (stained with phalloidin-AF488, green) are
visible only in the cell cultured on glass. Scale bar: 2 µm. (B) The fraction of cells on each substrate that have formed at least one membrane ruffle on the dorsal surface.
N = 3 or 4 independent experiments. (C, D) Quantitation of the (C) surface density and (D) size of immune complexes presented by SSMs cultured on collagen I-coated
glass or polyacrylamide gels of different stiffness. Each plain dot represents the mean value for all immune complexes on one cell and each outlined dot represents the mean
value for all cells in one independent experiment (n = 8 to 19 cells per condition per experiment, N = 3 independent experiments). Data are colour-coded by experiment.
Bars represent mean ± SEM. (E) Enrichment of immune complexes on actin-rich membrane ruffles on SSMs cultured on collagen I-coated gels of different stiffness (n = 5
to 14 cells per condition per experiment, N = 2 independent experiments). (F) Bar graphs showing the mean and weight fraction of each identified mobility state for immune
complexes diffusing on cells cultured on collagen I-coated gels of different stiffness. Data are pooled from 2 independent experiments (2 kPa: 3095 trajectories from 7 cells,
16 kPa: 3020 trajectories from 4 cells, 24 kPa: 3100 trajectories from 5 cells, 180 kPa: 5340 trajectories from 8 cells, glass: 9160 trajectories from 7 cells.) The weighted
mean of the diffusion constant for each condition, D, is given atop each bar. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant.

creases during early stages of lymph node swelling (43), but
increases as the lymph node continues to expand (44, 45).
We speculate that SSMs in contact with ECM will sense
these mechanical changes and alter immune complex presen-
tation. Our experiments suggest that increasing ECM tension
may induce the formation of SSM F-actin structures, includ-
ing dorsal membrane ruffles that enhance immune complex
mobility and filopodia that extend into the B cell follicle to
deliver antigens (2, 4–6). We do not yet know the mech-
anisms underpinning SSM sensing of ECM mechanics, but
it is conceivable that integrin-mediated mechanotransduction
activates small GTPase activity to alter filopodia formation
and membrane ruffling (46–48). Another point to consider
in future studies will be the contributions of different ECM
ligands to SSM activation, as different integrin types exhibit
different bond dynamics and consequently responses to ECM
rigidity (49). Our findings overall suggest that changes to
ECM tension in lymph nodes may provide a mechanical stim-
ulus to SSMs that alters physical aspects of antigen presenta-
tion to B cells, thereby shaping B cell activation responses.
In summary, we have demonstrated that SSMs can be en-

riched from lymph nodes with IgG antibody complexes, and
identified in in vitro cultures with high-throughput, multi-
colour fluorescence imaging. SSMs have distinct morpho-
logical and topographical features that are linked to immune
complex presentation and alter dynamically in response to
ECM rigidity. Understanding the mechanisms that regulate
SSM mechanosensing and the spatial organisation of immune
complexes on the cell surface, especially in vivo, will be
needed to determine their exact roles in supporting B cell
responses. Immunisation strategies that consider ECM ten-
sion in addition to antigen accumulation in lymph nodes may
provide new routes to elicit antibodies with desired breadth
and specificity (50, 51), for instance by targeting stromal cell
contractility to alter ECM tension (52).
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Materials and Methods
Mice. C57BL/6 mice were purchased from Charles River and
housed in the King’s College London Biological Services
Unit under specific-pathogen-free conditions. All mice were
6-16 weeks of age, and both males and females were used.
Mice were maintained and treated following guidelines set
by the UK Home Office and the King’s College London Eth-
ical Review Panel.

SSM isolation and culture for imaging experiments.
Lymph nodes (superficial and deep cervical, brachial, ax-
illary, mesenteric, and inguinal) were harvested from five
C57BL/6 mice and teased apart using 25G needles in a
35 mm Petri dish containing 1 mL DMEM medium. An-
other 1 ml DMEM medium containing 0.625 mg/ml DNase1
(Roche) and 0.26 U Liberase DH (Sigma) was added to
the cells and incubated for 45 minutes at 37 °C. Released
cells were collected, and the tissue was digested a second
time with fresh reagents. The cells were pooled and passed
through a 70 µm cell strainer and pelleted by centrifuga-
tion for 7 minutes at 300×g. The cell pellet was resus-
pended in 200 µl ice-cold DMEM and incubated sequen-
tially on ice with purified rat anti-mouse FDC-M1 (BD Bio-
sciences) or rat IgG2c, κ isotype control antibody (1.6 µg
antibody per 2 × 107 cells) for 1 hour, 1 µg biotinylated
mouse anti-rat Ig, κ light chain (BD Biosciences) antibody
for 40 minutes, and 50 µl anti-biotin microbeads (Miltenyi
Biotec) for 20 minutes. The cells were pelleted (5 min-
utes at 300×g) and resuspended in full DMEM (DMEM sup-
plemented with 10% heat-inactivated fetal calf serum, 20
mM HEPES, 0.2 mM MEM non-essential amino acids, and
penicillin-streptomycin-glutamine, all from Gibco) between
each incubation. Following a final wash and resuspension of
the cell pellet in MACS buffer (PBS, pH 7.4, 1 mM EDTA,
5% BSA), cells were isolated by positive selection using
an LS Column and MidiMACS Separator (Miltenyi Biotec).
Cells were resuspended in full DMEM and plated onto colla-
gen I-coated glass or polyacrylamide gels in FluoroDish cell
culture dishes (10-mm well; World Precision Instruments) at
a density of 3 × 105 cells per dish. Cells were cultured at 37
°C with 5% CO2. The media was exchanged at 48 hours to
remove dead lymphocytes and cell debris. Cells were imaged
on days 5-7.
For actin perturbation experiments, cells were exchanged into
warm Hank’s balanced salt solution (+Ca2+, +Mg2+; Gibco)
supplemented with 0.01% BSA (HBSS 0.01% BSA) and
mycalolide B, jasplakinolide, CK-666, SMIFH2, Y-27632,
or blebbistatin at final concentrations listed in Supplemen-
tary Table 2. Control cells received an equivalent amount of
DMSO diluted in warm HBSS 0.01% BSA.

Immune complex generation. Blood was collected from a
mouse by cardiac puncture and allowed to clot for 30 min-
utes at room temperature. The clot was removed by cen-
trifuging at 2000×g for 10 minutes at 4 °C. The liquid com-
ponent (serum) was divided into 10 µl aliquots on ice and
stored at –20 °C. Immune complexes were generated by mix-

ing 10 µl of the mouse serum, as a source of complement,
with 0.5 µg Cy3B-labelled goat IgG1 anti-mouse Igκ (South-
ern Biotech; labelled in-house), 0.375 µg donkey anti-goat
IgG (H+L) (Jackson ImmunoResearch), and 40 µl of GVB++
buffer (Complement Technology) for 30 minutes at 37 °C.

Antibodies for imaging and flow cytometry. Antibodies
for cell enrichment, flow cytometry, and fluorescence imag-
ing are listed in Supplementary Table 1. In-house labelling of
antibodies was achieved by mixing NHS ester-coupled dyes
with the antibody at a 4:1 dye:antibody ratio in sodium bi-
carbonate buffer, pH 8.2, for 30 minutes at room tempera-
ture and then removing unbound dye molecules using 7 kDa
MWCO Zeba desalting columns (Pierce).

Cell characterisation by flow cytometry. Single cells
from the whole lymph node and positive selected fraction
were split into 106 cells/tube and blocked with anti-mouse
CD16/32 in PBS for 20 minutes at 4 °C and surface stained
for 30 minutes at 4 °C with labelled primary antibodies or
their isotype controls (see Supplementary Table 1). Propid-
ium iodide was used to exclude dead cells. Flow cytometry
was performed on a BD FACS Canto II. Data were analysed
using FlowJo software (BD Biosciences).

Imaging and image processing. Widefield z-stack and
timelapse fluorescence images were acquired using a Nikon
TiE TIRF microscope equipped with a 100×, 1.49-NA oil-
immersion objective (Nikon), a motorised stage with an in-
tegrated piezo Z-drive (MS-2000; Applied Scientific Instru-
mentation), and active Z-drift correction (Perfect Focus Sys-
tem; Nikon). The microscope was controlled by a high-speed
TTL, I/O, DAC controller (Triggerscope 4; Cairn Research)
integrated into MicroManager Software. Illumination was
supplied by a MultiLine LaserBank (Cairn Research) fitted
with 405-, 488-, 561-, and 640-nm diode lasers (Coherent
OBIS). The beams were aligned into a single-mode fibre
and coupled to an iLas2 Targeted Laser Illuminator (Gat-
aca Systems), which produces a 360° spinning beam with
an adjustable illumination angle. Laser beams were passed
through a laser quadband (405/488/561/640nm) filter set for
TIRF applications (TRF89901v2-ET; Chroma) before illumi-
nating the sample. Emitted fluorophores were filtered by ap-
propriate single-band emission filters (Chroma) using a filter
wheel (OptoSpin; Cairn Research) and then captured onto a
back-illuminated sCMOS camera (Prime 95B sCMOS; Tele-
dyne Photometrics). For live-cell imaging, a constant temper-
ature of 37 °C was maintained using a cage incubator (Oko-
lab). Images were processed and analysed using Fiji (53) and
Icy v1.9.9.1 (54). Briefly, images from each channel were
aligned and cropped to remove poorly illuminated areas at
the edges. Images were then background-subtracted and flat-
field corrected before analysis.

Plots and statistics. Data for individual cells and the mean
values per experiment were plotted together as SuperPlots
(55). Statistical differences were determined using one-way
ANOVA with Tukey’s multiple comparisons test. Statistical
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tests were performed using GraphPad Prism software (ver-
sion 9), and differences were considered to be statistically
significant at p ≤ 0.05.

Preparation of glass substrates. Stock solutions of colla-
gen were prepared by dissolving 10 mg collagen I (rat tail-
derived; Roche) in 3.3 mL of 0.2% (v/v) acetic acid in water.
The resulting 3 mg/ml stock solution was stored at 4 °C. On
the day of an imaging experiment, the collagen was diluted to
30 µg/ml in PBS, pH 7.4, and incubated on the 10-mm Fluo-
roDish glass surface for 3 hours at 37 °C. The collagen was
aspirated, and the surfaces were incubated with full DMEM
for 20 to 30 minutes at 37 °C, before cells were seeded.

Preparation of polyacrylamide gels. The glass surfaces of
10-mm FluoroDishes were each incubated with 100 µl of 0.1
M sodium hydroxide for 5 minutes, washed with ultrapure
water (Arium), and dried. The surfaces were then incubated
with 100 µl of 1.5% (v/v) (3-aminopropyl)trimethoxysilane
in ultrapure water for 30 minutes at room temperature. The
surfaces were washed again and incubated with 100 µl of
0.5% glutaraldehyde in PBS for 30 minutes, washed with
ultrapure water, and dried. To generate gels of different
stiffness, different concentrations of acrylamide and bis-
acrylamide (see Supplementary Table 3) were mixed with
0.1% ammonium persulfate and 0.1% TEMED (N,N,N’,N’-
tetramethylethylenediamine) in degassed 10 mM HEPES, pH
7.0. Two microlitres of the solution were promptly placed in
the centre of the FluoroDish glass surface and covered with
a 9-mm round glass coverslip (made hydrophobic by prior
treatment with Rain-X). Two magnets were used to hold the
glass-gel-glass sandwich together during polymerisation to
ensure uniform gel thickness. After 30 minutes the poly-
merisation was complete, the round coverslips were removed,
and the gels were soaked in 50 mM HEPES, pH 7.0. To
coat the gel surfaces with collagen, they were first incubated
with 100 µl of 0.5 mg/ml sulfo-SANPAH (sulfosuccinimidyl
6-(4’-azido-2’-nitrophenylamino)hexanoate); Thermo Scien-
tific) in 10 mM HEPES, pH 8.5, and exposed to 6 W of
365 nm UV light (UVP UVL-56 handheld UV lamp) un-
til the solution turned from orange to brown. Excess sulfo-
SANPAH was removed by washing with 50 mM HEPES, pH
8.5. Crosslinked gels were then incubated with 100 µl of 30
µg/ml collagen I diluted in 50 mM HEPES, pH 8.5, for 2
hours at 37 °C. Gels were washed with full DMEM and incu-
bated for 20-30 minutes at 37 °C before adding cells.

Measurements of polyacrylamide gel stiffness. The
stiffness (Young’s modulus, E) of polyacrylamide gels was
measured by nanoindentation using an atomic force mi-
croscopy (BioScope Resolve, Bruker). Briefly, cantilevers
with pyramidal silicon nitride tips with an effective half-angle
θ of 18°, nominal spring constant of k=0.03 N m–1, nomi-
nal tip radius of 20 nm, and minimal tip height of 2.5 µm
(MLCT-D, Bruker) were used. The AFM was calibrated us-
ing the deflection sensitivity and actual spring constant of the
cantilevers. To determine the deflection sensitivity of the can-
tilevers, a deflection/force curve for the approach on a glass

surface was recorded. The actual spring constant was found
through thermal tuning using the simple harmonic oscillator
model (56). Two gels per stiffness were measured. For each
gel, measurements were obtained from four areas around the
centre, spaced at least 4 µm apart. Per area, 64 (8×8) force-
displacement curves with a ramp size of 5 µm and ramp speed
of 10 µm s–1 were recorded. The Young’s modulus was then
computed using a model for force-indentation relationships
of a four-sided pyramidal tip (57). All the force curves were
processed in this way with a custom-written MATLAB code.

Immunofluorescence imaging of fixed cells. For im-
munofluorescence imaging, cells were exchanged into ice-
cold HBSS 0.1% BSA, incubated with immune complexes
for 10 minutes on ice and fixed with 4% paraformalde-
hyde. Cells were then blocked with anti-mouse CD16/32
and stained for surface markers using antibodies at a final
concentration of 1 µg/ml for 30 minutes at room tempera-
ture. For staining cytoplasmic molecules, cells were perme-
abilised with 0.1% Triton X-100 (Alfa Aesar) for 5 minutes
in HBSS 0.1% BSA, blocked with 5% (v/v) normal mouse
serum (Jackson ImmunoResearch), and incubated with the
antibody for intracellular staining. F-actin was stained us-
ing Alexa Fluor 488 phalloidin (Invitrogen). Cells were fixed
again before imaging.
Because jasplakinolide competitively inhibits phalloidin
binding to F-actin, preventing the combined use of these
drugs during imaging experiments (58), we used a silicon
rhodamine (SiR)-jasplakinolide conjugate. At low concen-
trations SiR-jasplakinolide can be used as a cell-permeable
probe to study actin dynamics, but at the 100 nM concen-
tration we used, it potently induced actin polymerisation and
inhibited actin turnover while also allowing us to visualise
actin filaments.

Analysis of cell morphology. The cell body was seg-
mented based on the intensity of the F-actin labelling. The
cell shape, circularity and volume were determined in Icy us-
ing the ROI statistics plugin. The podosome size and filopo-
dia length were measured in Fiji. Briefly, F-actin signals cor-
responding to podosomes were thresholded, binarized, and
applied as a mask to the F-actin raw image, and the Anal-
yse Particles plugin was used to quantify podosome number,
size, and fluorescence intensity. Filopodia lengths in SSMs
cultured on different substrates were measured manually, us-
ing the Fiji line selection tool, by a researcher knowledgeable
of the actin structures but blinded to the data set (i.e., which
substrate cells were adhered to).

Fluorescence intensity-based colocalisation analysis
of immune complexes and cytoskeletal filaments. Our
approach to quantify the association of immune complexes
(spots) and F-actin (filaments) was inspired by Sun et al.
(59). Briefly, two-colour z-stack epifluorescence images
(phalloidin and immune complex channels) were processed
and analysed by a user-guided pipeline implemented in Fiji
(53). There were three steps to the analysis: (1) identify the
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z-positions of the dorsal membrane ruffles, (2) remove low-
frequency signals from F-actin and immune complex chan-
nels, and (3) quantify the spatial association of immune com-
plexes and F-actin.
Because dorsal membrane ruffles and immune complexes in
different regions of the cell come into focus at different z-
stack positions, six regions of interest (ROIs) were analysed
for each cell. The Sobel transform and Canny-Deriche op-
erator were applied to the phalloidin channel, and the three
adjacent z-slices with the highest integrated values (sharpest
frames), corresponding to the z-slices with dorsal membrane
ruffles, were identified. A maximum intensity projection of
the three z-slices from the phalloidin raw image stack was
generated and used for further analysis. A maximum inten-
sity projection of the same three z-slices was produced from
the immune complex raw image stack.
Next, segmented images of dorsal membrane ruffles and im-
mune complexes were generated. For each channel (phal-
loidin and immune complexes), low-frequency signals were
subtracted (using a Gaussian bandpass filter in the phalloidin
channel and a Laplacian of Gaussians filter in the immune
complex channel) and then each channel was thresholded, bi-
narised, and subsequently applied as a mask to the raw phal-
loidin and immune complex channels to exclude background
fluorescence signal. The immune complexes were identified,
and the raw integrated density of each complex quantified,
using the Analyse Particles plugin. The enrichment ratio of
immune complexes on actin filaments, R, was then calculated
for each ROI as the summed intensity of complexes that are
"on actin", Ic,on, divided by the summed intensity of all im-
mune complexes, Ic,on+off, or

R =
∑

Ic,on∑
Ic,on+off

The same procedure was used to calculate the enrichment ra-
tio for immune complexes with microtubules, vimentin, and
nestin. For these experiments, antibodies targeting the cy-
toskeletal proteins were used in place of phalloidin.

Live-cell imaging and analysis. Cells cultured on colla-
gen I-coated substrates were incubated with fluorescent im-
mune complexes for 10 minutes on ice, exchanged into warm
HBSS 0.1% BSA, and imaged at 37 °C. Streamed timelapse
images were acquired at a frame rate of 20 Hz for 15 sec-
onds at a single plane focused on the dorsal cell membrane.
Images were background-subtracted and corrected for photo-
bleaching using either the histogram matching method (im-
mune complex channel) or the exponential fitting method
(Lifeact-GFP channel) in Fiji (60). A Difference of Gaus-
sians filter was applied to the immune complex image (σ1:
3.00 and σ2: 1.50). The particles were detected and tracked
with sub-pixel localisation using the LAP tracker in the
Trackmate plugin for Fiji (61), with a maximum linking dis-
tance of 500 nm, a maximum gap-closing distance of 250 nm,
and a maximum gap of 2 frames. For the kymograph analy-
sis, single-particle signals were extracted along the immune
complex trajectory. Kymographs were then generated from

videos of 300 frames using the Multi Kymograph plugin for
Fiji, with a line width of 1 pixel. The evolution of fluores-
cence intensity along the immune complex trajectories was
plotted versus time to generate the kymographs for both the
immune complex and F-actin channels. The MSD of each
immune complex diffusing in two-dimensions, in the plane
of the plasma membrane, was computed according to the for-
mula (62)

MSD(τ) = 〈[r (t+ τ)− r(t)]2〉= 4Dτα

where τ = 50 ms is the frame time, [r (t+ τ)− r(t)] is the
immune complex displacement during time interval τ , D is
the apparent diffusion constant, and α is the anomalous scal-
ing exponent, with a= 1 characterised as Brownian (normal)
diffusion, a < 1 as subdiffusion, and a > 1 as superdiffusion.
Trajectories of 10 spots or longer were used for the analy-
sis. Linear trajectories due to active transport of internalised
immune complexes were excluded from the analysis.
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Supplementary Figure 1

Fig. S1: Isolation and identification of SSMs. Pseudocolour flow cytometry plots of live single-cell suspensions from (A) whole lymph nodes, and (B,C) enzyme-digested
lymph nodes positively enriched by (B) an FDC-specific antibody (rat IgG2c, κ anti-mouse FDC-M1) or (C) a rat IgG2c, κ isotype control antibody, both complexed with a
biotinylated mouse IgG2a anti-rat Ig κ secondary antibody and captured by anti-biotin microbeads. Cells were stained with monoclonal antibodies to CD45, CD11b, CD11c,
CD169, and F4/80 (see Supplementary Table 1). The proportions of all cell populations are indicated on the plots. Data are representative of three experiments.
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Supplementary Figure 2

Fig. S2: SSMs use FcγRs to present immune complexes (A) Immunofluorescence staining with anti-CD16/32 (FcγRIII/FcγRII). Both SSMs (F-actin+ CD16/32+) and
non-SSMs (F-actin+ CD16/32–) are visible in this image. (B, C) The ability of SSMs to capture and present immune complexes does not depend upon complement. IgG
antibody complexes are captured equally well when (B) they are (+) and (C) are not (–) fixed with complement. Scale bars: 10 µm.
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Supplementary Figure 3

Fig. S3: Inhibition of SSM actin dynamics and contractility. F-actin (phalloidin-AF488) and immune complex (Cy3B-labelled) staining of SSMs treated with DMSO or
inhibitors of the following targets: Arp2/3 (CK-666), formins (SMIFH2), Rho-associated kinase (Y-27632), myosin II (blebbistatin), actin disassembly (fluorogenic form of
jasplakinolide, SiR-Actin), and actin assembly (mycalolide B). Inhibitor concentrations are listed in Supplementary Table 2. Scale bars: 10 µm.

Iliopoulou et al. | The SSM actin cytoskeleton controls immune complex presentation bioRχiv | 17

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 3, 2022. ; https://doi.org/10.1101/2022.12.02.518873doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.02.518873
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Figure 4

Fig. S4: Immune complexes presented by SSMs do not associate with microtubules or intermediate filaments SSMs were cultured on collagen I-coated glass, labelled
with Cy3B-immune complexes, and stained for (A) tubulin (z-position: 2 µm), (B) vimentin (z-position: 2.4 µm), and (C) nestin (z-position: 3.6 µm). Scale bars: 10 µm.
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Supplementary Figure 5

Fig. S5: Characterising polyacrylamide gels and cell morphology. (A) Collagen I-coated glass and gel substrates were stained with a fluorescent anti-collagen I antibody
and imaged with epifluorescence microscopy. The fluorescence intensity was the same across gels of different rigidity, indicating a consistent surface density of collagen I.
Data are the mean fluorescence intensities from 3 or 4 gels of each stiffness. (B) Podosome areas and (C) filopodia lengths for SSMs cultured on collagen I-coated substrates
of different stiffness. Each plain dot represents one cell and each outlined dot represents the mean value for one independent experiment (n = 2 to 23 cells per condition per
experiment, N = 3 or 4 independent experiments. Bars represent mean ± SEM.
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Supplementary Table 1: Antibodies used in this study

Antibody Clone Final conc. Supplier Cat. No. Assay
CD45-AF647 30-F11 0.05 µg/ml Biolegend 103123 Flow cytometry/Imaging
CD169-FITC 3D6.112 0.05 µg/ml Biolegend 142405 Flow cytometry/Imaging
CD11b-PE/Cy7 M1/70 0.04 µg/ml eBioscience 25-01112-81 Flow cytometry
CD11c-APC/Cy7 N418 0.04 µg/ml Biolegend 117323 Flow cytometry
F4/80-Pacific Blue BM8 0.05 µg/ml Biolegend 123123 Flow cytometry/Imaging
CD45-APC/Cy7 30-F11 0.05 µg/ml Biolegend 103115 Flow cytometry
Rat IgG2a-FITC iso ctrl eBR2a 0.05 µg/ml eBioscience 11-4321-71 Flow cytometry/Imaging
Rat IgG2a-Pacific Blue iso ctrl RTK2758 0.05 µg/ml Biolegend 400527 Flow cytometry/Imaging
Rat IgG2a-APC/Cy7 iso ctrl RTK2758 0.04 µg/ml Biolegend 400523 Flow cytometry
Rat IgG2b-AF647 iso ctrl RTK4530 0.05 µg/ml Biolegend 400626 Flow cytometry/Imaging
Rat IgG2b-PE/Cy7 iso ctrl RTK4530 0.04 µg/ml Biolegend 400617 Flow cytometry
Rat IgG2b-APC/Cy7 iso ctrl RTK4530 0.05 µg/ml Biolegend 400623 Flow cytometry
Arm. Hamster-APC/Cy7 iso ctrl HTK888 0.04 µg/ml Biolegend 400927 Flow cytometry
CD11b-biotin M1/70 0.05 µg/ml BD 553309 Imaging
CD16/32 (labelled in-house) 2.4G2 0.05 µg/ml BD 553142 Imaging
CD11c-BV605 N418 0.05 µg/ml Biolegend 117333 Imaging
CD68-AF488 FA11 0.05 µg/ml Biolegend 130712 Imaging
CD209b (labelled in-house) eBio22D1 0.05 µg/ml Invitrogen 14-2093-81 Imaging
Collagen I (labelled in-house) COL-1 0.05 µg/µl Invitrogen PA-95137 Imaging
FDC-M1 FDC-M1 see methods BD 551320 Cell enrichment
Rat IgG2c, k iso ctrl A23-1 see methods BD 553982 Cell enrichment
Biotin anti-Rat Ig, κ MRK-1 see methods BD 553871 Cell enrichment
Goat anti-mouse κ IgG polyclonal see methods SouthernBiotech 1050-01 Immune complex
Donkey anti-goat IgG (H+L) polyclonal see methods Jackson 705-005-147 Immune complex
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Supplementary Table 2: Inhibitors used in this study

Inhibitor Target Final conc. Supplier Cat. No.
Mycalolide B Actin severing 3 µM Santa Cruz SC-358736
Jasplakiolide (SiR-Actin) Actin stabilisation 100 nM Spirochrome SC001:SiR-actin kit
CK-666 Arp2/3 100 µM Sigma SML0006
SMIFH2 Formin FH2 domain 20 µM Merck 344092
Y-27632 Rho-associated protein kinase 1 µM Cambridge Bioscience SM02-1
(S)-nitro-blebbistatin Non-muscle myosin II ATPase 100 µM Cambridge Bioscience CAY24171
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Supplementary Table 3: Polyacrylamide gel rigidities measured by atomic force microscopy
(AFM)

% Acrylamide % Bis-Acrylamide Young’s modulus (kPa) (mean ± SEM) No. gels measured
4.96 0.05 1.88 ± 21.3 2
5.56 0.27 16.25 ± 0.77 2
7.06 0.20 24.24 ± 0.65 2
9.91 0.43 176.85 ± 0.21 2
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Movie S1.
Raw epifluorescence timelapse of Cy3B-labelled immune complexes diffusing in the plasma membrane of a mouse subcapsular
sinus macrophage expressing Lifeact-GFP. The still images in Figure 3, B and C, are taken from this movie. Image size: 252 x
69 pixels, pixel size: 110 nm.

Movie S2.
Raw epifluorescence timelapse of Cy3B-labelled immune complexes diffusing in the plasma membrane of a mouse subcapsular
sinus macrophage treated with mycalolide B. Image size: 90 x 90 pixels, pixel size: 110 nm.

Movie S3.
Raw epifluorescence timelapse of Cy3B-labelled immune complexes diffusing in the plasma membrane of a mouse subcapsular
sinus macrophage treated with fluorogenic jasplakinolide (SiR-Actin). Image size: 180 x 90 pixels, pixel size: 110 nm.
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