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Integrin clusters facilitate mechanical force transmission (mechanotransduc-
tion) and regulate biochemical signaling during cell adhesion. However, most
studies have focused on rigid substrates. On fluid substrates like supported
lipid bilayers (SLBs), integrin ligands are mobile, and adhesive complexes are
traditionally thought unable to anchor for cell spreading. Here, we demon-
strate that cells spread on SLBs coated with Invasin, a high-affinity integrin
ligand. Unlike SLBs functionalized with RGD peptides, integrin clusters on
Invasin-SLBs grow in size and complexity comparable to those on glass. While
actomyosin contraction dominates adhesion maturation on stiff substrates,
we find that on fluid SLBs, integrin mechanotransduction and cell spreading
rely on dynein pulling forces along microtubules perpendicular to the mem-
branes and microtubules pushing on adhesive complexes, respectively. These
forces, potentially present on non-deformable surfaces, are revealed in fluid
substrate systems. Supported by a theoretical model, our findings demon-
strate a mechanical role for microtubules in integrin clustering,.

Integrin-mediated adhesion is critical to fundamental cellular pro-
cesses such as cell migration', differentiation?, and the development of
tissues and organs®. Integrin clusters serve as communication hubs
transmitting mechanical forces between cells and substrates. During
integrin-mediated mechanotransduction, forces generated by cells
and transmitted to a substrate regulate biochemical signaling as a
function of substrate stiffness’.

In recent years, studies on mechanotransduction have generated
a wealth of information and conceptual shifts in our understanding of

cell adhesion’. A plethora of “adhesome proteins” connecting integrins
with the cytoskeleton were identified, and their role in mechan-
otransduction and cell adhesion was established®. The majority of
these studies, however, were performed on substrates with immobi-
lized integrin ligands, such as glass or deformable 2D-gels’. The actin
cytoskeleton plays a crucial mechanical role in adhesion reinforcement
on stiff substrates®. Actin polymerization is required to form small
nascent adhesions (NAs)’, and actomyosin contraction promotes their
growth into large and dense focal adhesions (FAs) connected to stress
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fibers'®. However, much less is known about adhesion on soft sub-
strates like 3D matrices" or the plasma membrane of other cells®?,
which are relevant to the interaction between immune and target
cells™', where integrin ligands are not immobilized but embedded in
fluid membranes.

Supported lipid bilayers (SLBs) are convenient model membranes
for mimicking the fluid characteristic of plasma membranes to study
cell-cell adhesion®™®, Previous studies of SLBs functionalized with
canonical RGD peptides have shown that cells neither spread, nor
develop large and dense integrin adhesions like FAs and stress fibers'**,
The current understanding is that mobile integrin-ligand complexes
cannot serve as anchoring points on fluid membranes to promote cell
spreading, as on stiff substrates’®, and NAs cannot be reinforced
through mechanotransduction to promote strong adhesion on fluid
substrates”. However, previous studies have not addressed the effect of
the integrin receptor-ligand affinity which may significantly differ from
that of RGD peptides and could regulate cell adhesion®*,

To test the role of integrin receptor-ligand affinity directly, we
used SLBs functionalized with a high-affinity ligand, the Yersinia bac-
terial protein Invasin®, that binds to a subset of B;-integrins, including
the fibronectin receptor asf3; (Supplementary Methods). On these
SLBs, we seeded mouse embryonic fibroblasts (MEF) expressing a
recombinant integrin B;-subunit labeled with a Halotag at its ectodo-
main, instead of the endogenous B-integrin®. This construct labeled
with membrane impermeable Halotag-dyes enabled us to study f3;-
integrins primarily at the cell surface, excluding signals from intra-
cellular integrins otherwise observed with genetic labeling. We used
confocal microscopy to detect (3;-integrin clustering during the time
course of adhesion. We quantified cluster areas and integrin densities
using fluorescent SLB calibration standards'®*® and compared them
between Invasin-SLBs and RGD-SLBs. Thus, we found evidence of
mechanotransduction occurring on Invasin-SLBs, leading to FA-like [3;-
integrin adhesions. We attributed this phenomenon to the vertical
forces generated by microtubules and dyneins on integrin clusters,
and we developed a theoretical model supporting this mode of
mechanotransduction. Additionally, we found that cell spreading
occurred on Invasin-SLBs but not on RGD-SLBs, in a receptor-ligand
affinity dependent fashion. Finally, we observed that microtubules play
a significant role in mechanotransduction on these SLBs.

Results

Cell “trembling” and spreading on SLBs depend on ligands

We functionalized SLBs with RGD peptides or Invasin and confirmed
their fluidity by fluorescence recovery after photobleaching (FRAP)
(Supplementary Fig. S1). We then added MEF cells on these bilayers
and we observed, through brightfield microscopy, both “trembling”
cells with fluctuating edges, and “adherent” cells with immobile edges
(Fig. 1A; Supplementary movies 1-2). The fraction of the latter
increased over time, reaching 80% on RGD- and Invasin-SLBs after
45 minutes (Fig. 1B). Adherence was more rapid on RGD- than on
Invasin-SLBs (Fig. 1B), possibly due to the higher effective RGD den-
sities on SLBs (20,000 RGD/um? vs. 600 Invasin/um?) and/or the larger
range of integrin types that RGD binds to, which could facilitate
integrin activation”. This hypothesis was tested by enhancing cell
adhesion with manganese (Mn*"), a known integrin activator®. Nota-
bly, while Mn** did not alter adhesion dynamics on RGD-SLBs, it sig-
nificantly accelerated adhesion rates on Invasin-SLBs to levels
comparable to those observed on RGD-SLBs (Fig. 1B). While similar
fluctuations of the cell edge were previously reported on glass®, we
found that the proportion of adherent cells on glass remained constant
and similar for both ligands at comparable concentration (400 nM), as
used for the SLBs, with and without Mn?* (Supplementary Figs. S2A-C).
These observations suggest that, under given conditions, ligand’s
ability to activate integrins is a more critical factor for cell adhesion on
SLBs than on glass.

We also examined cell spreading on SLBs to assess adhesion
strength®’. We measured the “projected areas” of the cells on the SLB
surface and their “circularities”, which characterize cell shape irregu-
larity (Fig. 1C). Consistent with an early adhesion stage, all “trembling”
cells on both ligands displayed small, round areas, irrespective of Mn?*
treatment (Supplementary Fig. S3A, B). Moreover, in agreement with
previous studies on fluid substrates'’, we found that fibroblasts did not
spread significantly on RGD-SLBs, maintaining small projected areas
below 200 um? and a high degree of roundness (circularity around 1),
regardless of Mn?* treatment (Fig. 1D, E). In contrast, cells spread sig-
nificantly more on Invasin-SLBs, with median projected areas 1.5- and
2-fold higher than on RGD-SLBs for Mn**-untreated and treated cells,
respectively (Fig. 1E). Moreover, 35% of Mn?*"-untreated and 75% of
Mn?**treated cells on Invasin-SLBs developed multiple protrusions and
irregular shapes (circularity <0.8), with projected areas twice and three
times larger than those of trembling cells, respectively (Fig. 1C).

These findings suggest that although integrin activation by Mn?*
may not be critical on RGD-SLBs, it accelerates cell adhesion and sig-
nificantly enhances spreading on Invasin-SLBs. The different role of
manganese in the two systems can be explained by the much lower
density of Invasin than of RGD on these SLBs, and by the fact that RGD
binds to a much larger range of integrins than Invasin.

B:-integrin clusters are denser and larger on Invasin- than on
RGD-SLBs

We used confocal microscopy to study the clustering of pB;-integrins
labeled with Alexa488-Halotag ligands at the cell-SLB interface dur-
ing the first hour of adhesion. We observed isotropic f;-integrin
clusters on both RGD- and Invasin-SLBs, which were morphologically
distinct from FAs or actin-dependent podosome-like structures
mainly composed of Bs-integrins (Prof. Cheng-Han Yu, private
communication)®. Through fluorescence calibration, we generated
integrin density maps (Supplementary Fig. S4) and employed image
segmentation algorithms to detect and quantify integrin clusters by
their areas (o) and densities of integrins (p) (Methods). Specifically,
we segmented integrin density maps with a threshold of 300 integ-
rins/um?, corresponding to the minimal spacing of 58 nm between
integrin-ligand pairs observed during mechanotransduction on
glass®.

At 45 minutes after cell seeding, we observed that the clusters
on Invasin-SLBs were larger and denser compared to those on RGD-
SLBs, independent of Mn?* (Fig. 2B-D). We did not observe differ-
ences on Invasin-SLBs in the presence or absence of Mn?* (Fig. 2B).
Median densities of integrins per cell (p) were approximately 100
integrins/um? for trembling cells for both ligands, independent of
Mn?" (Fig. 2B; Supplementary Fig. S5). For the adherent cells, how-
ever, the median densities were significantly higher, reaching up to
160 integrins/um? and 450 integrins/um? on RGD- and Invasin-SLBs,
respectively. Importantly, p was significantly higher on Invasin-
SLBs, attaining levels comparable to those observed on glass®,
which were never reached on RGD-SLBs (Fig. 2B). We also evaluated
the surface area of dense integrin clusters (0300) corresponding to
p >300 integrins/um? (Fig. 2C) and found that clusters on Invasin-
SLBs were significantly larger than on RGD-SLBs, regardless of Mn*
treatment. Moreover, individual integrin clusters were over twice as
dense on Invasin-SLBs compared to RGD-SLBs with median values
equal to 257 integrins/um? and 117 integrins/um? respectively
(Fig. 2D). Independent of Mn*" treatment, 0390 per cell was sig-
nificantly higher on Invasin-SLBs, with 23% of clusters larger than
the theoretical diffraction limit (180 nm), versus only 9% on RGD-
SLBs (Fig. 2E).

To investigate the potentially inhibitory effect of RGD crowding
on integrin clustering, we reduced the surface fraction of RGD to 0.1%
(comparable to Invasin concentration on SLBs). This led to a noticeable
decrease in f;-integrin cluster density and in the total area of clusters,
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compared to SLBs with 2% surface fraction of RGD (Supplementary
Fig. S6A, B). Additionally, cell spreading maintained the same low level
(Supplementary Fig. S6C, D).

Since the affinity of Invasin to f;-integrins is two-orders of mag-
nitude larger than that of RGD****, we hypothesized that the difference
in cluster density could be due to the difference in affinity. Therefore,
we modulated the affinity of Invasin for B;-integrins by treating cells
with antibodies that block or activate (3;-integrins specifically, in con-
trast to Mn*', which targets all integrins (Methods). We observed a
significant increase in f3;-integrin density in cells treated with activating
antibodies, as compared to control conditions without the antibody
(Supplementary Fig. S7A). Conversely, upon cell treatment with
blocking antibodies, the density dropped down to the baseline level
corresponding to non-adhering cells in the presence of EDTA, a che-
lating agent for divalent ions. Altogether, these results confirm that
ligand-B;-integrin affinity is an important parameter for [;-integrin
clustering.
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Focal adhesion proteins are recruited at B;-integrin clusters
Integrin clusters grow and mature during cell adhesion on rigid sub-
strates, recruiting focal adhesion (FA) proteins in response to
mechanotransduction driven by actomyosin contractility®”. To
determine whether B-integrin adhesive clusters could also mature on
SLBs, we quantified the recruitment of FA proteins (Fig. 3A, B). “Early
adhesion proteins” like talin, kindlin-2, paxillin, vinculin and “late
adhesion proteins” like VASP and zyxin were recruited to B;-integrin
clusters both on Invasin- and RGD-SLBs (Supplementary Fig. SSA-E).
Except for talin, all FA proteins showed a higher relative enrichment on
Invasin-SLBs compared to RGD-SLBs (relative to their mean levels in
the cell). This suggests that higher mechanical forces are at play on
Invasin-bound cells. Particularly, the strong recruitment of kindlin-2 on
Invasin-SLBs may indicate an enhanced stabilization of the B;-integrin-
talin bond, capable of sustaining greater forces®.

While integrin-mediated mechanotransduction on glass typi-
cally involves the actin cytoskeleton, microtubules also play a
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Fig. 1| MEF cells adhere faster on RGD-SLBs but spread more on Invasin-SLBs.
A Top: schematic illustration of a cell adhering on an SLB coated with a ligand of ;-
integrin (RGD, or Invasin) (Created in BioRender. Mikhajlov, O. (2025) https://
BioRender.com/m84x622). Bottom: brightfield images of an adherent (left) and a
trembling (right) cell on Invasin-SLB with corresponding kymographs describing
cell edge movements over 2 minutes. Scale bars: 10 um; 1um. B Time evolution of
fractions of adherent cells on RGD- (blue) and Invasin-SLBs (red) in the presence
(Mn +, full line) or absence (Mn-, dashed line) of Mn?". Line scatter plot, mean, SEM.
These results are based on: RGD-SLBs (Mn-): 0-15": Neejis = 65; Nexp =3. 15-30":
Neells = 72; Nexp =4. 30”45’ Neeiis = 98; Nexp = 4. 45"-1h: Neejis = 59; Nexp=3. Invasin-
SLBs (Mn-): 0-15": Neelis = 88; Nexp = 3. 15-30": Neelis = 94; Nexp = 3. 30-45": Neeiis = 92;
Nexp=3. 451h: Neeiis = 93; Nexp =4. RGD-SLBs (Mn +): 0-15": Neeiis = 42; Nexp =415
30": Neelts = 71 Nexp = 5. 30-45": Neeits = 113; Nexp = 4. 45"-1h: Neejis = 44; Nexp =4
Invasin-SLBs (Mn +): 0-15": Neeiis = 74; Nexp = 3. 15"-30": Neeiis = 89; Nexp=3. 30-45"
Neeits = 85; Nexp =3. 45"-1h: Neeiis = 75; Nexp = 3. SLBs without ligands (Ctrl-): 45™-1h:
Neeits =103; Nexp = 3. Source data are provided as a Source Data file. C Brightfield
images of cells of different morphological shapes adhered on an RGD-SLB (blue)
and Invasin-SLBs (red). Projected areas and circularities are indicated as “Area” and
“Circ.”. Scale bars: 10 um. D, E Trembling (“Tr”, plots on grey background area) and
adherent (“Ad”, 45 min - 1 h after seeding) cells in the presence (Mn +) or absence

Mn- Mn+ Mn- Mn+

(Mn-) of Mn?* adhering on RGD- (blue) or Invasin-SLBs (red). Data from trembling
cells on: RGD-SLBs: Neejis = 44; Nexp = 3. Invasin-SLBs: Neejis = 57; Nexp =3. And from
cells adhered on: RGD-SLBs (Mn-): Nceiis = 48; Nexp = 3. RGD-SLBs (Mn + ): Neeys =102;
Nexp = 5. Invasin-SLBs (Mn-): Neejis = 75; Nexp = 3. Invasin-SLBs (Mn +): Neeyis = 78;
Nexp = 5. Source data are provided as a Source Data file. D Cell circularity. Statistical
significance (two-tailed Mann-Whitney tests): trembling vs. adhered on RGD-SLBs
(Mn-): p-value = 0.0770; trembling vs. adhered on Invasin-SLBs (Mn-): p-value <
0.0001; adhered on RGD-SLBs Mn- vs. Mn + : p-value = 0.0598; adhered on Invasin-
SLBs Mn- vs. Mn +: p-value = 0.0001; adhered on RGD- vs. Invasin-SLBs (Mn-):
p-value < 0.0001; adhered on RGD- vs. Invasin-SLBs (Mn + ): p-value = 0.0001. Violin
plots with the median represented by a central line and the interquartile range
(25th-75th percentiles) indicated by the upper and lower lines. E Cell projected area
in pm? Statistical significance (two-tailed Mann-Whitney tests): trembling vs.
adhered on RGD-SLBs (Mn-): p-value = 0.6103; trembling vs. adhered on Invasin-
SLBs (Mn-): p-value < 0.0001; adhered on RGD-SLBs Mn- vs. Mn +: p-value = 0.2583;
adhered on Invasin-SLBs Mn- vs. Mn +: p-value < 0.0001; adhered on RGD- vs.
Invasin-SLBs (Mn-): p-value = 0.0032; adhered on RGD- vs. Invasin-SLBs (Mn +):
p-value < 0.0001. Violin plots with the median represented by a central line and the
interquartile range (25th-75th percentiles) indicated by the upper and lower lines.
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Fig. 2 | By-integrin clusters in MEF cells adhering on SLBs and relationship
between their density and cell spreading. A Main panels: ;-integrin density
maps, using the “physics” LUT of Image] below (Methods), showing B-integrin
cluster organization in cells adhering on SLBs coated with RGD (upper left) and
Invasin (upper right). Images are taken at the focal plane of the SLBs. Lower left
corners: corresponding brightfield images. Zoomed panels (white squares on the
main panels): regions with f;-integrin clusters (black arrows). Bottom: B-integrin
density profiles along the white rectangles in the zoomed panels. Scale bars: 5um
(main panels); 1um (zoomed panels). B-E) RGD-SLB (blue), Invasin-SLB (red). Data
from trembling cells on: RGD-SLBs: Neiis = 44; Nexp = 3. Invasin-SLBs: Nceiis = 57;
Nexp = 3. And from cells adhered on: RGD-SLBs (Mn-): Ncejis = 48; Nexp = 3. RGD-SLBs
(Mn +): Neelis =102; Nexp = 5. Invasin-SLBs (Mn-): Neejis = 75; Nexp = 3. Invasin-SLBs
(Mn +): Neeiis =78; Nexp=35. Source data are provided as a Source Data file. B Top:
schematic illustration of integrin clustering at the cell-SLB interface (Created in
BioRender. Mikhajlov, O. (2025) https://BioRender.com/y70w219). Bottom: Mean
Br-integrin density per cell in trembling (“Tr”) and adherent (“Ad”) cells in the
presence (Mn +) or absence (Mn-) of Mn** adhering on RGD- (blue) or Invasin- SLBs
(red). Statistical significance (two-tailed Mann-Whitney tests): trembling cells (Tr,
Mn-) on RGD vs. Invasin-SLBs: p-value = 0.2174; cells adhering on RGD- vs. Invasin-
SLBs in the absence of Mn?* (Ad, Mn-): p-value < 0.0001; cells adhering on RGD- vs.
Invasin-SLBs in the presence of Mn?* (Ad, Mn +): p-value < 0.0001; trembling vs.
adhering cells on RGD-SLBs: p-value < 0.0001; trembling vs. adhering cells on
Invasin-SLBs: p-value < 0.0001; cells adhering on RGD-SLBs in the presence vs.
absence of Mn*": p-value = 0.0332; cells adhering on Invasin-SLBs in the presence

S
S

T
vs. absence of Mn?": p-value = 0.5838. Violin plots with the median represented by a
central line and the interquartile range (25th-75th percentiles) indicated by the
upper and lower lines. C Total area of B;-integrin clusters of density higher than
300 Brintegrins/um? per cell (030) in the presence (Mn +) or absence (Mn-) of
Mn?* in cells adhering on RGD- or Invasin-SLBs. Statistical significance (two-tailed
Mann-Whitney tests): cells adhering on RGD- vs. Invasin-SLBs in the absence of
Mn?* (Mn-): p-value < 0.0001; cells adhering on RGD vs. Invasin-SLBs in the pre-
sence of Mn?* (Mn +): p-value < 0.0001. Violin plots with the median represented
by a central line and the interquartile range (25th-75th percentiles) indicated by the
upper and lower lines. D Histograms displaying the distribution of B;-integrin
densities in individual clusters of Mn*" treated cells adhering on RGD- (blue) or
Invasin-SLBs (red). The x-axis represents the B;-integrin density, while the y-axis
indicates the frequency of clusters with corresponding densities. Statistical sig-
nificance (two-tailed Mann-Whitney tests): p-value < 0.0001. Data from 10,813
clusters on Invasin and 16,115 clusters on RGD. E Areas of individual B;-integrin
clusters with densities exceeding 300 By-integrins/um? in Mn*-treated cells
adhering on RGD (blue)- or Invasin (red)-coated SLBs. The data highlights differ-
ences in the sizes of high-density B;-integrin clusters between the two adhesion
substrates. Statistical significance (two-tailed Mann-Whitney tests): p-value <
0.0001. 75-percentile of 6390 per cell distribution: 8-9 um? for Invasin-SLBs and 0.1-
0.15 um? for RGD-SLBs. DL - theoretical diffraction limit. Data from 347 clusters for
cells adhering on Invasin and 9203 clusters for cells adhering on RGD. Box-and-
whisker plots with the median represented by a central line and the interquartile
range (25th-75th percentiles) indicated by the upper and lower lines.
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crucial role in stabilizing and regulating protein turnover within
FAs”?%. We first assessed the association of F-actin to B;-integrin
clusters in MEF cells using lifeact-mScarlet (Fig. 3C), by measuring
its relative enrichment in these clusters for both ligands; however,
the actin stress fibers typically associated with mechanotransduc-
tion were absent (Fig. 3C, E). Interestingly, we found that F-actin was
more enriched at the B;-integrin adhesion clusters on RGD- than
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Invasin-SLBs (Fig. 3C). This finding contrasts with the difference in
the recruitment of FA proteins at these structures and suggests that
actin does not drive FA maturation on Invasin-SLBs. We then
investigated the role of the microtubule cytoskeleton using EMTB-
iRFP. We found that microtubules were organized in similar net-
works at the adhesion interface on SLBs and glass (Supplementary
Fig. S9A, B). However, the relative increase in the microtubule signal
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Fig. 3 | Focal adhesion proteins and cytoskeleton (actin and microtubules) are
enriched at B,-integrin clusters on SLBs. All cells are Mn**-treated and imaged
45 min - 1h after seeding in the chamber. A Main panels: fluorescence multi-
channel images showing f;-integrin (cyan) and paxillin (magenta) cluster organi-
zation in cells adhering on SLBs coated with RGD (left) and Invasin (right). Images
are taken as max intensity z projections (in Fiji) of the volume with 1um height (z
coordinate) centered at the focal plane of the SLB. Lower left corners: corre-
sponding brightfield images. Medium panels: zooms corresponding to the white
squares on the main panels, showing regions with B;-integrin and paxillin clusters.
Bottom: By-integrin and paxillin intensity profiles along the lines (white rectangles
in the zoomed panels). Scale bars: 5 um (main panels); 1um (zoomed panels).

B Relative enrichment of focal adhesion (FA) proteins in B;-integrin clusters in cells
on RGD- (blue) and Invasin-SLBs (red). It is calculated as an increase in fluorescence
of a FA protein in B;-integrin clusters compared to the mean cell fluorescence
normalized by the mean cell fluorescence. These measurements were conducted
on fixed cells to examine FA proteins, with B;-integrin clusters identified using a
threshold of 100 arbitrary units (‘arb. units’) (Methods). Violin plots with the
median represented by a central line and the interquartile range (25th-75th per-
centiles) indicated by the upper and lower lines. Data from: Talin: Neeiis = 87, Nexp =4
(RGD-SLBS); Neeiis = 65, Nexp =4 (Invasin-SLBs). Kindlin-2: Neejis = 42, Nexp =3 (RGD-
SLBS); Neeits = 87, Nexp =4 (Invasin-SLBs). Paxillin: Neejis =53, Nexp =3 (RGD-SLBs);
Neelts =128, Nexp =3 (Invasin-SLBs). Vinculin: Neejis = 59, Nexp =4 (RGD-SLBs);

Neeils =56, Nexp =3 (Invasin-SLBs). VASP: Nceiis = 42, Nexp =4 (RGD-SLBS); Neeiis = 66,
Nexp =4 (Invasin-SLBs). Zyxin: Nceiis = 61, Nexp =4 (RGD-SLBS); Nceiis =76, Nexp =4

(Invasin-SLBs). Statistical significance for cells on RGD- vs. Invasin-SLBs (two-tailed
Mann-Whitney tests): Talin: p-value = 0.1030. Kindlin-2: p-value < 0.0001. Paxillin:
p-value = 0.0002. Vinculin: p-value = 0.0131. VASP: p-value = 0.0147. Zyxin: p-
value < 0.0001. Source data are provided as a Source Data file. C, D Experiments
focused on F-actin and microtubule recruitment to f3;-integrin clusters performed
on live cells in which the clusters were quantitatively defined using a threshold of
100 integrins/um? (Methods). D Relative enrichment of the actin in B-integrin
clusters in cells on RGD- (blue) and Invasin-SLBs (red). Violin plots with the median
represented by a central line and the interquartile range (25th-75th percentiles)
indicated by the upper and lower lines. Data from Ncejis =58, Nexp =3 for RGD and
Neeiis =75, Nexp = 3 for Invasin. Statistical significance (two-tailed Mann-Whitney
tests): p-value < 0.0001. Source data are provided as a Source Data file. E Relative
enrichment of the microtubules in B;-integrin clusters in cells on RGD- (blue) and
Invasin-SLBs (red). Violin plots with the median represented by a central line and
the interquartile range (25th-75th percentiles) indicated by the upper and lower
lines. Data from Neejis = 53, Nexp =3 for RGD and Neejis = 54, Nexp =3 for Invasin.
Statistical significance (two-tailed Mann-Whitney tests): p-value < 0.0001. Source
data are provided as a Source Data file. E Fluorescence multi-channel images
showing f;-integrin (yellow), actin (magenta) and microtubules (cyan) in cells
adhering on SLBs coated with RGD (blue frame, top) and Invasin (red frame, bot-
tom). Images are taken in the focal plane of the SLB. B;-integrin density, actin and
microtubules intensity profiles along the lines (black rectangles in the zoomed
panels) are plotted for both cells. Scale bars: 5 um, 1um.

at the Py-integrin clusters was nearly twice as high on Invasin-
compared to RGD-SLBs (Fig. 3D), suggesting their involvement in
maturation. Moreover, we observed that adaptor proteins linking
talin to microtubules, such as KANK1* and ELKS*’, were also
recruited to these clusters (Supplementary Fig. SOD, E).

Dynein pulling along vertical microtubules leads to growth of
integrin clusters

During mechanotransduction, integrin clusters are exposed to cellular
mechanical forces that are significantly higher in magnitude if applied
against rigid substrates™. On fluid SLBs, the lateral components of the
forces are negligible compared to those on glass and are balanced only
by the resistive forces due to membrane viscosity*’. In comparison,
SLBs can sustain larger forces normal to the surface, potentially lead-
ing to the maturation of integrin clusters. These normal forces might
cause joint local deformations in both the SLBs and cell plasma
membranes. We observed such deformations while imaging 3;-integrin
clusters above the SLB focal plane (Fig. 4A; zoom 1; 0 <z<1.5um).
Similar to the clusters observed at SLB surfaces (Fig. 4A; zoom 2; z=0),
clusters within the cell volume had a larger total area in cells on Invasin-
SLBs compared to those on RGD-SLBs (Supplementary Fig. S1I0A).
Some clusters were associated with membrane tubes pulled out of the
SLBs and with the locally vertical actin and microtubules linked to
those tubes (Fig. 4A; zoom 2). The proportion of cells with tubes and
the number of tubes per cell were significantly higher on Invasin than
on RGD (Fig. 4B). These results are consistent with the notion that
integrin clusters on Invasin-SLBs are exposed to greater mechanical
forces than those on RGD-SLBs, leading to their growth in size and
density, the higher recruitment of FA proteins, and the formation of
more tubes.

To elucidate the origin of the vertical forces pulling on integrin
clusters, we tested how inhibitors of cytoskeleton polymerization and
associated motors affect the proportion of cells with tubes and the
number of tubes per cell in the case of Invasin-SLBs (Fig. 4C; Supple-
mentary Fig. SI0B). We found that the inhibition of formins and the
Arp2/3 complex, which nucleate actin polymerization using SMIFH2
and CK666, respectively, had no effect on the frequency of tube for-
mation and little to no effect on integrin clustering (Fig. 4C, D; Sup-
plementary Fig. S10B, C). Preventing actomyosin contractility by Rho
kinase inhibition (Y-27632) decreased the percentage of cells with

tubes by half and the number of tubes per cell by 60%, and led to a
significant decrease in f;-integrin cluster size and density (Fig. 4D;
Supplementary Fig. S10C). Altogether, these results suggest that the
forces associated with actin polymerization mediated by formins or
Arp2/3 are not critical for integrin clustering through the vertical
deformations of the plasma membrane. However, the effects of
Y-27632 suggest that actomyosin contractility might play a role in
integrin clustering on SLBs, possibly through another mechanism of
mechanotransduction related to the described local “pinching” of
nascent adhesion clusters'*%.

Next, we investigated whether microtubules and associated
molecular motors were involved in the tubular deformations of SLBs,
as they were reported to play a role in FA mechanosensing on rigid
substrates****, We observed dense and large integrin clusters at the
SLB surface and on tubes associated with microtubules (Figs. 3D; 4A;
Supplementary Fig. S9B). When microtubules were depolymerized
with nocodazole (NZ) or when dynein activity was blocked with cilio-
brevin D (CBD), the fraction of cells in which tubes were detected and
the number of tubes per cell decreased significantly (Fig. 4C; Supple-
mentary Fig. S1I0B). We observed similar effects in HelLa cells on
Invasin-SLBs after dynein inhibition with CBD or silencing of the
dynactin subunit p150glued (Supplementary Fig. S11B, D). These find-
ings suggest that the vertical forces applied to B;-integrin clusters
depend on microtubules and are driven by dynein activity. Finally, NZ
and CBD treatment significantly decreased the total area of B;-integrin
clusters and their density (Fig. 4D and Supplementary Fig. S10C).
Notably, the effect of NZ on cell adhesion to fluid substrates is oppo-
site to that observed on rigid substrates, where it leads to an increase in
the size and density of FAs due to enhanced actomyosin
contractility**,

To further characterize the role of integrin-ligand affinity on
integrin clustering in the case of fluid substrates, we propose a mean-
field theoretical model that focuses on the interplay of binding affinity,
substrate fluidity, and vertical forces from microtubules. The fluidity of
the SLB enables the lateral mobility of ligands, which distinguishes our
theory from previous models of ligand-receptor clustering on rigid
substrates.

In our model, the integrin receptors and associated ligands are
distributed in two parallel lipid bilayers representing the cell mem-
brane and the SLB, with an average distance h between them (Fig. 4E,
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side view). They form bound receptor-ligand complexes, termed
‘bonds’, by stretching vertically to bridge the distance between the two
membranes. This stochastic process is characterized by binding and
unbinding rates, k., and k., which depend crucially on the binding
affinity of the receptor-ligand pair, as well as other factors detailed in
the Supplementary Information. The bonds occupy an area fraction ¢,,
of the cell-SLB interface, while free receptors and ligands partially fill

Force f (pN)

the space unoccupied by bonds through lateral diffusion in the
membranes, resulting in a net area fraction ¢, =@, (1 — ¢,) of ligands,
and ¢, =@, (1— ¢,) of receptors (Supplementary Fig. S12).

Physically, we interpret the process of integrin clustering as the
phase separation of dense regions of bonds (high ¢,) from a dilute
background (low ¢,). Thus, the model can be summarized by
the condition of equal chemical potential between the dense and
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Fig. 4| Tube formation at B,-integrin clusters and cluster densification is driven
by microtubules and dynein activity. All cells are Mn?*-treated and imaged 45 min
- 1h after seeding in the chamber on RGD- or Invasin- SLBs. A Top panel: fluores-
cence multi-channel image of a MEF cell showing the SLB labeled with a TR-DHPE
lipid, By-integrin with Halotag-Alexa488, actin with lifeact-mScarlet and micro-
tubules (MT) with EMTB-iRFP. A brightfield image of the cell is in the upper left
corner of the merged image. Middle panels: schematic illustrations of a cell with
integrin clusters associated with a membrane tube pulled from the SLB (left) and
resided on the surface of the SLB (right) (Created in BioRender. Mikhajlov, O. (2025)
https://BioRender.com/q92n558). Bottom panels (zoom): regions corresponding
to white squares 1 and 2 on the main panels. Top: x-y. Bottom: x-z section corre-
sponding the lines in x-y. Scale bars: 10 um (main panel); 2 um (zoomed panel xy);
0.5 um (zoomed panel xz). B Histograms of the number of detected tubes per cell in
MEF cells adhering on RGD- (blue) and Invasin-coated (red) SLBs. Data from:
Neeils =102, Nexp =5 (RGD-SLBS); Neiis = 78, Nexp =5 (Invasin-SLBs). Statistical sig-
nificance (two-tailed Mann-Whitney tests): p-value = 0.0006. Source data are pro-
vided as a Source Data file. C, D Data from cells adhering on Invasin-coated SLBs in
the presence of drugs: DMSO: Neeiis =78, Nexp = 5. Y-27632: Neelis = 72, Nexp = 3.
CK666: Neeits =102, Nexp = 4. SMIFH2: Neejis = 81, Nexp = 3. Nocodazole (NZ):

Neelts = 86, Nexp =3. Ciliobrevin D (CBD): Neeiis = 69, Nexp = 4. Source data are pro-
vided as a Source Data file. C Fraction of MEF cells with detected membrane tubes.
Bar plots: mean, SEM. Statistical significance (Kruskal-Wallis test followed by Dunn’s
multiple comparisons tests): Y-27632 vs. DMSO: p-value = 0.0009. CK666 vs.
DMSO: p-value = 0.5692. SMIFH2 vs. DMSO: p-value > 0.9999. Nocodazole (NZ) vs.
DMSO: p-value < 0.0001. Ciliobrevin D (CBD) vs. DMSO: p-value < 0.0001. D Total
area of Br-integrin clusters of density higher than 300 B;-integrins/um? per cell

(0300)- Violin plots with the median represented by a central line and the inter-
quartile range (25th-75th percentiles) indicated by the upper and lower lines. Sta-
tistical significance (Kruskal-Wallis test followed by Dunn’s multiple comparisons
tests): Y-27632 vs. DMSO: p-value < 0.0001. CK666 vs. DMSO: p-value = 0.0782.
SMIFH2 vs. DMSO: p-value = 0.0166. Nocodazole (NZ) vs. DMSO: p-value < 0.0001.
Ciliobrevin D (CBD) vs. DMSO: p-value < 0.0001. E Schematic illustration of theo-
retical model. Free receptors and ligands form bound complexes (bonds) at a rate
kon, and bonds dissociate into ligand-receptor pairs at a rate k. The concentra-
tion of bonds is ¢, and the space left vacant by the bonds is partially occupied by
free receptors and ligands with concentrations ¢,(1 — ¢;) and ¢,(1 — ¢,), respec-
tively. Microtubules apply a constant vertical force, f, to each bond, which can
stretch the adaptor proteins and generate attractive inter-bond interactions above
an activation force scale, f>f ;. The interaction strength, x(f), describes the
effective attractive interaction between bonds for a given force. F Phase diagram of
the system. The parameter space of bond chemical potential, 1, and microtubule
vertical force, f, is subdivided into regions where the theoretical model predicts a
dense/dilute phase co-existence (clustering), or a single homogeneous phase (no
clusters). The clustering thresholds are indicated as dashed-black and solid-pink
lines for two values of the adhesome-mediated attraction, y, =0 and x, =15,
respectively. Under each condition, clustering is predicted above the corre-
sponding threshold curve, with clustering being driven mostly by membrane
interactions in the grey region, and by adhesome interactions in the pink region.
The dotted horizontal lines indicate our y,, estimates for Invasin and RGD (at two
concentrations). The parameter values f ;..i, = 2PN, f eiast = 20PN, f prea = SOPN,

Eelq

Ek”;';“ =Xo =15, % =200, and r =25 were used in the derivation of these results.

dilute phases, given by

in (1 EblZl’b) +fb-:aak ~ XNy et (@) =1 @

where the effective, dimensionless chemical potential,
Hp= g7 +In (@:9,), is a control parameter fixed by the integrin-ligand
binding energy, €, and the availability of free ligands and receptors,
@,9,. The second control parameter is the average vertical force, f,
exerted by microtubules on the bonds, while the bond density ¢, is a
variable obtained by solving Eq. (1). This equation provides two stable
solutions for the bond density (i.e., dense and dilute phases) when the
left-hand side of the equation is non-monotonic in ¢, and the effective
chemical potential, y,, is sufficiently large (Supplementary Fig. S13).
We thus generate a phase diagram in the ( f, u,) space which indicates
the parameter regimes compatible with integrin clustering (shaded
regions in Fig. 4F).

Our model suggests two mechanisms for clustering: attraction
between adaptor proteins at the adhesion site**’ and co-operative
ligand-receptor binding that minimizes bond deformation between
the membranes®*=. To elucidate these mechanisms, we explain the
physical meaning of the terms in Eq. (1), which are derived and inter-
preted in greater detail in the Supplementary Information (SI). The first
term on the left-hand side of Eq. (1) represents the entropy of mixing
bonds at the two-dimensional cell-SLB interface. The second term
takes into account the increase of the unbinding rate with the value of
the vertical force, with a typical force scale f,,., required for bond
rupture. Phase separation is driven by the third and fourth terms,
which describe adhesome-driven and deformation-driven attraction,
respectively. The “adhesome” term x(f)¢, always favours clustering
and its magnitude depends on the microtubule force. Beyond a typical
“activation” force, f,.;,, adaptor proteins undergo conformational
changes and increase the effective attraction between bonds (e.g., via
the exposure of vinculin binding sites on talin®***) as illustrated in
Fig. 4E. The onset and extent of adhesome-dominated clustering (pink-
shaded region, Fig. 4F) are determined by f..;, and xo =X (f>f scriv)-
The “elastic” term (¢, f) represents the elastic energy cost of bond
deformation across the inter-membrane distance, 7 =h(¢,). For small
forces that do not break the bonds (f<fp,..), as is relevant to the

experiments (see estimates in SI), binding cooperativity favours clus-
tering in the following way. An increase in the local concentration of
bonds brings the membranes closer together, which lowers the elastic
energy cost of forming new bonds. Below the activation threshold of
the adaptor proteins (f<f ,.;,), clustering is enabled by this membrane-
mediated binding cooperativity (grey-shaded region, Fig. 4F).

The predictions of our theoretical model are consistent with our
experimental observations of cell adhesion on SLBs, since ligand-
receptor pairs with higher binding affinity form denser clusters (Sup-
plementary Fig. S14) and can sustain larger vertical forces (i.e., the
shaded region in Fig. 4F extends to larger f when y, is higher). Our
estimate of the effective chemical potential for the Invasin-SLBs
experiment (i, ~ 5) is well within the clustering region, suggesting
dense clusters even in the absence of microtubule forces, whereas the
estimate for RGD-SLBs with 2% RGD area fraction (u, ~ 1) lies very
close to the clustering threshold, indicating more dilute clusters, as
observed in the experiments. Finally, our estimate for 0.1% RGD area
fraction (u, ~ —2) lies within the no-clustering phase for weak forces,
and it supports clusters only for forces greater than approximately 2
pN. As such strong forces are expected to be relatively rare, we predict
sparse clusters, consistent with the experiments (Supplementary
Fig. S14).

Altogether, these findings suggest that mechanotransduction on
SLBs results from the pulling activity of the dynein motors on micro-
tubules normal to the cell-SLB interface that can resist mechanical
forces (Supplementary Fig. S9C), leading to the growth and maturation
of integrin clusters. Higher microtubule enrichment and higher fre-
quency of tube formation on Invasin- than on RGD-SLBs suggest that
mechanotransduction at integrin clusters on SLBs depends on
integrin-ligand affinity, in contrast with glass. This is consistent with
the notion that a longer lifetime of the integrin-ligand bonds supports
more efficient mechanotransduction.

Integrin clusters are pushed to the cell periphery in a dynein-
and microtubules-dependent manner

Cell spreading correlates with integrin clustering due to mechan-
otransduction, in the case of glass and high viscosity RGD-SLBs".
Unexpectedly, we observed that cells formed protrusions on low
viscosity Invasin-SLBs, leading to their symmetrical spreading without
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polarization (Fig. 5A). We found that high integrin densities within
clusters correlated with high spreading area and low cell circularity in
Mn?*-treated cells on Invasin-SLBs (Fig. 5B and Supplementary Fig. S15).
Moreover, the presence of blocking antibodies significantly reduced
cell spreading and triggered a strong reduction in integrin density,
whereas activating antibodies enhanced integrin density within

clusters but did not increase cell spreading, suggesting a saturation
(Supplementary Fig. S7B, C).

Next, we measured and compared cluster areas at the periphery
and center of the cell (regions of approximately the same area (Fig. 5C;
Methods)) for two classes of cell morphology termed “spread” (pro-
jected area > 450 pm?) and “non-spread” (projected area <450 pm?).
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Fig. 5 | Dyneins push integrin clusters along microtubules to the cell periphery
resulting in cell spreading on SLB. All cells are Mn?*-treated MEF cells and imaged
during the first hour after seeding to the chamber with Invasin-coated SLBs.

A Composite (brightfield and fluorescence channels) images of spread cells on
Invasin-SLBs showing f;-integrin clusters (green). Scale bars: 10 um. B Cell pro-
jected area in pm? (top left) and circularity (bottom left) of cells with B-integrins
clusters densities: p > 500 (magenta); 300 <p <500 (green); and p <300 integrins/
um? (black). Violin plots with the median represented by a central line and the
interquartile range (25th-75th percentiles) indicated by the upper and lower lines.
(Right): Representative composite images (brightfield and fluorescence channels)
of spread cells on each density class, showing B;-integrin clusters (green). Scale
bars: 10 um. Data from: p > 500: Nceiis =157, Nexp =15. 300 <p < 500: Neeyis = 63,
Nexp=15. p <300: Neeis = 85, Nexp =16. Statistical significance (Kruskal-Wallis test
followed by Dunn’s multiple comparisons tests): p > 500 vs. 300 <p < 500: p-
value = 0.006 (projected area), p-value = 0.1192 (circularity). p > 500 vs. p <300: p-
value < 0.0001 (projected area), p-value < 0.0001 (circularity). 300 <p < 500 vs.

p <300: p-value = 0.0003 (projected area), p-value = 0.0022 (circularity). Source
data are provided as a Source Data file. C A schematic representation of the central
and peripheral zones in a spreading cell (Created in BioRender. Mikhajlov, O. (2025)
https://BioRender.com/b18d794). Dark green represents the cell periphery, which
is the band parallel to the cell border. Light green represents the cell center, which
is the part of the cell excluding the periphery. The two zones are chosen to have
approximately the same area, depending on the cell’s circularity. For perfectly
round cells, the zones have exactly equal areas. For cells with circularity <0.8, the
width of the periphery zone set to 20% of the square root of the projected cell area
(Methods). D Ratios of area fractions of B;-integrin (green) and paxillin (red) clus-
ters in the periphery zone (Pperiphery) to the center zone (Pcencer) for spread (pro-
jected area > 450 um?) and non-spread (projected area <450 um?) fixed cells.
Clusters were detected automatically using a Renyi’s entopy thresholding algo-
rithm (Methods). Box-and-whisker plots with the median represented by a central
line and the interquartile range (25"-75" percentiles) indicated by the upper and
lower lines. Data from: By-integrin: Neeiis = 115, Nexp = 3. Paxillin: Neeyis =119, Neyp = 3.
Statistical significance (two-tailed Mann-Whitney tests): Spread vs. non spread: p-
value = 0.0015 (B;-integrin), p-value = 0.0001 (paxillin). Source data are provided as
a Source Data file. E Average distance between integrin clusters and the cell border
normalized by average cluster-to-border distance for uniform integrin distribution
for cells with high (p > 500 integrins/um?) and low (p <300 integrins/um?) integrin
density (Methods). A value above (or below) 1 describes an integrin cluster

distribution skewed towards the center (or periphery) of the cell, relative to the
uniform distribution. Violin plots with the median represented by a central line and
the interquartile range (25th-75th percentiles) indicated by the upper and lower
lines. Data from: High integrin density: Nceiis = 24, Nexp = 3. Low integrin density:
Neeiis =23, Nexp = 3. Statistical significance (two-tailed Mann-Whitney tests): p-
value = 0.0035. Source data are provided as a Source Data file. F Projected area of
cells with and without detected tubes (in pm?). Violin plots with the median
represented by a central line and the interquartile range (25th-75th percentiles)
indicated by the upper and lower lines. Data from Nceiis = 78, Nexp = 5. Statistical
significance (two-tailed Mann-Whitney tests): p-value = 0.0006. Source data are
provided as a Source Data file. G Comparative illustration of integrin cluster dis-
tribution for cells treated with various drugs (CK666, SMIFH2, Y27632, NZ, CBD)
and in non-treated cells (DMSO control). B;-integrin density maps are shown using
the “physics” LUT of Fiji (calibrated bar on the side). Images are taken at the SLB
plane. Corresponding brightfield images are shown in the upper right corners.
Scale bars: 10 um. (H-J) Data from cells adhering on Invasin-coated SLBs in the
presence of drugs: DMSO: Neejis = 78, Nexp = 5. Y=27632: Neeits = 72, Nexp = 3. CK666:
Neeits =102, Nexp = 4. SMIFH2: Nejjs = 81, Nexp = 3. Nocodazole (NZ): Neejis = 86,
Nexp=3. Ciliobrevin D (CBD): Nceiis = 69, Nexp = 4. Source data are provided as a
Source Data file. H Area fractions of B-integrin clusters in the periphery zone of
cells (@periphery)- Violin plots with the median represented by a central line and the
interquartile range (25th-75th percentiles) indicated by the upper and lower lines.
Statistical significance (Kruskal-Wallis test followed by Dunn’s multiple compar-
isons tests): Y-27632 vs. DMSO: p-value < 0.0001. CK666 vs. DMSO: p-value >
0.9999. SMIFH2 vs. DMSO: p-value > 0.9999. Nocodazole (NZ) vs. DMSO: p-

value = 0.002. Ciliobrevin D (CBD) vs. DMSO: p-value < 0.0001. I Cell projected area
in um?. Violin plots with the median represented by a central line and the inter-
quartile range (25th-75th percentiles) indicated by the upper and lower lines. Sta-
tistical significance (Kruskal-Wallis test followed by Dunn’s multiple comparisons
tests):Y-27632 vs. DMSO: p-value > 0.9999. CK666 vs. DMSO: p-value = 0.0132.
SMIFH2 vs. DMSO: p-value < 0.0001. Nocodazole (NZ) vs. DMSO: p-value < 0.0001.
Ciliobrevin D (CBD) vs. DMSO: p-value < 0.000L1. J Cell circularity. Violin plots with
the median represented by a central line and the interquartile range (25th-75th
percentiles) indicated by the upper and lower lines. Statistical significance (Kruskal-
Wallis test followed by Dunn’s multiple comparisons tests): Y-27632 vs. DMSO: p-
value = 0.0044. CK666 vs. DMSO: p-value = 0.0167. SMIFH2 vs. DMSO: p-value <
0.0001. Nocodazole (NZ) vs. DMSO: p-value < 0.0001. Ciliobrevin D (CBD) vs.
DMSO: p-value < 0.0001.

We found that integrin and paxillin clusters in spread cells were loca-
ted preferentially at the cell periphery compared to the cell center, in
contrast with the clusters in non-spread cells (Fig. 5D). We found
similar results when comparing “non-round” (circularity <0.8) to
“round” cells (circularity > 0.8) (Supplementary Fig. S16A). Further-
more, integrin clusters were located closer to the cell border in cells
exhibiting “dense” integrin clusters (p > 500 integrins/um?) compared
to cells in which the clusters were “not dense” (p <300 integrins/um?)
(Fig. 5E). These results suggest a relation between the growth of
adhesion clusters, their movement to the cell periphery and cell
spreading.

We also found a positive correlation between cell spreading and
the presence of membrane tubes, consistent with mechan-
otransduction at integrin clusters on SLBs (Fig. 5F). Moreover, spread
cells exhibited more tubes in the center than at the periphery of the
cell (Supplementary Fig. S16B), indicating that integrin clusters in the
center were more likely to be exposed to vertical pulling forces. This
observation agrees with the recent findings of Brockman et al. on
RGD-coated SLBs that integrin clusters primarily experience vertical
forces in the center of the cell and tangential forces at the cell
periphery”. Since we found that microtubules and dyneins were
crucial for both the growth and densification of integrin clusters, as
well as the formation of membrane tubes on SLBs (Fig. 4C, D and
Supplementary Fig. S10C), we hypothesized that microtubules
oriented parallel to the substrate also play a role in the localization of
clusters at the cell periphery, in a similar manner to cells spreading
on glass™”. In line with this, we consistently observed the

accumulation of microtubules at peripheral integrin clusters in
spread cells on Invasin-SLBs (Fig. 3E (Invasin); Fig. 4A (zoom 2);
Supplementary Fig. S9B). Cell treatment with NZ or CBD decreased
integrin clustering (Fig. 4D and Supplementary Fig. S10C) and com-
pletely suppressed the localization of integrin clusters at the cell
periphery (Fig. 5G, H). Notably, cells treated with NZ or CBD did not
spread (Fig. 51, J). We attribute this result to a combination of the
inhibition of microtubules and dyneins pushing on adhesion clusters
and an increase in actomyosin contractility, which may be connected
to microtubule depolymerization*. Consistent with an antagonistic
role of the actomyosin contractility in cell spreading, the inhibition
of Rho kinase with Y27632 resulted in a higher proportion of spread
cells*® (Fig. 5G, 1, J). Similarly to cells on glass® and RGD-SLBs”, the
inhibition of formins by SMIFH2 impaired cell spreading on Invasin-
SLBs without significant effects on cluster growth (Figs. 4C, D; 5G; I-)).
These findings suggest that dynein motor activity along micro-
tubules pushes large and mature B;-integrin clusters towards the cell
periphery, which contributes to cell spreading on SLBs through the
actin-rich protrusions emanating from these adhesive clusters.

Discussion

Our understanding of FAs is primarily derived from studies on rigid
substrates such as glass, where mechanotransduction is mainly driven
by actomyosin-dependent forces transmitted through actin fibers
tangential to the basal membrane of the cell*. Living tissues, however,
exhibit a wide range of stiffness’. Instead of being immobilized,
integrin ligands can diffuse laterally with little frictional resistance in
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fluid cell membranes®** and may not exert the range of counter-forces

required for “canonical” mechanotransduction. Indeed, when cells
adhere on SLBs, the absence of actin stress fibers usually associated
with FAs indicates that planar forces on SLBs are negligible compared
to glass®***.

Using Yersinia Invasin as a high-affinity 3;-integrin ligand, we show
that cells adhere, spread, and develop large and dense B;-integrin
clusters on fluid substrates consisting of SLBs, in a similar way to FAs
on glass (Fig. 2B)*%. On SLBs, our experiments showed a direct corre-
lation between the B;-integrin-ligand affinity and the density of clus-
ters, in agreement with our theoretical model. Figure 6 summarizes
our observations of cell adhesion on fluid substrates. Contrary to glass,
actin-related forces tangential to the plasma membrane do not play a
dominant role in integrin adhesion on SLBs due to the fluidity of the
substrate. Furthermore, instead of enhancing adhesion and spreading
through the stimulation of actomyosin activity, as observed on glass®,
microtubule depolymerization strongly inhibits cell adhesion on SLBs.
This is reminiscent of cells migrating on soft 3D extracellular
matrix**®. Microtubules were also shown to be essential for cell
spreading on relaxed collagen networks and for the formation of
dendritic extensions®®. Here, we show that adhesion maturation on
bilayers relies on microtubule-dependent forces perpendicular to the
bilayer. We provide evidence of these forces by observing local SLB
deformations and tubes connecting the bilayer and integrin clusters in
the plasma membrane (Fig. 4A). The existence of perpendicular force
components at integrin clusters was also reported on RGD-SLBs using
DNA-FRET force probes®, but their origin was not identified. Notably,
we observe a stronger recruitment of kindlin-2 to the integrin clusters
on Invasin-SLBs compared to RGD-SLB, consistent with the reported
role of kindlin-2 in the reinforcement of the integrin-ligand adhesion
bonds* and, hence, with a higher load transmitted to the integrin
clusters.

On glass, microtubules align vertically®” and associate with mature
FAs at the cell periphery via several adaptor proteins*>*’, Moreover,
dyneins that stabilize the plus-ends of microtubules at the plasma
membrane®® interact with integrin adhesion clusters through paxillin
and other FA proteins®®’°. Here, we present several pieces of evidence
that support the role of microtubules in exerting forces on B;-integrin
clusters which are normal to the SLB surface: (i) microtubules are

enriched at integrin clusters on SLBs (Fig. 3D); (ii) microtubule-talin
adaptor proteins KANK1 and ELKS are recruited at these clusters
(Supplementary Fig. S9D, E); and (iii) some microtubules adopt a
vertical orientation when associated with integrin adhesions (Fig. 4A).

Molecular motors can collectively pull tubes from membranes by
distributing the load on a dynamically formed motor assembly, as
shown in vitro for kinesins”. Forces on the order of 60 pN or less are
necessary to pull tubes from SLBs on glass™>. Dynein dimers exert
forces on the order of 7 pN” and can pull on integrin adhesion com-
plexes. When sufficiently many motors accumulate at the extremity of
a microtubule, they may produce the force required to generate tubes
from the plasma membrane and the SLB attached to it through
integrin-ligand links. Forces within this range induce conformational
changes in adaptor proteins leading to integrin clustering which,
according to our theoretical model, is more probable for high-affinity
Invasin than for RGD.

The observed tubular deformations of the membranes locally
connected to integrin clusters are mostly microtubule- and dynein-
dependent (Fig. 4D) and are not only involved in the maturation of
clusters, but could also be related to -integrin endocytosis™. Inter-
nalization of active (3;-integrins proceeds via the clathrin-independent
CLIC-GEEC (CG) pathway’™. The early stage of adhesion actually
involves nanoclustering of GPI-anchored proteins (GPI-APs) as well as
vinculin activation for further maturation”. GPI-APs are also endocy-
tosed though the same CG pathway’®. The micrometer-long tubes
observed in our study could thus be non-cleaved endocytic structures.
Contrary to glass, a double membrane tube is formed during endo-
cytosis on SLBs, with the SLB membrane in the inner layer surrounded
by the cell plasma membrane as an outer layer (Figs. 4A; 6). Such
double-layer tubes could be more resistant to scission (dynamin-
independent in the case of active B-integrin’), leading to the forma-
tion of stable tubes.

On rigid substrates, cells form protrusions to spread. In this pro-
cess, mature FAs act as anchoring points against which growing actin-
rich protrusions push. The ability of cells to spread on glass depends
on the density of ligands on the surface, the size of integrin adhesions,
and their connection to the cytoskeleton’’. On SLBs, on the other hand,
integrin adhesions can move laterally in the adhesion plane upon
mechanical stimuli. On Invasin-SLBs, integrin clusters are dragged in
the SLB plane towards the cell periphery in a microtubule and dynein-
dependent manner (Fig. 3E). Since dyneins are involved in the
maturation of the adhesions, which is essential for spreading, we
cannot distinguish whether some dyneins also push microtubules
linked to adhesions along the direction parallel to the surface towards
the cell edge’®, or whether microtubule dynamics are responsible for
this. This movement is likely antagonized by an inward force due to the
actomyosin contraction of the cell cortex’**° (Figs. 3E; SH; 6), leading
to stalling of integrin clusters at the cell edge where they serve as
anchoring centers from which actin-rich protrusions emanate®*®. The
antagonistic effect of actomyosin contractility and microtubules may
also be important in the densification of integrin clusters at the cell
periphery, as we have found for well-spread cells (Fig. 5B-E; Supple-
mentary Fig. S16A). Importantly, such dense clusters are not found on
Y-27632-treated cells (Figs. 4D; 5G-H; Supplementary Fig. S10C). Cell
protrusions on SLBs might result from a combination of pushing for-
ces from actin and microtubule polymerization, and from microtubule
pushing through dynein activity. The pushing forces are balanced
against the centrosome to which microtubules are connected (Sup-
plementary Fig. S9C). In contrast with cells adhering on glass where
microtubules are essential for cell polarization®>®, cells do not polarize
on SLBs and conserve their central symmetry despite the key role of
microtubules, through a mechanism that remains to be characterized.

To summarize, both microtubules and actin play a role in the
maturation of integrin clusters on SLBs. Microtubules and dynein
motors exert vertical forces on integrin clusters, which result in the
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formation of tubes and are partially responsible for integrin clustering.
At the same time, microtubules and dyneins exert lateral forces that
push integrin clusters to the cell periphery. Cell spreading is deter-
mined by the interplay between the microtubule-driven pushing of
integrin clusters and the actomyosin contractility at the cell edge. This
interplay may also be responsible for the densification of integrin
clusters at the cell periphery, as we found for well-spread cells.

In Hela cells on SLBs, we also observed dynein/microtubule-
dependent formation of tubes (Supplementary Fig. S11), suggesting
that mechanotransduction associated with forces normal to the
adhesion plane occurs in various cell types. Functionalized SLBs allow
to study the early stages of cell adhesion on a fluid interface, which is
relevant for cell-cell interactions (i.e., brain cells, immune cells, etc.)*,
but not accessible on substrates like glass or gels. Moreover, functio-
nalized SLBs reveal forces probably at play on stiff substrates that
cannot be observed with immobilized ligands. Using this platform, we
found a role for dynein motors and microtubules in integrin adhesion
cluster growth and maturation on SLBs. In addition, our experiments
and physical modeling show that cell adhesion on a fluid interface can
be strongly modulated by the receptor-ligand affinity, in contrast with
solid surfaces. These regulation levels might be used during selective
adhesion of T- or B-cells, in which microtubules and dynein motors are
known to be involved in clustering TCR and BCR receptors,
respectively**®,

Methods

Buffers and reagents

Cell Buffer was composed of 25 mM HEPES pH 7.3,120 mM NaCl, 7 mM
KCI, 1.8 mM CaCl,, 0.8 mM MgCl,, and 5mM glucose. Small Uni-
lamellar Vesicles (SUV) buffer was composed of 10 mM Tris pH 7.3;
120 mM NaCl. Lipids used included DOPC, DGS-NTA(Ni), and DOPE-
RGD from Avanti Polar Lipids (Alabaster, AL, USA), and Marina Blue
DHPE from Invitrogen. Microtubules were labeled with SiR-tubulin
(Cytoskeleton #CY-SC002) according to the manufacturer’s dilution
guidelines. MnCl, (Sigma Aldrich) was added at 0.5 mM at the time of
cell seeding into the imaging chamber. B;-integrin specific antibodies,
including activating (9EG7, BD Pharmingen #553715) and blocking
(MB1.2, Merck #MAB1997) types, were used at 5 ug/ml during adhesion
experiments. Various inhibitors (Arp2/3 complex inhibitor CK-666 at
50 uM (Sigma Aldrich #182515), formin inhibitor SMIFH2 at 10 uM
(Sigma Aldrich #S4826), ROCK inhibitor Y-27632 at 50 uM (Sigma
Aldrich #SCMO075), nocodazole at 10 uM (Sigma Aldrich #M1404),
cytoplasmic dynein inhibitor Ciliobrevin D at 50 uM (Sigma Aldrich
#250401)) were applied at the time of cell seeding into the imaging
chamber. Control samples were treated with DMSO, ensuring that its
concentration did not exceed 0.001% v/v.

Cell culture and cell lines

Mouse Embryonic fibroblast (MEF) cells, including the 3,KO [;-Halotag
and MEF 3,KO ;-Halotag paxillin-mCherry lines, were gifts from David
Calderwood’s lab at Yale University”. The MEF B,KO [;-Halotag
LifeAct-mScarlet line was developed by lentiviral transduction of the
;KO B,-Halotag MEF line with a LifeAct-mScarlet construct on the
pLVX expression vector (Clontech #632164). The MEF 3,KO [3;-Halotag
EMTB-iRFP, created by lentiviral transduction with an EMTB-iRFP
construct on the pLVX expression vector, was provided by Simon De
Beco at Paris Diderot University. The HelLa (3;-Halotag cell line was
developed by lentiviral transduction of a wild-type Hela line with an
ecto-tag construct from David Calderwood’s lab®.

All cell lines were cultured in Dulbecco’s Modified Eagles Medium
(DMEM) with high glucose and GlutaMAX (ThermoFischer), supple-
mented with 10% fetal bovine serum (FBS, EuroBio) and 1% penicillin-
streptomycin (ThermoFischer). Cells were maintained at 37°C in a
humidified atmosphere with 5% CO,. Routine mycoplasma

contamination checks were conducted using a PCR-based method®®,
confirming all cell lines to be free of contamination.

DNA plasmids for transfection and transduction

Plasmids encoding various mCherry-tagged proteins were used for
transient transfections, including talin-mCherry (addgene #55137),
vinculin-mCherry®”, VASP-mCherry (addgene #55151), kindlin-2-
mCherry (from Christof Hauck, Konstanz University), and zyxin-
mCherry (from Danijela Vignjevic, Institut Curie).

For stable genetic modifications via lentiviral transductions, the
following plasmids were used: p;-Halotag (from David Calderwood,
Yale University)®, pLVX EMTB-iRFP (from Simon De Beco, Paris
Diderot University), and pLVX LifeAct-mScarlet. The pLVX LifeAct-
mScarlet plasmid was prepared by first conducting PCR on the LifeAct-
GFPtag2 plasmid (Ibidi USA 60101) using primers 5-TCTA-
GAGCTACTAACTTCAGCCTGCTG-3 and 5-CGGTGGATCCCCTTCT
TCC-3. The PCR product was then cloned into the pLVX vector
(Clontech #632164), which had been digested with Notl and BamHI
restriction enzymes (New England Biolabs), using the In-Fusion HD
enzyme kit (Takara #102518). A second PCR was performed for the
mScarlet insert using primers 5-GAAGGGGATCCACCGATGGTGAG-
CAAGGGCGAGG-3 and 5-TTAGTAGCTCTAGACTTGTACAGCTCGTC
CATGCC-3'. This PCR product was then cloned using the In-Fusion HD
into the pLVX vector already containing LifeAct, which had been cut
with BamHI and Xbal enzymes.

Transfection

Transient transfections were performed following a previously
described protocol®®: cells were resuspended at 2.5 x 107 cells/ml in
15 mM Hepes, pH 7.4, buffered medium. 200 pl of cell suspension was
mixed with 50 pl of a solution containing 210 mM NaCl, 5 pg of plasmid
DNA, and 30pg of salmon sperm DNA solution (ThermoFisher
#15632011). Cells were electroporated at 240 V and 950 pF in a 4 mm
wide cuvette in a BioRad Gene Pulser. Cells were then quickly trans-
ferred in the same medium and incubated for 48 hours to allow for
expression of the transfected plasmid before analysis.

Transduction

Lentiviral particles (LVs) for cell transduction were produced in HEK
293 T cells, maintained in DMEM (ThermoFisher) supplemented with
10% FBS (EuroBio), 1% penicillin/streptomycin, Sodium Pyruvate and
Non-Essential Amino Acids solution (Gibco) at 37 °C in 5% CO, humi-
dified incubators. Plasmids for lentiviral components psPAX2 (Gag-Pol-
Hivl), pMD2-G (VSV-G) (addgene #12259), and the plasmid of interest
were co-transfected using PEI MAX 40k transfection reagent (Tebu-Bio
#24765-1) in a ratio of 4:1:4 (ug), following the manufacturer’s
instructions. 48 hours post-transfection, LVs were collected, con-
centrated using a 100k Amicon column (Merck Millipore) and resus-
pended in up to 400pL of PBS. Target cells were seeded at
approximately 200,000 cells per well of a 6-well plate, transduced with
100 pL of the concentrated LVs and incubated for 72 hours. After
transduction, cells expressing the target proteins were selected with
2 pg/mL puromycin and sorted using a SH800 FACS Cell Sorter (Sony).

Immunofluorescence

MEF cells were fixed in 100% ice-cold methanol at 20 °C for 5 minutes.
Subsequently, cells were washed three times in PBS and thoroughly
saturated in PBS containing 1 mg ml™ BSA (blocking buffer (BB)). They
were then incubated with primary antibodies: rabbit-anti-ELKS (1:200,
from Stephanie Miserey-Lenkei, Institut Curie) or rabbit-anti-KANK1
(1:200, Atlas antibodies #HPA005539) for 45 minutes at room tem-
perature. After three washing steps in BB, cells were incubated with the
AlexaFluor555-conjugated  goat-anti-rabbit secondary antibody
(1:1000, Invitrogen #A21428) for 30 minutes at room temperature.
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After a series of washes: twice in BB, once in PBS, and once in deionized
water, cells were mounted on coverslips with Abberior mounting
medium and were examined under a fluorescence microscope to
visualize the labeling of ELKS and KANKI.

siRNA silencing of Dynactin

p150Glued silencing in HeLa cells was achieved by the following siRNA
sourced from Eurogentec: 5-GGUAUCUGACACGCUCCU-3" and 5-
UAGGAGCGUGUCAGAUAC-3'. A non-targeting siRNA ON-TARGETplus
(Dharmacon, #D-001810-10-05), referred to as “siRNA scramble” was
used as a control. siRNA transfections were performed using Lipo-
fectamine RNAIMAX transfection reagent (ThermoFisher, #13778075)
at a final concentration of 40 nM. The efficiency of the p150Glued
silencing was verified by Western Blot 48 hours post-transfection.

Western Blot analysis of Dynactin silencing

Western blotting was conducted on protein extracts from siRNA-
silenced Hela cells to evaluate the knockdown efficiency of Dynactin
(p150glued), as shown in Supplementary Fig. S11D. Cells silenced for
Dynactin (p150glued) were lysed using RIPA buffer (ThermoFisher
#8990) enriched with cOmplete protease inhibitor cocktail (Roche
#11836170001) on ice. Western blot analysis was then conducted with
mouse antibodies against p150glued (1:1000, BD Biosciences #610474)
and B-actin (1:1000, GeneTex #GTX629630) as a loading control.
Secondary antibodies used were goat-anti-mouse HRP (1:10,000,
Sigma Aldrich #AP308P). The relative changes in the detected
p150glued expression were quantified using the Fiji “Measure” plugin,
applying the same region of interest (ROI) across the bands in one blot,
normalized by the intensity of the corresponding [-actin band to
ensure accurate protein load assessment. The raw images of the blots
are provided within the Source Data.

Invasin preparation

The plasmid for Invasin expression, named pOM3474, was created by
synthesizing and subcloning a DNA sequence coding for the terminal
474 amino acids of Invasin (inv474) with a 6x-Histidine tag and TEV
cleavage site into the pMal p5x expression vector (addgene #150814).
This construct enabled Invasin to be expressed as a fusion with peri-
plasmic maltose-binding protein (MBP) in E. coli under an IPTG-
inducible P, promoter.

For expression, E. coli lacking DegP protease was transformed
with pOM3474 and cultured in 2YT medium with ampicillin, kanamy-
cin, and 0.2% glucose. The culture was incubated at 30 °C until OD600
reached 0.6, and protein expression was induced with 0.5 mM IPTG for
4 hours at 30 °C.

For purification, amylose resin was used to affinity-purify MBP-
Invasin, which was then cleaved from MBP using TEV protease. The
purified Invasin could be optionally labeled with a reactive dye. Final
purification was achieved by size exclusion chromatography using a
Superdex 200 column, ensuring high purity of the Invasin protein.
Additional details on Invasin preparation are available in Supplemen-
tary Methods.

Microscopy

A spinning disk confocal microscope was used to image fluorescent
lipid bilayers and cell adhesions. The setup included a CSU-X1 Yoko-
gawa spinning disk unit mounted on a Ti-E Nikon microscope with a
motorized stage (MadCity Lab), a 100x NA1.45 objective, and a Pho-
tometrics 95B-sCMOS camera. Image acquisition was controlled by
Metamorph software (Molecular Devices). The microscope was
equipped with 4 Cobolt lasers from Hiibner Photonics (405nm at
100 mW, 488 nm-100 mW, 561 nm-50 mW and 633 nm-100 mW) for
multi-channel fluorescence imaging (405, GFP, Cy3, and CyS5 channels).
Additionally, the setup included wide-field imaging and a FRAP mod-
ule. Consistent imaging conditions were maintained: 405 (15% power,

100 ms exposure), GFP (30%, 300 ms), Cy3 (30%, 300 ms), and Cy5
(30%, 300 ms). Z-stack images with a 0.3 um step size centered on the
SLB plane were captured for detailed analysis of cell-SLB interactions.

Supported Lipid Bilayers preparation

Supported Lipid Bilayers (SLBs) coated with Invasin were prepared in
four steps following Galush et al.'®: chamber preparation, Small Uni-
lamellar Vesicles (SUVs) preparation, SLB formation, and SLB
functionalization', First, an imaging chamber was constructed using a
cleaned and assembled 26 mmx76 mm coverglass and a #1.5 coverslip,
joined by parafilm strips. The coverslip was thoroughly cleaned by
sequential sonication in distilled water, 2% Hellmanex I1I, 1 M KOH, and
distilled water, then dried under nitrogen. The coverglass was rinsed
with ethanol and water and also dried with nitrogen. For the SUVs
preparation, lipids were mixed in specific compositions (DOPC/DGS-
NTA(Ni)/DHPE-MarinaBlue (94/2/4 mol/mol) and DOPC/DOPE-RGD/
DHPE-MarinaBlue (94/2/4 or 95.9/0.1/4 mol/mol), dried, rehydrated,
sonicated for 30 minutes, centrifuged at 20,000 RCF for 30 minutes,
and filtered through a 0.22pum filter (Millipore) to form SUVs at
0.5 mg/ml in the SUV Fusion Buffer (10 mM Tris pH 7.3, 120 mM NaCl).
Then, the SUVs were incubated in the imaging chamber for 30 minutes
to allow SUV fusion onto the coverslip. Unfused vesicles were washed
away with SUV Fusion Buffer, and the SLB was further washed with Cell
Buffer. The SLB was then passivated with a blocking solution (Cell
Buffer with 0.1 mg/ml 3-casein) for 15 minutes, followed by a final wash
with Cell Buffer. For functionalization, the Ni-lipid-containing SLBs
were incubated with 400 nM 6xHis-tagged Invasin in Cell Buffer for
1hour at room temperature. Unbound Invasin was removed by two
washes with Cell Buffer, with a 30-minute incubation between washes.

Fluidity control of SLBs by FRAP

The fluidity of SLBs was quantitatively assessed using Fluorescence
Recovery After Photobleaching (FRAP). In this method, a defined
region of the SLB was photobleached, and the recovery of fluorescence
within that region was monitored over time. FRAP curves from multi-
ple experiments were recorded and analyzed to determine the diffu-
sion coefficients of the fluorescent lipids or proteins. Additional details
on this procedure are available in Supplementary Methods.

Fluorescent calibration of SLBs

The procedure to accurately quantify the density of fluorescent spe-
cies within the cell adhesion plane of SLBs was based on methods
developed by Jay Groves’ laboratory'®?, Since the fluorescence signal
measured by confocal microscopy is proportional to the number of
fluorescent molecules in the confocal volume, the fluorescence
intensity (measured in arbitrary units) can be converted into a density
of bound molecules per unit area. This calibration was performed
using SLBs with fluorescent lipids at known densities, which were
compared with the fluorophore of interest, with both being imaged
under identical conditions. Additional details on the fluorescence
calibration are available in Supplementary Methods.

Cell adhesion experiments

Cells were serum-starved for 24 hours, detached with Versene solution
(Sigma Aldrich) for 30 minutes at 37 °C, and labeled with 400 nM Alexa
Fluor488 Halotag ligand (Promega) for 10-15 minutes at room tem-
perature to target ;-Halotag. After labeling, cells were centrifuged at
1000 rpm, resuspended in Cell Buffer to remove Versene and excess
dye, and filtered through a 40 um Cell Strainer (Corning) to eliminate
cell clumps. The cells were then introduced into the imaging chamber
with SLB (time point zero) and sealed with mineral oil (Sigma Aldrich
#M8410). Cells adhered to the SLB at 37 °C until the designated ima-
ging time point (0, 15, 30 or 45 minutes). The chamber containing the
cells was then mounted on a microscopy stage equipped with a Tokai
Hit incubator set to 30 °C. The temperature was set to 30 °C due to
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technical limitations of the system, as maintaining a stable imaging
environment at 37 °C led to thermal drifts that affected image quality.
Cells were imaged for 15 minutes to observe their interactions with the
bilayers. Fixed cell imaging was performed at room temperature using
the same microscopy setup.

Image processing

Cells were classified as “trembling” if their edges moved within five
seconds while their centers of mass remained static in bright field
images. Cell contours were manually traced in bright filed images using
ImageJ’s ‘Polygonal Selection’ tool to calculate the projected area (A)
and circularity index (Circularity), with Circularity = ‘%{‘, where Pbeing
the perimeter.

Integrin clusters were detected by first correcting for uneven
illumination. This was done by normalizing the images against an
‘illumination map,” which was created by capturing a fluorescent image
of the SLB and normalizing it by its maximum intensity. This correction
was performed by dividing the pixel intensities of the original image by
those of the corresponding pixels in the ‘illumination map’, where
values ranged from (least illuminated) to 1 (most illuminated). The
corrected images were then transformed into integrin concentration
maps using fluorescence calibration data. These maps were segmented
to distinguish clusters from the background by setting an integrin
density threshold, either manually or automatically using ImageJ’s
‘Renyi’s Entropy thresholding’ method®. When the density threshold
was set manually to a value p,,, the total area of detected integrin
clusters in the cell was computed and referred to as o, . When the
automatic thresholding was applied, the integrin density identified by
the algorithm was defined and referred to as p.

Membrane tubes associated with B;-integrin clusters were iden-
tified using ImageJ’s “Reslice” function on the SLB channel. This func-
tion created cross-sectional images perpendicular to the SLB at the
locations of integrin clusters. These cross-sections were then seg-
mented using Renyi’s entropy thresholding to identify membrane
tethers, with a tube being defined as any structure that exceeded
1.5 um in the z-dimension.

To localize integrin clusters and membrane tubes relative to the
cell’'s adhesion plane, the cell was divided into ‘center’ and ‘periphery’
zones based on a scaled transformation of the cell contour. The per-
iphery zone was defined as a band parallel to the cell border, while the
center zone encompassed the remaining internal area. These zones
were designed to have approximately equal areas, depending on the
cell’s circularity. For perfectly round cells (circularity > 0.8), the center
and periphery zones had exactly equal areas. For cells with circularity
<0.8, the width of the periphery zone was set to 20% of the square root
of the projected cell area.

The distances from integrin clusters to the cell border were cal-
culated by measuring the shortest path from the edge of each cluster
to the cell border. For each cell, these distances were then averaged
using a weighted mean, where the weight for each cluster was based on
the number of integrins it contained. This weighted mean distance was
normalized against a reference value, which represents the average
distance expected if clusters were uniformly distributed throughout
the cell. To calculate this reference distance, the cell area was divided
into a fine rectangular mesh. This mesh was used to simulate a uniform
distribution of integrin clusters, and the average distance from these
simulated clusters to the cell border was computed. The mesh was
iteratively refined until the error in the calculated distances was
reduced to below 1% in a self-convergence test.

The relative enrichment of focal adhesion (FA) proteins, actin, and
microtubules in f;-integrin clusters was assessed by measuring the
fluorescence signal intensity within the area of integrin clusters and
comparing it to the average fluorescence signal across the entire cell.
Relative enrichment was calculated as W where [ g0rs and 1oy

represent the mean fluorescence signals at B;-integrin clusters and
across the entire cell, respectively. These measurements were con-
ducted on fixed cells to examine FA proteins, with (3;-integrin clusters
identified using a threshold of 100 arbitrary units (‘arb. units’). For
experiments focused on F-actin and microtubule recruitment to [3;-
integrin clusters, which were performed on live cells the clusters were
quantitatively defined using a threshold of 100 integrins/pm?.

The programs used for image analysis described above are avail-
able through a public online repository®.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism software,
with a p-value of less than 0.05 considered statistically significant. Each
statistical test was based on N, independent experiments, with
Neyp 2 3. Each measurement was taken from distinct samples. Before
hypothesis testing, data sets were assessed for normality using the
D’Agostino and Pearson tests. For data sets that followed a normal
distribution, two-tailed Student’s t-tests were used for comparisons
between two conditions, while one-way ANOVA followed by Tukey’s
tests was applied for comparisons involving more than two conditions.
For non-normally distributed data, the Kruskal-Wallis test followed by
Dunn’s multiple comparisons tests was used for more than two con-
ditions, and the two-tailed Mann-Whitney test was applied for two-
condition comparisons.

In this study, no statistical method was used to predetermine
sample size. No data were excluded, except in cases where the SLB was
perturbed during live-cell adhesion experiments. All presented
micrographs (Figs. 1A, C, 2A, 3A, E, 4A, 5A, B, G, and Supplementary
Figs. S1A, S8A-E, S9A-E, S11A) are representative of findings from at
least three independent experiments and were consistently repro-
ducible. This standard of reproducibility applies to all other data
included in this publication.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw microscopy images supporting the findings of this manu-
script are available on the Biostudies repository with accession
S-BIAD1420. Source data are provided with this paper.

Code availability

All code for conducting image analysis and simulations related to the
theoretical model in this submission are openly available on GitHub:
https://github.com/mikhajlov-oleg/cell_adhesion-image-analysis
(https://doi.org/10.5281/zenodo.14567205) and https://github.com/
MariaTatuleaCodrean/Cell-adhesion-theory (https://doi.org/10.5281/
zenodo.14591503).
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