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Integrins are the core constituents of cell–matrix adhesion complexes such as focal adhesions (FAs) and play key roles in 
physiology and disease. Integrins fluctuate between active and inactive conformations, yet whether the activity state 
influences the spatial organization of integrins within FAs has remained unclear. In this study, we address this question 
and also ask whether integrin activity may be regulated either independently for each integrin molecule or through 
locally coordinated mechanisms. We used two distinct superresolution microscopy techniques, stochastic optical 
reconstruction microscopy (STO​RM) and stimulated emission depletion microscopy (STED), to visualize active versus 
inactive β1 integrins. We first reveal a spatial hierarchy of integrin organization with integrin molecules arranged in 
nanoclusters, which align to form linear substructures that in turn build FAs. Remarkably, within FAs, active and inactive 
β1 integrins segregate into distinct nanoclusters, with active integrin nanoclusters being more organized. This unexpected 
segregation indicates synchronization of integrin activities within nanoclusters, implying the existence of a coordinate 
mechanism of integrin activity regulation.
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Introduction
Formation of integrin-based cell–matrix adhesion complexes 
such as focal adhesions (FAs) mediates cell–ECM attachment 
while also enabling bidirectional signaling across the plasma 
membrane (Lock et al., 2008; Geiger and Yamada, 2011; Han and 
de Rooij, 2016). Integrin-mediated signaling governs key cel-
lular processes and broadly influences physiology and pathol-
ogy (Hynes and Naba, 2012). Human β1 integrins adhere to 
collagens, laminins, fibronectin, and other ECM glycoproteins 
(Hynes, 2002). ECM adhesion is achieved through specific 
ligand-binding regions in the integrin extracellular domain, 
whereas a short cytoplasmic tail mediates intracellular inter-
actions. Importantly, integrin extracellular domains fluctuate 
between bent and extended conformations whose equilibrium 
can be modulated by intra- and extracellular cues (Campbell 
and Humphries, 2011). Different, yet largely overlapping defi-
nitions of integrin activity states exist depending on whether 
the readout is signaling activity, ligand binding, or integrin 
conformation. One definition holds that integrin activation 
involves conversion from a bent, closed conformation to a 
fully extended, open conformation. These conformations are 

generally considered to reflect inactive and active states, respec-
tively, with intermediate states also being possible (Moser et al., 
2009; Su et al., 2016). Integrin activity can also be defined by 
ECM–ligand binding status, with bound versus nonbound states 
generally overlapping with extended/open/active versus bent/
closed/inactive conformations, respectively. Although all inte-
grin conformations may be found on the cell surface even in the 
absence of an ECM ligand, almost all resting (unbound) α5β1 
integrins are found in the bent/closed/inactive state because 
this conformation is energetically favorable without additional 
inputs (Li et al., 2017). However, the extended/open conforma-
tion is stabilized in the presence of ECM ligands (Hantgan et al., 
2001) because of its high affinity for these targets (Zhu et al., 
2013), explaining the larger proportion of extended integrins 
found in attached cells. Active integrin populations may also be 
enhanced by intracellular cytoskeletal engagement (Zhu et al., 
2008) through scaffold proteins such as talin, kindlin, and vin-
culin, linking integrins to F-actin (Horton et al., 2015), whereas 
ICAP and SHA​RPIN can shift integrins toward an inactive con-
formation (Bouvard et al., 2013).
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Importantly, it remains unclear to what extent integrin activ-
ity regulation occurs discretely at the level of individual integrin 
molecules or whether coordinating mechanisms exist to locally 
synchronize integrin activity states, as has been shown for regu-
lation of integrin clustering at the scale of entire FAs (Paszek et 
al., 2014). This raises broader questions about the FA nanoscale 
spatial architecture. Until recently, the diffraction-limited 
resolution of light microscopy (∼220 nm) hampered detailed 
observation of FA nanostructure. Superresolution microscopy 
techniques have overcome this limit, each combining distinct 
advantages and limitations. For example, stochastic optical recon-
struction microscopy (STO​RM) achieves superresolution imag-
ing by promoting stochastic blinking of individual fluorescent 
molecules, enabling high-precision molecular localization (Rust 
et al., 2006). In contrast, stimulated emission depletion (STED) 
microscopy utilizes shaped, high-power depletion laser lines to 
spatially constrain fluorophore emission, producing superreso-
lution images (Klar and Hell, 1999). Because STO​RM and STED 
are based on distinct principles and image analysis approaches, 
the combined use of these techniques can provide independent 
data on nanoscale organization, solving complex biological ques-
tions with strengthened confidence (Tam and Merino, 2015).

Recent superresolution imaging has challenged the view of 
FAs as homogeneous micron-scale protein assemblies, and more 
sophisticated models are emerging (Shibata et al., 2012). For 
example, cryoelectron tomography delineated actin-linked clus-
ters within FAs (Patla et al., 2010); photoactivated localization 
microscopy of FA scaffold proteins vinculin and paxillin sug-
gested the presence of FA nanoclusters (Shroff et al., 2007); struc-
tured illumination microscopy revealed paxillin arrangements in 
linear FA substructures (Hu et al., 2015); three molecular sublay-
ers were identified along the z axis of FAs using interferometric 
photoactivated localization microscopy (iPALM; Kanchanawong 
et al., 2010); and single-molecule tracking revealed dynamic inte-
grin reorganization within adhesion substructures (Diez-Ahedo 
et al., 2009) besides identifying distinct diffusive behaviors for 
different integrin subunits within FAs (Rossier et al., 2012).

Despite these advances, the fundamental question of how 
integrins are organized within FAs remains largely unsolved. 

We show in this study that both active and inactive β1 integrin 
populations are arranged in nanoclusters within FAs. Surpris-
ingly, these populations are largely segregated such that nano-
clusters tend to be enriched in either active or inactive integrin 
β1. This suggests for the first time that integrin activity is not 
only regulated at the level of individual molecules but also under-
goes a form of collective or coordinate regulation at the level 
of nanoclusters.

Results and discussion
β1 integrin organization within FAs
Anti-β1 (total β1) integrin mAb K20 (Table  1)–labeled Hs578T 
cells attached to fibronectin were imaged in both confocal and 
STED mode (Fig. 1 A). With the increased resolution of STED, the 
intraadhesion β1 integrin organization became visible as distinct 
intensity peaks (Fig. 1, A and B). Intensity line profiles comparing 
an identical adhesion in confocal and STED modes confirmed the 
presence of discrete intensity peaks in STED images (Fig. 1 B). 
Intensity peak analysis was automated with Imaris to cover the 
entire STED dataset, revealing the nanoorganization of β1 inte-
grins within FAs as exemplified in Fig.  1  C. Complementarily, 
STO​RM revealed β1 integrin enrichment in small intraadhesion 
clusters, not visible in diffraction-limited total internal reflection 
fluorescence (TIRF) images (Fig. 1 D). Density-based spatial clus-
tering analysis with noise (DBS​CAN; Ester et al., 1996; Nan et al., 
2013) identified these localization clusters within FAs (Fig. 1 D). 
The detection of intensity peaks in STED and localization clusters 
in STO​RM unveils the underlying suborganization of β1 integ-
rins within FAs as has been suggested for other FA components 
(Changede and Sheetz, 2017). We term these structures nanoclus-
ters. We did not observe enrichment of integrin nanoclusters in 
any particular region within FAs.

Active and inactive β1 integrin subpopulations form distinct 
nanocluster patterns
We then asked how integrin activity states may relate to nano-
cluster organization. Importantly, variability in β1 integrin acti-
vation state is reflected by distinct integrin conformations. We 

Table 1. Anti–β1 integrin mAbs

Clone Species Epitope Conformational specificity Function Classification References

K20 Mouse EGF-like repeats Pan - Total Amiot et al. (1986); Takada and Puzon (1993)

9EG7 Rat EGF-like repeats Extended; LIBSa Activating Active Lenter et al. (1993); Bazzoni et al. (1995);  
Su et al. (2016)

12G10 Mouse βA domain Open headpiece; LIBS Activating Active Mould et al. (1995, 1996Su et al. (2016)

Huts-4 Mouse Hybrid domain Open headpiece; LIBS Activating Active Luque et al. (1996); Su et al. (2016)

mAb13 Rat βA domain Closed headpiece; LABS Inhibitory Inactive Akiyama et al. (1989); Mould et al. (1996);  
Su et al. (2016)

AIIB2 Rat βA domain LABS Inhibitory Inactive Fig. S1; Werb et al. (1989);  
Takada and Puzon (1993); Park et al. (2008)

We defined β1 integrin subpopulations labeled by different mAbs as total, active, and inactive as described in Materials and methods. All mAbs defined as 
active in this study label the same subpopulation as seen by a maximal colocalization (Fig. 3).
aLigand-induced binding site.
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took advantage of well-characterized anti–β1 integrin mAbs with 
functional and conformational specificity (Table 1; Byron et al., 
2009; Campbell and Humphries, 2011). As described in Materi-
als and methods, our set of mAbs mainly detects bound versus 
unbound integrins, roughly corresponding with extended/open 
versus bent/closed conformations, i.e., “active” versus “inactive” 
integrin β1 subpopulations. Moreover, mAb AIIB2 competed for 
binding with the fibronectin FN3 domain-10 (Fig. S1 A), indi-
cating that AIIB2 recognizes a ligand-attenuated binding site 
(LABS), selectively labeling nonligand-bound β1 integrins.

We compared the distributions of active versus inactive β1 
integrin subpopulations by STED imaging. We found that both 
active (9EG7 or 12G10) and inactive (AIIB2 or mAb13) integrin 
β1 antibodies (abs) decorated nanoclusters within FAs (Fig. 2, A 
and B; and Fig. S1 B). Interestingly, paxillin was recently shown to 
localize in nanoscale linear arrays within FAs (Hu et al., 2015). We 
assessed whether β1 integrin nanoclusters, which (unlike paxil-
lin) directly mediate cell–ECM attachment, also localize in linear 
patterns, and whether such arrangements depend on integrin 
conformation. To this end, we blindly scored individual FAs for 
the presence of linearly aligned nanoclusters after labeling with 
the mAbs K20 (total integrin β1), 9EG7, or 12G10 (active integ-
rin) or AIIB2 or mAb13 (inactive integrins; Figs. 2 C and S1 C). 
Both total and active β1 integrin displayed linear substructures in 
>65% of FAs. This suggests that FAs are organized hierarchically, 
with active β1 integrin nanoclusters aligning to form linear struc-
tures that in turn build FAs. In contrast, only ∼30% of inactive 
β1-labeled FAs displayed linear nanocluster arrangements (Figs. 
2 C and S1 C). Moreover, automated quantitative image analy-
sis based on random sample consensus (RAN​SAC), an iterative 
algorithm for inlier/outlier determination (Fischler and Bolles, 
1981), verified that active β1 integrins appeared in linear patterns 
to a higher degree than inactive β1 within FAs. This is shown by 
the larger number of lines needed to fit a similarly large cohort 
of nanoclusters labeled with mAb AIIB2 compared with mAb 
9EG7, which also displayed a larger number of nanoclusters 
fitted per line (Fig. 2 D). The fact that robust even if not large 
differences appear when applying this analysis to our images 
reveals a substantial difference in intra-FA cluster arrangement 

given the unsupervised nature of the algorithm. Considering that 
fibronectin, used as substratum in this study, forms fibrils (Singh 
et al., 2010), ECM–fibril binding suggests a possible explanation 
for why active (ECM-bound) integrins frequently form linear 
nanocluster arrays. Likewise, FAs contain parallel F-actin fibrils 
(Burridge and Guilluy, 2016), and thus considering F-actin link-
age to ECM-bound integrins, linear patterns of bound integrins 
may also arise along F-actin fibrils.

By STED, active β1-integrin nanoclusters displayed lower 
nearest neighbor distance (NND; Fig. 2 E) and, importantly, sig-
nificantly lower NND variance, implying a more regular nano-
cluster spacing as compared with inactive β1 integrin counter-
parts (Fig. 2 E). Also, STO​RM detected both active and inactive 
integrin nanoclusters (Fig.  2, F and G). In congruence with 
STED analyses, STO​RM data indicated that active β1 integrin 
nanoclusters localized closer together, which may reflect their 
higher density (Fig. S1 D). Remarkably, and also consistent with 
STED analysis, active β1 integrin nanoclusters displayed signifi-
cantly less variance in NND than inactive integrin nanoclusters 
(Fig. 2 H). Thus, data derived from two distinct superresolution 
imaging modalities confirm that active integrin nanoclusters 
are tightly and regularly organized, including arrangement into 
linear FA substructures. In contrast, inactive integrin nanoclus-
ters are less organized, with more variability in their spacing 
and lower frequency of linear arrangements. Considering the 
existence of intra-FA integrin subpopulations with distinct 
dynamics (stationary versus rapid diffusion; Rossier et al., 2012; 
Rossier and Giannone, 2016), we hypothesize that tightly ordered 
active β1 integrin nanoclusters may correspond with stationary 
ECM-bound integrin subpopulations, whereas inactive β1 integ-
rin nanoclusters, probably largely ECM unbound, may be more 
mobile, resulting in a more variable organization.

Although all comparisons of active and inactive integrins 
revealed trends that were consistent between STED and STO​RM 
data, absolute nanocluster size and NND values measured by 
STO​RM were smaller than those measured by STED. These dif-
ferences mirror the higher resolution of STO​RM versus STED, 
with STO​RM enabling measurements on shorter length scales. 
Similarly, differences in analytical methodologies, with different 

Figure 1. Nanoorganization of β1 integrins 
within FAs. (A) Representative images of an 
Hs578T cell labeled by anti–total β1 integrin 
mAb K20 (OG488) acquired by confocal micros-
copy (left) and STED (middle). The white box in 
the middle panel is zoomed in the right inset. 
(B) Representative intensity profiles along an 
individual adhesion (green/red lines in A; n = 10, 
one profile per image) reveal distinct intensity 
peaks by STED (red) but not by confocal micros-
copy (green). (C) Spatial distribution of identi-
fied intensity peaks within adhesions in the 
STED image from A. (D) Representative image 
of an Hs578T cell labeled with anti–β1 integrin 
mAb K20 (Alexa Fluor 405 through Alexa Fluor 
647) acquired by TIRF (left) and STO​RM (mid-
dle). The white box is zoomed in on the right 
and shows clusters identified by DBS​CAN. Bars: 
(main images) 5 µm; (insets) 500 nm. D
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signal-to-noise ratio sensitivities (DBS​CAN-based localization 
clustering for STO​RM; intensity-based segmentation for STED) 
can contribute to the observed differences in nanocluster size 
and organization (Deschout et al., 2014; Shivanandan et al., 
2014). Nonetheless, collectively, STO​RM and STED data clearly 
indicate that active and inactive β1 integrin subpopulations are 
distinctly organized within FAs.

STED-analyzed nanocluster diameter was larger for active 
than for inactive nanoclusters, corresponding in STO​RM with a 
difference in number of localizations per cluster (Fig. 2, I and J; 
and Fig. S1 E). Moreover, STED also detected small, sparse clus-
terlike labeling outside of FAs, less densely labeled than nano-
clusters in FAs (Fig. S1 E). This labeling outside FAs may detect 
integrin clusters in smaller organizational arrangements and 
may also include unspecific labeling.

Unsurprisingly, both STO​RM and STED revealed significant 
variability in nanocluster size and labeling density. Impor-
tantly, to estimate the labeling density per cluster, we used a 
standard STED sample boasting the same number of dye mol-
ecules as a secondary ab (Schmied et al., 2012). STED imaging 
indicated that mAb K20 (total β1 integrins)–labeled nanoclus-
ters contained on average ∼10 times the labeling of a single 

secondary ab (Fig. S1 F), whereas the mean number of mAb K20 
localizations per STO​RM-detected nanocluster was approxi-
mately sixfold of that detected with a single mAb K20 attached to 
glass (Fig. S1 G). Based on these results, we are confident that the 
nanoclusters are not solely caused by the blinking of fluorophores 
or unspecific single secondary ab labeling but instead arise from 
multiple detected integrin molecules clustered together.

Considering that the maximum distance between integrin 
molecules at which integrin clustering can occur is ∼45 nm 
(Roca-Cusachs et al., 2009; Le Saux et al., 2011) as well as the 
mean cluster size detected for STED and STO​RM, we can con-
clude that we detect more β1 integrin molecules per nanocluster 
than the minimum number required to facilitate integrin clus-
tering. We titrated the labeling conditions to saturate the signal, 
and in STO​RM, we used exhaustive fluorophore blinking. If we 
would assume that our integrin labeling was close to saturation, a 
rough estimate would suggest that there is a mean of six or more 
β1 integrins per nanocluster. However, the precise number of 
molecules cannot be determined by our use of STED and STO​RM 
because of inherent uncertainties (Blom and Widengren, 2017) 
including our inability to control for precise labeling saturation 
and primary-to-secondary ab stoichiometry.

Figure 2. Distinct organization of active 
and inactive β1 integrin nanoclusters within 
FAs. (A) Left: Representative STED image of an 
Hs578T cell labeled with antiactive β1 integrin 
mAb 9EG7 (rhodamine). Right: Spatial distri-
bution of detected intensity peaks within FAs. 
(B) Left: Representative STED image of Hs578T 
cells labeled with antiinactive β1 integrin mAb 
AIIB2 (rhodamine). Right: Spatial distribution of 
detected intensity peaks within FAs. (C) Bars 
show FAs scored for linear versus unstruc-
tured patterns in labelings of mAbs K20 (n = 23 
images), 9EG7 (n = 21 images), and AIIB2 (n = 18 
images), displayed as mean percentages ± SEM. 
(D) Automated linearity analysis. Left: Means ± 
SD of fitted RAN​SAC lines needed to deplete 
all segmented clusters per FA for K20 (n = 13 
cells), 9EG7 (n = 11 cells), and AIIB2 (n = 11 cells) 
labelings. Right: Mean ± SD number of clusters 
per fitted RAN​SAC line for the same experimen-
tal set. Kolmogorov-Smirnov test: *, P < 0.05;  
**, P < 0.01. (E) Bars show median NND (quar-
tile distribution in boxes; decile distributions in 
whiskers) of STED-identified clusters for mAb 
9EG7 (n = 19 images) and mAb AIIB2 (n = 19) 
labelings within FAs. The two distributions dis-
play different variances. (F and G) Left: Repre-
sentative STO​RM image of Hs578T cells labeled 
with mAb 9EG7 (F) or mAb AIIB2 (G; Alexa Fluor 
405 through Alexa Fluor 647). White boxes 
indicate zooms shown on right. Red circles 
show DBS​CAN-identified clusters in zoomed 
areas. Bars: (A, B, F, and G,main images) 5 µm; 
(F and G, insets) 500 nm. (H) Error bars show 
median NNDs (quartile distribution in boxes; 
decile distribution in whiskers) of β1 integrin 

clusters in STO​RM images of mAb 9EG7 (n = 12 images) and mAb AIIB2 (n = 14 images) labeling. The two distributions display different variances. (I and J) The 
bars show median cluster size (I) and median number of cluster localizations (J) of STO​RM images (quartile distribution in boxes; decile distribution in whiskers) 
of mAb 9EG7 (n = 14 images) and mAb AIIB2 (n = 14) labeling within FAs. t test: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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Segregation of active and inactive β1 integrin subpopulations
We next imaged FAs at different resolutions and calculated the 
Pearson’s correlation coefficient to estimate the degree of colocal-
ization of active and inactive β1 integrin subpopulations within 
FAs (Fig. 3, A–E; and Fig. S2 A). The suitability of the Pearson’s 
correlation coefficient for colocalization of ab-labeled targets 
by superresolution microscopy has been previously demon-
strated (Xu et al., 2016). In conventional microscopy, the extent 
of colocalization is typically overestimated because of the limited 
resolution. Conversely, at superresolution, underestimation of 
colocalization may occur if the resolution is close to the size of 
the labels (Xu et al., 2016). We estimated the upper limit of colo-
calization achieved with each microscopy technique by labeling 
cells with a single primary ab (12G10, AIIB2, or K20) followed 
by simultaneous labeling with two distinctly labeled secondary 
abs (one-primary and two-secondary control; Fig. 3, B–E). We 
obtained Pearson’s correlation coefficients for maximal over-
lap consistent with previous studies of each of the techniques 
(Neumann et al., 2010; Xu et al., 2016).

To assess the robustness of the observed colocalization 
between active and inactive β1 integrins, we used combinations 
of mAbs targeting different integrin subpopulations (mAbs 
9EG7, 12G10, and Huts-4 for active β1 integrins; mAbs AIIB2 and 
mAb13 for inactive β1 integrins; Table 1). Colabeling mAb 9EG7 
with mAb 12G10 or mAb Huts-4 resulted in a high degree of 
colocalization, indistinguishable from the maximum expected 
for STED (one-primary two-secondary control), indicating that 
these three mAbs label the same active β1 integrin subpopulation 
(Fig. 3 E). The degree of colocalization between mAb K20 (total β1 
integrin) and either mAb 9EG7 (active) or mAb AIIB2 (inactive) 
was relatively high (Fig. 3 E), although it was significantly lower 
than that obtained with two different mAbs for active β1. This is 
consistent with the mAbs 9EG7 and AIIB2 labeling subsets of the 
total K20-labeled β1 integrin population.

Having confirmed the expected labeling patterns among this 
suite of abs, we measured colocalization between active and inac-
tive β1 integrins using images obtained by confocal, STED, and 
STO​RM microscopy (Fig. 3, A–E; and Fig. S2 A). Confocal images of 
mAb AIIB2 (inactive) and 12G10 (active) colabelings elicited Pear-
son’s correlation coefficient close to the maximal possible overlap 
achieved via 12G10 double labeling (Fig. 3 B). However, the same 
labeling combination assessed with the higher STED resolution 
produced a Pearson’s coefficient close to zero (Fig. 3 C), indicating 
that the high colocalization observed in the confocal images is a 
false positive because of their limited resolution. This also shows 
that these mAbs indeed label different integrin β1 subpopulations 
and that surprisingly, active and inactive β1 integrins are nearly 
exclusive in their relative spatial distribution. Pearson’s coeffi-
cients between active and inactive β1 integrins obtained by STO​RM 
imaging were even lower (Fig. 3 D) as expected when assessing 
colocalization at higher resolution (10 nm rendering; Xu et al., 
2016). Alternative rendering of STO​RM localizations with a pre-
cision (50 nm) matching STED image resolution yielded Pearson’s 
coefficients similar to those recorded for STED images (Fig. 3 D).

We then combined several additional active versus inactive 
anti–β1 integrin mAb pairs imaged by STED microscopy. These 
pairs included mAb AIIB2 (inactive β1) with mAb Huts-4 (active 

β1) as well as mAb 13 (inactive β1) with mAb 12G10 or mAb Huts-4 
(active β1). Consistent with the originally observed segregation 
(Fig. 3 C), each of these three additional active versus inactive 
integrin colabeling pairs displayed very low colocalization 
(Fig. 3 E). To exclude that this lack of colocalization may reflect 
mAb competition, as indicated for some of these mAb combi-
nations in unfixed cells by FACS (Su et al., 2016), we performed 
FACS mAb competition analysis on fixed cells labeled with pro-
tocols equivalent to our microscopy analyses. Crucially, we did 
not detect any significant mAb competition (Fig. S2 B). This is 
consistent with the notion that the indicated integrin β1 mAb 
competition is predominantly caused by mAb-induced allosteric 
integrin conformation alterations (Su et al., 2016), and thus abol-
ished under our experimental conditions by cell fixation.

Ab-based labeling has been successfully applied in numer-
ous superresolution studies (French et al., 2016; Sidenstein et 
al., 2016). We considered this as the best available option for 
determining the distribution of active versus inactive integrins 
because the precise nanoorganization of FAs may be perturbed by 
overexpression of fluorescently tagged proteins (Snapp, 2005). 
Such overexpression may also alter naturally occurring equilibria 
in integrin conformations that are central to this study. Although 
ab labeling carries limitations (Fornasiero and Opazo, 2015), we 
neutralize many of these by relating all colocalization compari-
sons to an inherent control: single primary ab with two differ-
ently labeled secondary ab labelings. This is significant because 
we focus on relative differences and trends in colocalization val-
ues, reducing the influence of absolute levels of epitope binding, 
secondary ab localization uncertainty, or the particular method of 
colocalization measurement. Also, most nanoclusters identified 
by STO​RM and STED were larger than what could be explained by 
potential secondary ab clustering. Furthermore, variability in ab 
specificity was mitigated through the use of multiple active- and 
inactive-specific mAbs in several pair combinations for colocal-
ization analyses (four active versus inactive β1 integrin–labeling 
combinations comprising three active- and two inactive-specific 
mAbs). In all cases, we recorded highly consistent evidence for the 
spatial segregation of active and inactive β1 integrins within FAs.

Importantly, and consistent with the pixel-based colocaliza-
tion data, the number of nanoclusters that displayed any over-
lap between active (12G10) and inactive (AIIB2) β1 integrin was 
significantly lower than the maximum obtained for mAb K20 
double labeling, whereas colabeling of mAb K20 (total β1 integ-
rin) with either active or inactive integrins produced expected 
intermediate nanocluster overlap values (Figs. 3 F and S2 C). We 
thus provide direct evidence that active and inactive β1 integ-
rins are at least partially segregated into distinct nanoclusters.

Nanocluster-scale segregation of active and inactive β1 inte-
grins has important new implications for the regulation of inte-
grin activity. So far, integrin activity regulation has been largely 
considered to operate at the scale of individual integrins. How-
ever, if individual integrin activity states were independently 
regulated, active and inactive integrins would be interspersed 
within nanoclusters and therefore highly colocalized. Instead, by 
demonstrating segregation of active and inactive integrins into 
distinct nanoclusters, we present evidence suggesting a novel 
mechanism that locally coordinates and synchronizes integrin 
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activity states. The existence of a coordinating mechanism for 
integrin activity regulation within nanoclusters represents 
a fundamentally new concept and may contribute to a better 
understanding of how FAs form and function.

Many plasma membrane proteins cluster at the nanoscale 
level (Goyette and Gaus, 2017). Although passive reorganiza-
tion has been shown to lead to colocalization of proteins with 
similar ectodomain sizes, Paszek et al. (2014) introduced the 

Figure 3. Distinct localization of active and inactive β1 integrins within FAs. (A) Representative confocal, STED, and STO​RM images of Hs578T cells cola-
beled with antiactive β1 integrin mAb 12G10 (OG488 or Cy3; Alexa Fluor 647) and antiinactive β1 integrin mAb AIIB2 (rhodamine or Alexa Fluor 405 through Alexa 
Fluor 647). White boxes indicate zoomed areas on the right. Bars: (main images) 5 µm; (insets) 2 µm. (B–D) Bars show mean Pearson’s correlation coefficients 
(± SD) obtained by confocal (B), STED (C), and STO​RM (D) images colabeled with mAb 12G10 and mAb AIIB2. Confocal, n = 10 images; STED, n = 20; STO​RM,  
n = 6. mAb 12G10 labelings targeted by two differently colored secondary abs were used as control for maximal colocalization. Confocal, n = 9 images; STED,  
n = 13; STO​RM, n = 6. (E) The three left bars show Hs578T cells labeled by mAbs AIIB2 (n = 18 images), K20 (n = 11), or 12G10 (n = 13) targeted with two differently 
colored secondary abs each as controls for maximal colocalization. The remaining bars show mean Pearson’s correlation coefficients (± SD) of STED images of 
Hs578T cells colabeled by mAb 12G10 and mAb 9EG7 (n = 12 images); mAb Huts-4 and mAb 9EG7 (n = 11); mAb K20 and mAb 9EG7 (n = 14); mAb K20 and mAb 
AIIB2 (n = 17); mAb 12G10 and mAb AIIB2 (n = 20); mAb 12G10 and mAb 13 (n = 11); mAb Huts-4 and mAb AIIB2 (n = 11); and mAb Huts-4 and mAb 13 (n = 5). The 
individual colocalizations were statistically compared with the control with the lowest coefficient (12G10), providing the most stringent comparison. The mAb 
AIIB2 versus mAb12G10 combination was duplicated from C to facilitate direct comparison. (F) Bars show mean percentages ± SD of overlapping nanoclusters 
segmented in STED images of Hs578T cells colabeled with mAb 12G10 and mAb AIIB2 (n = 20 images). Hs578T cells labeled using mAb K20 and two differently 
colored secondary abs both targeting mAb K20 were used as control for maximal overlap. n = 9 images. t test: *, P ≤ 0.05; ***, P ≤ 0.001.
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kinetic trapping model for passive segregation of bound and 
unbound integrins mediated by biophysical properties of the 
glycocalyx (Köhler et al., 2010). In this model, the binding of a 
first integrin brings the ECM closer to the cell, thereby enabling 
adjacent integrins to also bind (Paszek et al., 2014). Considering 
that ECM-bound integrins are activated, this model provides 
a plausible mechanism for the spatially coordinated control of 
integrin activity reported in this study. However, the evidence 
presented by Paszek et al. (2014) focuses on length scales con-
siderably larger than those associated with nanoclusters. Hence 
the detailed mechanism or mechanisms accounting for collective 
integrin activity state segregation remains unclear.

Talin, kindlin-2, and vinculin colocalize with both active and 
inactive β1 integrins
We next analyzed the nanocluster distributions of core adhesome 
components with roles in integrin activity regulation. We exam-
ined the colocalization of active (9EG7) or inactive (AIIB2) β1 
integrin subpopulations with talin, kindlin-2, or vinculin using 
STED microscopy, estimating Pearson’s correlation coefficient 
in segmented FAs. Interestingly, talin, kindlin-2, and vinculin 
all colocalized moderately with both active and inactive β1 inte-
grins (Fig. 4, A and B; and Fig. S3), indicating their association 
with active and inactive nanoclusters. This may correspond with 
previous evidence that preassembled multiprotein adhesome 

building blocks are recruited to FAs (Hoffmann et al., 2014), 
where they might precipitate ligand-independent assembly of 
integrin nanoclusters.

In conclusion, our results provide significant new insights 
into the nanoscale molecular architecture of FAs by revealing the 
spatial segregation of active and inactive β1 integrin nanoclusters 
as well as corresponding differences in the spatial organization 
of these integrin subpopulations. Functionally, the nanoclus-
ter-scale segregation of active and inactive integrins implies the 
existence of a new coordinate regulatory mechanism that pro-
motes local synchronization of integrin activity states within 
integrin nanoclusters. Understanding the precise mechanism 
of this coordinate regulation now appears as a crucial question 
in the context of understanding cell–ECM adhesion formation, 
function, and regulation.

Materials and methods
Abs
Primary abs used for immunostaining were rat anti–β1 integrin 
mAb 9EG7 (BD; Lenter et al., 1993; Bazzoni et al., 1995; Su et al., 
2016), mAb 13 (BD; Akiyama et al., 1989; Mould et al., 1996; Su 
et al., 2016), and mAb AIIB2 (Developmental Studies Hybridoma 
Bank; Werb et al., 1989; Takada and Puzon, 1993; Park et al., 2008); 
mouse anti–β1 integrin mAb K20 (Santa Cruz Biotechnology, Inc.; 

Figure 4. Colocalization of talin, kindlin-2, and vin-
culin with active and inactive β1 integrins within 
FAs. (A) Left: Representative STED images of Hs578T 
cells labeled with antiactive β1 integrin mAb 9EG7 
(left) or antiinactive β1 integrin mAb AIIB2 (right; both 
rhodamine) and antitalin mAb, anti–kindlin-2 polyclonal 
ab, or antivinculin polyclonal ab (all OG488). White 
boxes indicate zoomed areas. Bars: (main images) 5 µm;  
(insets) 2 µm. (B) Bars show mean Pearson’s correlation 
coefficients (± SD) of STED images of Hs578T cells cola-
beled as indicated. n = 10–11 images for each combination.  
t test: ***, P ≤ 0.001.
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Amiot et al., 1986; Takada and Puzon, 1993), mAb Huts-4 (Chemi-
con; Luque et al., 1996; Su et al., 2016), and mAb 12G20 (Abcam; 
Mould et al., 1995; Su et al., 2016); mouse antitalin mAb 8d4 
(Sigma-Aldrich); and rabbit polyclonal abs antivinculin (V4139; 
Sigma-Aldrich) and anti–kindlin-2 (ab74030; Abcam). All sec-
ondary abs used were depleted for cross-reactivity. Secondary 
abs goat anti–mouse coupled to Oregon green 488 (O-11033; 
Thermo Fisher Scientific) or rhodamine red-X (115-295-146; Jack-
son ImmunoResearch Laboratories, Inc.), goat anti–rat coupled 
to rhodamine red-X (112-295-167; Jackson ImmunoResearch Lab-
oratories, Inc.), and goat anti–rat coupled to Oregon green 488 
(O-6382; Thermo Fisher Scientific) were used. Secondary abs 
for STO​RM imaging were donkey anti–rat (712-005-153; Jack-
son ImmunoResearch Laboratories, Inc.) and goat anti–mouse 
IgG (A16080; Thermo Fisher Scientific) labeled in house with 
different combinations of activator/reporter pairs as previously 
described (Bates et al., 2007). In brief, the dyes were purchased 
as N-hydroxysuccinimide ester derivatives: Alexa Fluor 405 car-
boxylic acid succinimidyl ester (Invitrogen), Cy3 monoreactive 
dye pack (GE Healthcare), and Alexa Fluor 647 carboxylic acid 
succinimidyl ester (Invitrogen). Ab labeling reactions were per-
formed by incubating for 40 min at RT a mixture containing the 
secondary ab NaHCO3 and the appropriate pair of activator/
reporter dyes diluted in DMSO. Purification of labeled abs was 
performed using NAP5 columns (GE Healthcare). The dye/ab 
ratio was quantified using NanoDrop (Thermo Fisher Scientific), 
and only abs with a composition of three to four Alexa Fluor 405 
or Cy3 and 0.9–1.5 Alexa Fluor 647 per ab were used for imaging.

Specificity of mAbs for active and inactive β1 
integrin conformations
mAbs 9EG7, 12G10, and Huts-4 recognize epitopes hidden in the 
bent integrin β1 conformation. Instead, these mAbs bind only to 
β1 integrin in extended conformations as induced by ligand bind-
ing or manganese stimulation (Bazzoni et al., 1995). We there-
fore refer to the β1 integrin subpopulation labeled by mAbs 9EG7, 
12G10, and Huts-4 as active β1 integrins, with the mAbs 12G10 
and Huts-4 also being specific for the extended/open high-affinity 
integrin conformation (Luque et al., 1996; Mould et al., 1996; Su 
et al., 2016). We also used the anti–β1 integrin mAb AIIB2, which 
binds to an epitope in the βA domain, which functionally blocks 
cellular attachment to fibronectin (Werb et al., 1989) and also com-
petes for binding with the fibronectin FN3 domain-10 (Fig. S1 A). 
This competitive binding indicates that AIIB2 recognizes a LABS 
and therefore that AIIB2 binds selectively to nonligand-bound 
β1 integrins. Indeed, AIIB2 has previously been shown to label 
inactive β1 integrins (Werb et al., 1989; Takada and Puzon, 1993; 
Park et al., 2008). Similarly, mAb13 has been shown to recognize 
a closed, nonligand-bound β1 integrin conformation with limited 
ligand affinity (Mould et al., 1996; Su et al., 2016). For simplicity, 
we use in this study the term “inactive” to describe all β1 integ-
rins labeled by either mAb AIIB2 (unbound integrin) or mAb13 
(closed unbound integrin). It may be argued that 9EG7, AIIB2, 
and mAb13 may recognize unbound integrins in the extended/
closed conformation. However, given that the extended/closed 
conformation represents only ∼0.15% of unbound α5β1 integ-
rins (Li et al., 2017), we expect virtually no overlap between the 

integrin subpopulations detected with these abs. Also, given that 
the extended/open conformation is energetically favorable com-
pared with the extended/closed conformation and has >5,000× 
higher affinity for fibronectin (Li et al., 2017), the enrichment of 
extended integrins in attached cells can be mainly attributed to 
ECM-binding stabilization of the extended/open integrin confor-
mation. Thus, in attached cells, mAb 9EG7 should predominantly 
label bound extended/open integrins. Therefore, with our set of 
mAbs, we mainly detect bound versus unbound integrins, roughly 
corresponding with extended/open versus bent/closed confor-
mations, i.e., active versus inactive integrin β1 subpopulations.

Immunolabeling for imaging
Hs578T cells forming prominent FAs were grown in DMEM sup-
plemented with 10% FBS at 5% CO2 and 37°C. Before imaging, 
cells were replated onto fibronectin-coated (20 µg/ml fibronec-
tin) glass-bottomed imaging dishes (MatTek Corporation) for 4 h 
at a density of 5,000 cells/cm2 to avoid ECM remodeling. Cells 
were washed twice in PBS before fixation and permeabilization 
for 10 min in 2% paraformaldehyde and 0.1% Triton X-100, an 
optimized fixation procedure to preserve adhesion structures, 
followed by three washes with PBS and blocking at 4°C in 0.5% 
BSA (or goat serum for antitalin staining) overnight. Primary abs 
were diluted in PBS with 0.5% BSA and then incubated simulta-
neously for 30 min at 4°C and for 1 h at RT. Samples were washed 
five times with PBS, incubated for 1 h with secondary ab diluted 
in PBS plus 0.5% BSA, and washed five times with PBS. To obtain 
optimal staining, saturating ab concentrations were determined 
empirically by titration. For STO​RM experiments, the following 
ab concentrations were used: 9EG7 (1 µg/ml), 12G10 (40 µg/ml), 
and AIIB2 (1 µg/ml). For STED and confocal microscopy, the fol-
lowing ab concentrations were used: K20 (50 µg/ml), 12G10 (40 
µg/ml), 9EG7 (8 µg/ml), Huts-4 (250 µg/ml), AIIB2 (6 µg/ml), 
mAb13 (25 µg/ml), antivinculin (33 µg/ml), antitalin (178 µg/ml), 
and anti–kindlin-2 (26 µg/ml).

Microscopy
Prominent FAs are readily recognizable and were identified by 
eye and selected for image acquisition. Confocal images were 
acquired with an A1R confocal microscope (Nikon) using an 
oil-immersion Plan Apochromat 60× objective (1.40 NA) at RT. 
STO​RM images were acquired at 21°C with an N-STO​RM com-
mercial system mounted on a TiE inverted microscope (Nikon), 
fitted with a STO​RM-capable TIRF illuminator, and coupled to 
an iXon 897 electron-multiplying charge-coupled device cam-
era (512 × 512 active pixels; Andor Technology) using a collar- 
optimized CFI Apochromat TIRF 100× 1.49 NA objective. The LU4A 
laser launch was also acquired from Nikon and nominally deliv-
ers 300 mW at 647 nm, 50 mW at 561 nm, 40 mW at 488 nm, and 
100 mW at 405 nm. NIS Elements AR 4.30.02 software (Nikon) 
was used. For single-color imaging, 647-nm laser light was used 
for exciting the reporter dye (Alexa Fluor 647) and switching it to 
the dark state, and 405- or 561-nm laser light was used for reacti-
vating Alexa Fluor 647 into a fluorescent state via an activator dye 
(Alexa Fluor 405 or Cy3). An imaging cycle comprised one frame 
of activation alternated with four frames of reporter imaging. 
Dual-color imaging was performed by alternating 405-activated 
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cycles and 561-activated cycles. Imaging was done using a previ-
ously described buffer containing 100 mM mercaptoethylamine, 
0.5 mg/ml glucose oxidase, 40 µg/ml catalase, and 5% glucose 
(Sigma-Aldrich) in PBS (Bates et al., 2007).

STED images were acquired at RT with LASX software using 
an SP8 3× STED system (Leica Microsystems) equipped with 
lasers for depletion of fluorophores emitting in the blue/green 
(592 nm; MPB Communications Inc.), orange (660 nm; Laser 
Quantum), and red/far red (775 nm; OneFive GmbH). A pair of 
depletion-wavelength (660/592) or a single-wavelength (660) 
laser was applied for multicolor STED imaging. A chromatically 
optimized oil-immersion objective (high-contrast Plan Apochro-
mat 100× 1.40 NA oil STED white; Leica Microsystems) was used 
for imaging, and a tunable pulsed white light fiber laser emitting 
in the 470–670-nm spectrum was applied for excitation. Selected 
wavelengths were 488 nm for Oregon green 488 and 575 nm for 
rhodamine red-X. Fluorescence signals were passed through a 
0.8–0.9-Airy-unit pinhole, a dichroic mirror optimized for each 
STED laser, including notch filters placed in front of sensitive 
photodetectors (Leica Hybrid Detectors). Dual-color frames 
(1,024 × 1,024 pixels) were acquired sequentially frame by frame 
at a scan speed of 400 lines per second with four line averages 
and a pixel size of 25 nm. Precision calibrations were done on 
40-nm fluorescent beads (FluoSpheres; Invitrogen) spin coated 
onto the glass surface of a coverslip and mounted in Mowiol. 
Resolved lateral full width at half maximum values of 42 ± 3 nm 
(n = 30) were achieved (excitation, 635 nm, and depletion, 750–
775 nm), pointing to STED focal widths of ≤40 nm.

Image analysis
Raw STED images were deconvolved using Huygens Profes-
sional software (Scientific Volume Imaging; Schoonderwoert et 
al., 2013) with a STED-specific algorithm using a computation-
ally distilled point-spread function. Values for objective NA and 
oil refractive index were input. Intensity peaks in STED images 
were obtained by the Imaris (Bitplane) module ImarisCell. With 
this module, adhesions were segmented based on automated 
intensity thresholding and a minimal size of 1 μm, and thresh-
olded objects were identified within the adhesion. Line-inten-
sity profiles were generated with ImageJ (National Institutes 
of Health) using a line width of 10 pixels. Scoring of individual 
adhesions for linear or unstructured patterns was performed 
manually. STO​RM images were analyzed using custom-writ-
ten software (Insight3; provided by B. Huang, University of 
California, San Francisco, San Francisco, CA) by fitting the 
point-spread function of individual fluorophores with a simple 
Gaussian curve in every frame to determine their x and y coor-
dinates. The intensity threshold for considering a blink was set 
at 700–1,000 grayscale levels (on 16-bit images), whereas the 
minimum acceptable sphericity was set at 0.8. STO​RM images 
were rendered with a 10-nm localization precision based on the 
mean number of photons emitted per switching event of the 
Alexa Fluor 647 fluorophore were used, if not stated otherwise 
(Dempsey et al., 2011). Clusters in STO​RM images were identi-
fied by the DBS​CAN algorithm (minimal number of points = 10; 
radius [ε] = 20 nm) integrated in Insight3. NNDs were calcu-
lated with MAT​LAB (MathWorks).

Integrin cluster size was determined in STED deconvolved 
images after segmentation. Regions of interest were drawn 
around FAs based on confocal images. Using these regions of 
interest as a mask, STED images were subjected to segmentation 
by applying the ImageJ plugin Robust Automatic Threshold Selec-
tion, setting 50 grayscale levels as noise threshold for all analyzed 
images. The radius of each segmented cluster was obtained upon 
cluster analysis using ImageJ Object Analysis functionality, and 
objects with radius <25 nm (therefore below our resolution limit) 
were excluded from the analysis.

Automatic linearity analysis was performed by applying the 
iterative RAN​SAC algorithm on Imaris-segmented, deconvolved 
STED images. The RAN​SAC algorithm, a nondeterministic 
approach for inlier/outlier determination (Fischler and Bolles, 
1981), was implemented in Python. FAs were segmented using 
Imaris, and the clusters within the perimeter of each FA were 
processed using the RAN​SAC algorithm. At each iteration, the 
RAN​SAC algorithm drew a line between two randomly selected 
clusters within the distribution. The number of inlier clusters 
close to this line and the number of outlier clusters distant to the 
line were measured. The process was repeated 1,000 times until 
the optimum line (that with the most inliers) was found. Once 
fit, the inlier clusters were removed from the distribution, and 
the remaining clusters were analyzed in the same way. Inliers 
were determined as those within ≥3 pixel distance of the line. 
A minimum of four inlier clusters was required for a fit to be 
accepted, and the process was repeated 20 times to ensure the 
possibility that multiple lines per FA were drawn. In other words, 
the algorithm fits a line matching as many nanoclusters as pos-
sible in the first round, and in following rounds, it would fit the 
remaining clusters with decreasing correlation coefficients until 
all clusters were fitted. If FAs had nanoclusters organized in lin-
ear patterns, a few lines would suffice to fit all detected clusters. 
If these clusters were dispersed, more iterations would have been 
needed until all clusters were fitted. Kolmogorov-Smirnov tests 
were applied to determine statistically significant differences 
between distributions. 

Colocalization analysis of confocal and STED images was 
performed using the Imaris module ImarisColoc. With this mod-
ule, adhesions were segmented based on automated intensity 
thresholding, and thresholded Pearson’s correlation coefficients 
were calculated. Pearson’s coefficient values ranged from 1 for a 
perfect, linear, and positive correlation to −1 for a perfect, linear, 
and negative/inverse correlation (Dunn et al., 2011). Colocaliza-
tion analysis of STO​RM images was performed using the ImageJ 
plugin Coloc2. Prominent FAs were manually segmented, and 
thresholded Pearson’s correlation coefficients were calculated. 
Percent overlap was calculated as the percentage of intensity 
peaks within STED images that had a neighboring intensity peak 
of a different labeling within a distance of 200 nm, which cor-
responds with the median radius of the intensity peaks as mea-
sured by Imaris.

Determination of cluster intensity by calibration with 
Gattaquant standard sample
Single goat anti–mouse secondary abs incorporate six to seven 
Oregon green 488 dye molecules according to the manufacturer’s 
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indications (O-11033; Thermo Fisher Scientific). To mimic sin-
gle ab labeling, standard Gattaquant DNA STED nanorulers with 
two dye-binding localizations separated by 90 ± 5 nm were cus-
tom labeled with six to seven Oregon green 488 dye molecules 
per binding site and mounted on high-quality N1.5 optical glass 
by the manufacturer. This customized Gattaquant sample was 
imaged with the same STED settings used for imaging ab-based 
cell labelings. Intensities obtained from imaging the Gattaquant 
standard in STED mode were used to determine mean cluster 
labeling in STED images based on the linear relationship between 
intensity and dye density.

Regions of interest with a diameter of 50 nm (equivalent to 
the smaller cluster size detectable with STED) matching the size 
of Gattaquant sample labeling locations were drawn on repre-
sentative STED images of the Gattaquant ruler sample, and the 
mean intensity of the region of interest was examined using the 
Measure function in ImageJ. Similarly, 50-nm-diameter regions 
of interest were drawn in representative STED images of K20 cell 
stainings, and intensities were compared.

Determination of numbers of integrin localizations 
per STO​RM cluster
mAb K20 was adsorbed on glass-bottomed imaging dishes (Mat-
Tek) for 30 min at RT and then diluted 105 times in PBS + 0.5% 
BSA to promote individual ab adsorption. Secondary ab (Alexa 
Flour 405/647 labeled) staining and STO​RM imaging settings 
used were identical as for ab-based cell labeling. Clusters in 
STO​RM images of mAb K20 on glass and mAb K20–labeled FAs in 
cells were identified by the DBS​CAN algorithm (minimal number 
of points = 2; radius [ε] = 20 nm) integrated in Insight3. The mean 
numbers of localizations were compared with estimates of the 
number of integrin labels per nanocluster within FAs.

Flow cytometry
For fibronectin, Hs578T cells were trypsinized and washed once 
in PBS + 5% BSA. Cells were incubated in PBS + 5% BSA with 
or without the 20 µg/ml recombinant human fibronectin FN3 
domain-10 (LD Biopharma, Inc.) on ice for 2  h at 106 cells/ml 
before fixation with 2% paraformaldehyde for 10 min at RT. Cells 
were incubated with mAbs AIIB2 (0.5 ng/ml) or K20 (1 µg/ml) 
for 45 min, washed once with PBS + 5% BSA, and stained with 
anti–rat OG488 or anti–mouse phycoerythrin ab (1:200) for 30 
min before analysis by FACS (FAC​SCalibur; BD). Median fluores-
cence intensities were used to calculate the percentage of bound 
ab with fibronectin competition.

To test potential mAb competition, Hs578T cells were tryp-
sinized and washed once in PBS + 1% BSA before fixation with 2% 
paraformaldehyde for 10 min at RT. Cells were incubated with one 
or two primary abs for 45 min, washed twice with PBS + 1% BSA, 
and incubated with the secondary abs anti–rat OG488 (1:200) 
and anti–mouse phycoerythrin (1:200) for 30 min at RT before 
analysis by FACS (FAC​SCalibur). Median fluorescence intensities 
were used to calculate the ratio between mAb labeling in the pres-
ence of a second mAb divided by the labeling intensity obtained 
by single mAb labeling alone. Compensation for bleedthrough 
and cross-reactivity between secondary abs were considered 
and withdrawn. The following primary ab concentrations were 

used: AIIB2 (6 ng/ml), 12G10 (40 ng/ml), Huts-4 (250 ng/ml), and 
mAb13 (40 ng/ml).

Online supplemental material
Fig. S1 shows β1 integrin cluster characterization, indicating 
first the degree of linearity of 12G10- and mAb13-labeled inte-
grin clusters as an alternative to 9EG7 and AIIB2 labels shown 
in Fig.  2  C. In addition, along with cluster density estimation 
for STO​RM, cluster size spread for K20, 9EG7, and AIIB2 abs for 
STED imaging was analyzed. These datasets complement Fig. 2 (E 
and H), providing a detailed picture on nanocluster distribution. 
Moreover, quantification of the minimum number of integrin 
molecules per K20-labeled cluster along with the corresponding 
controls is presented for both STO​RM and STED. Fig. S2 strength-
ens colocalization data for the different integrin-labeling abs, 
showing a panel with different ab combinations for active (9EG7, 
12G10, and HUTS4), inactive (AIIB2 and mAb13), and total (K20) 
β1 integrin, including self-colocalization controls. By showing 
representative STED images of all ab colocalizations, this panel 
complements the Fig. 3 E. Also within Fig. S2, the lack of competi-
tion between the selected abs after fixation is shown as a control. 
Fig. S3 represents the individual channels of the merged STED 
images displayed in Fig. 4 for better clarity.
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