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SUMMARY

Leukocyte adhesion requires B,-integrin activation.
Resting integrins exist in a bent-closed conforma-
tion—i.e., not extended (E”) and not high affinity
(H")—unable to bind ligand. Fully activated E*H* in-
tegrin binds intercellular adhesion molecules (ICAMs)
expressed on the opposing cell in trans. E"H™ transi-
tions to E*H* through E*H™ or through E"H", which
binds to ICAMs on the same cell in cis. Spatial
patterning of activated integrins is thought to be
required for effective arrest, but no high-resolution
cell surface localization maps of activated integrins
exist. Here, we developed Super-STORM by
combining super-resolution microscopy with molec-
ular modeling to precisely localize activated integrin
molecules and identify the molecular patterns of acti-
vated integrins on primary human neutrophils. At the
time of neutrophil arrest, E"H* integrins face each
other to form oriented (non-random) nanoclusters.
To address the mechanism causing this pattern, we
blocked integrin binding to ICAMs in cis, which signif-
icantly relieved the face-to-face orientation.

INTRODUCTION

As the most abundant leukocytes in blood, neutrophils play
critical roles in infections (Gaertner et al., 2017; Huang and Niet-
hammer, 2018) and inflammatory diseases (Tsuchiya et al.,
2018). The recruitment of neutrophils during infection and
inflammation involves many adhesion molecules, including in-
tegrins. In the recruitment cascade, neutrophils first roll and
then arrest on the vascular endothelium. The arrest is triggered
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by the activation of B,-integrins (Ley et al., 2007; Phillipson and
Kubes, 2011).

A study using quantitative dynamic footprinting (QDF) micro-
scopy (Sundd et al., 2010) showed that activated B,-integrins
are clustered on the neutrophil surface even before chemokine
activation, i.e., during rolling (Fan et al., 2016). We used two
monoclonal antibodies (mAbs) that report Bo-integrin conforma-
tion. mAb KIM127 (Robinson et al., 1992) recognizes an epitope
in the knee of B, that is not accessible when the knee is bent and
thus reports extension (E*) (Lu et al., 2001). mAb24 (Dransfield
and Hogg, 1989) recognizes an epitope in the B, I-like domain
(A domain) that appears when the « I/A domain (A domain) as-
sumes the high-affinity (H*) conformation (Yang et al., 2004).
Neither antibody interferes with ligand binding, and KIM127
and mAb24 do not crossblock each other or affect neutrophil
adhesion (Fan et al., 2016). Rolling on P-selectin induced clus-
ters of KIM127* E*H™ B,-integrins. Exposure to the chemokine
interleukin 8 (IL-8) induced mAb24 binding. We found that
E~H" (high-affinity bent) integrins bind to the B,-integrin ligands
intercellular adhesion molecule 1 (ICAM-1) and ICAM-3 ex-
pressed on the same neutrophil in cis (Figure S1). By this cis
binding, E"H" integrins exert a strong anti-adhesion effect on
both human and mouse neutrophils. The in cis interaction of Fc
receptors (FcyRIIA) and Bo-integrins (ampB2) affects neutrophil
recruitment as well (Saggu et al., 2018).

gDF is based on total internal reflection fluorescence (TIRF)
microscopy and thus is diffraction limited. To determine whether
apparent E*H* clusters identified by gDF contain only E*H* in-
tegrins or a mixture of E*H™ and E"H* integrins, and to reveal
molecular patterns of integrin molecules, we performed super-
resolution microscopy on primary human neutrophils labeled
with Fab fragments of KIM127 and mAb24.

Super-resolution microscopy (Betzig et al., 2006; Rust et al.,
2006) has brought new insights into integrin biology (Moore
et al., 2018; Spiess et al., 2018). By using super-resolution
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interferometric photoactivation and localization microscopy
(iPALM), E* of lymphocyte function-associated 1 (LFA-1, one
subtype of Bo-integrins) was observed on spread Jurkat cells
(Moore et al., 2018). In Hs578T cells, active and inactive B4-integ-
rins segregate into distinct nanoclusters in focal adhesions as
visualized by stimulated emission depletion (STED) microscopy
and stochastic optical reconstruction microscopy (STORM).
Neither Jurkat nor Hs578T cells are primary; thus these cells
are not directly relevant in vivo. Here, we report the first images
and functional studies using super-resolution microscopy on pri-
mary cells, human neutrophils. To achieve sufficient resolution to
reveal molecular patterns, we post-processed STORM data
using custom software based on molecular modeling. This new
imaging and computational method, called Super-STORM,
dramatically improves the localization precision of molecules.

RESULTS

Super-Resolution Imaging Identifies Bx>-Integrin
Activation within Clusters

To study Be-integrin activation in primary human neutrophils dur-
ing arrest with super-resolution microscopy, we developed a
strategy to fix the cells exactly at the time of their IL-8-triggered
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Figure 1. Super-Resolution STORM Imaging
of Bo-Integrin Activation on Arrested Human
Neutrophils

(A) Primary human neutrophils rolling on P-selectin
and ICAM-1 at a wall shear stress of 6 dyn-cm 2
were exposed to IL-8 and Fab fragments of the
Bo-integrin extension (E*) reporter KIM127 (magenta)
and the high-affinity (H*) reporter mAb24 (cyan),
immediately fixed and imaged by TIRF (entire TIRF
footprint, raw image shown). The gray dotted line
shows the border of the cell footprint.

(B) Binary image of (A) using smart segmentation, as
in Fan et al. (2016).

(C) STORM buffer was introduced and blinking
events were recorded for 10,000 frames per channel
over 10 min, corrected for stochastic motion and
drift as in STAR Methods to obtain a raw super-
resolution STORM image of the footprint of arrested
human neutrophils.

(D-H) STORM image overlaid with the outlines of
binary TIRF clusters (D, from B). Zoomed-in exam-
ples of E"H* (cyan, E) and E*H™ TIRF clusters
(magenta, F). Some white E*H* TIRF clusters showed
true colocalization of KIM127 and mAb24 in STORM
(white, G). (H) shows examples of clusters that ap-
peared colocalized in TIRF but were composed of
E"H* and E*H™ areas, as revealed by STORM.

(I) Quantifications of different clusters from six cells.
Mean + SD. Scale bars are 1 pm for (A-(D) and
200 nm for (E)~(H).

See also Figures S2-S5.

arrest (Figures S2A-S2C). Comparing qDF-

AT based images of the footprint of arrested
< & neutrophils with TIRF images of the same

cells after fixation shows that there was

no significant change in the morphology
of the cell footprint after fixation (Figures S2D and S2E). During
the sample preparation, fluorochrome-conjugated soluble Fabs
of KIM127 and mAb24 were added with neutrophils during perfu-
sion to homogenously bind to the activated integrin. Neither
antibody interferes with ligand binding, and KIM127 and
mAb24 do not crossblock each other or affect neutrophil adhe-
sion (Fan et al., 2016). Adding KIM127 and mAb24 does not
affect the phenotype of neutrophils (Figures S2F-S2I): quantified
by forward scatter (FSC) and side scatter (SSC) in flow cytome-
try. IL-8 stimulation was used as a positive control. Conventional
TIRF microscopy of the neutrophil footprints at the time of arrest
showed maps (Figure 1A) of activated integrins labeled with
KIM127 Fab fragments (indicating E*) and mAb24 Fab fragments
(indicating H*), similar to what we reported previously (Fan et al.,
2016). Processing the TIRF images using a smart segmentation
algorithm (Fan et al., 2016) suggests large clusters of E"H" integ-
rins (cyan), E*H™ integrins (magenta), and E*H* integrins (white)
(Figure 1B). The similarity of the integrin clusters obtained by
TIRF and gDF suggests that (1) fixation did not introduce major
changes in the distribution and expression of activated p,-integ-
rins and (2) Fab fragments were similar to intact antibodies in
their ability to label activated B,-integrins. To achieve high-
resolution maps of activated B.-integrins in the footprint of
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Figure 2. Pointillism Map of H" and E* Locations within 50 nm of the Substrate Generated from STORM Imaging
(A-C) Pointillism map of locations of H" and E* generated from STORM imaging (details in STAR Methods), with zoomed-in images in (B) (box in A) and (C)

(box in B).

(D) Structures of three active conformations of B,-integrins (E"H*, cyan; E*H™, magenta; and E*H™, gray) at the same scale as (C).

(E) 3D topography of a neutrophil footprint generated from the TIRF image of anti-CD16-Alexa Fluor 488 (AF488), as in Fan et al. (2016) and Sundd et al. (2010,
2012). CD16 is a homogeneously distributed GPIl-anchored protein. The area within 50 nm of the substrate is highlighted in red. The x, y, and z scales indicated.
(F) Distribution of distances between the neutrophil membrane and the coverslip substrate.

(G) STORM pointillism map (A) overlaid with white outlines showing the area within 50 nm of the substrate.

(H) Pointillism map gated for areas within 50 nm of the substrate.

(I'and J) Distribution of distances between mAb24 blinks (I) and KIM127 blinks (J) within 50 nm of the substrate.
Scale bars are 1 um for (A), (G), and (H); 200 nm for (B); and 30 nm for (C). Averaged distribution curves and the percentages within 50 nm (mean + SD) of six cells

shown in (F), (I), and (J). Histograms of each cell are shown in Figure S7.
See also Figures S6-S8 and Tables S1 and S3.

arrested neutrophils, we applied STORM (Rust et al., 2006) (Fig-
ure 1C). The improved resolution is immediately obvious. We
reasoned that E"H* clusters mainly contained E"H* integrins
and E*H™ clusters mainly contained E*H™ integrins (Figure S3).
This was the case, as revealed by STORM microscopy (Figures
1D-1F). We next hypothesized that E*H* clusters identified by
gDF microscopy might be of two types, either containing mainly
E*H* Bo-integrins (true E*H*) or mixtures of E*H™ and E"H™ in-
tegrins (false E*H*) (Figure S3). Analyzing the content of E*H*
TIRF clusters (Figures 1D, 1G, and 1H) revealed that two types
of E*H" clusters existed: some were dominated by E*H*
Bo-integrins (Figure 1G), and others contained a mixture of
E*H™ and E"H" integrins (Figure 1H). Quantification of six cells
showed that around five E*H* clusters were dominated by
E*H* Bs-integrins and around ten E*H* clusters were mixtures
of E*H™ and E"H" integrins in each cell (Figure 1l).

To test whether integrin activation on other leukocytes is
similar, we performed the same experiments on CCL2-stimu-

lated arrested monocytes on a substrate of P-selectin and
ICAM-1 (Figure S4). Similar to neutrophils, clusters of activated
integrins were observed in both TIRF (Figures S4A and S4B)
and STORM imaging of monocytes (Figure S4C). Clusters of
E"H* and E*H™ integrins in the TIRF imaging were confirmed
by STORM imaging (Figures S4D-S4F). Two types of E*H* clus-
ters were observed: some were dominated by E*H* B,-integrins
(Figure S4G), and others contained a mixture of EXH™ and E"H*
integrins (Figure S4H).

Pointillism Map of Integrin Activation within the 50 nm
Adhesion Zone to the Substrate

From STORM data, pointillism maps (Figures 2A-2C) can be
constructed (Bon et al., 2015), where each point represents
the most likely location of the peak of a two-dimensional
Gaussian distribution of photons emanating from one fluoro-
chrome (blinks). The location of the most likely position of the
peaks of the Gaussians for KIM127 and mAb24 approach the
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molecular scale of B,-integrins (Figure 2D). The resolution of
our STORM setup (localization precision, c) was around
15 nm (Figure S5A). To resolve the location of individual integrin
molecules (size ~20 x 10 x 5 nm), we used molecular
modeling, taking advantage of the knowledge of the integrin
shapes. First, we filtered the data for areas in which integrins
could physically bind ligands in trans. Because the total length
of an extended B.-integrin bound to ICAM-1 is ~50 nm (Fan
et al., 2016; Moore et al., 2018), and microvilli on the surface
of rolling neutrophils are up to ~200 nm high (Bruehl et al.,
1996), only integrins on the tops of microvilli can reach (and
bind) ICAM-1. Other integrin molecules on the sides of the
microvilli or in the valleys between the microvilli are too far
from the adhesive substrate to contribute to binding (Fan
et al., 2016), even though they may be in the E*H* conformation
(Figure S6A). Because this study focuses on neutrophil arrest,
we focused our attention on integrin molecules anchored in
regions of the plasma membrane less than 50 nm from the
adhesive substrate. We took advantage of how the intensity
of the TIRF signal emanating from the homogeneous
membrane label (CD16, a glycosylphosphatidylinositol [GPI]-
anchored protein) monoexponentially decays with the distance
from the substrate (Fan et al., 2016; Jung et al., 2016; Sundd
et al., 2010, 2012). The signal from anti-CD16-Alexa Fluor 488
shows linear correlation with the intercalating membrane dye
CellMask DeepRed (Figures S6B and S6C; Table S1), which
was used in the previous study (Fan et al., 2016). From the
membrane TIRF signal, we constructed a three-dimensional
(3D) hills-and-valleys plot and gated it for a distance of 50 nm
or less from the coverslip (Figure 2E; Figure S6D). Applying
this 50 nm height gate to the entire footprint of neutrophils re-
vealed that only ~15% of the neutrophil footprint was within
50 nm of the coverslip (Figures 2F-2H; Figure S7). Visual com-
parison of Figures 2G and 2H illustrates that most activated
Bo-integrins of all three conformations (E*H™, E"H*, and E*H")
are outside the reach of ICAM-1 in cis and thus irrelevant to
arrest. Quantification shows that ~25% H* and ~31% E*
Bo-integrin molecules (Figures 21 and 2J; Figure S7) are located
in the 15% surface area within 50 nm of the substrates and thus
within reach of the ICAM-1 substrate.

Vascular endothelial cells also have microvilliand protrusions
that potentially could fill the valleys of neutrophil microvilli
(Whittall et al., 2013). To test whether integrins outside the
range of 50 nm may contribute to arresting this, we repeated
the experiment on human umbilical vein endothelial cell mono-
layers (HUVECs). Because endothelial cells are not compatible
with TIRF-based methods like STORM, we analyzed the data
using a different technique of super-resolution microscopy
(Airyscan) (Figure S8). Clusters of E"H* B,-integrins (data not
shown), E*H™ B,-integrins (data not shown), and E*H* B,-integ-
rins (blue) were observed that were similar to those in TIRF or
STORM images. Endothelial cells have microvilli. However,
there are only a few endothelial microvilli (~0.09 per pm?) (Fig-
ures S8B and S8C), as opposed to the neutrophil, where almost
the whole surface is covered in microvilli (~3.7 per um?) (Fig-
ure S8A). These data indicate that leukocyte microvillidominate
the integrin location but endothelial surface irregularities
contribute.
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Molecular Modeling-Based Image Processing Identified
the Localization and Number of Activated Integrins

Next, we concentrated our attention on the orientation of these
activated B.-integrins. Although the exact angle between an
extended integrin and the membrane plane is not known (Moore
et al., 2018), it is commonly assumed that a B,-integrin anchored
in the plasma membrane at a distance of 50 nm from the cover-
slip must stand up, i.e., be oriented vertically, normal to the
plasma membrane to bind ICAM-1 in trans. Thus, the micro-
scopic image of such integrins is equivalent to the top view rather
than a side view. We took advantage of the known structure of
Fab fragments (Zhang et al., 2009) and modeled their binding
to Bo-integrins (Figures 3A-3E; Videos S1, S2, and S3). Figure 3A
shows a schematic overview of the three Bo-integrin conforma-
tions in side view: E"H" (top), EYH™ (middle), and E*H* (bottom).
These schematics are based on rotary shadowing electron
microscopy (EM) images (Figure 3B; Figure S9) (Chen et al.,
2010, 2012). For clarity, the position of the mAb24 Fab is outlined
in cyan and that of the KIM127 Fab is outlined in magenta.
Because crystal structures of bent Bo-integrins ETH™ (Xie et al.,
2010) and E"H* (Sen et al., 2013) and the headpiece for E'H* in-
tegrin (with a swung-out hybrid domain) (Zhu et al., 2008) are
available (PDB: 3K6S, 4NEH, and 3FCU) and binding sites of
mAb24 (Yang et al., 2004) and KIM127 (Lu et al., 2001) are
known, we were able to construct ribbon diagrams (Figure 3C)
and space-filling models (Figure 3D) of ETH*, E*H ™, and E*H" in-
tegrins. Because the shape of the three integrin conformations
and the location of the bound Fab fragments are known and
only the Fab fragments are labeled, their possible locations are
constrained by the projection of the integrin molecules in the
top view (Figure 3E).

In STORM, each fluorochrome can blink more than once (Sen-
gupta et al., 2013), and each Fab fragment may contain more
than one fluorochrome. To accurately count molecules, multiple
blinks emanating from within the projection of each Fab were
merged and considered to represent the same Fab fragment
(Figure S5B). We modeled the distribution of distances of blinks
emanating from the same Fab and compared it to the distribution
of distances emanating from Fab fragments bound to adjacent
Bo-integrin molecules (Figures 3F and 3G). The distance distribu-
tion of blinks from Fabs bound to adjacent integrin molecules
was obtained by modeling adjacent B,-integrin molecules
(1,000 random simulations each of 64 adjacent conditions) (Fig-
ures S10A and S10B). For both mAb24 (Figure 3F) and KIM127
(Figure 3G), there was little overlap between the two distributions
(Table S2). Thus, we used the crossing point of the two distribu-
tions to distinguish between photons emanating from the same
Fab versus those from Fabs bound to adjacent integrin mole-
cules: mAb24 signals within 7.3 nm of each other and KIM127
signals within 6.1 nm of each other were considered to have
been derived from the same Fab. The projected area of the
KIM127 Fab is slightly smaller, because the top view of the
E*H™ is smaller than that of the E"H* B,-integrin (Figure 3E).
Filtering all blinks in the pointillism map by the proximity criteria
of 7.3 nm for mAb24 and 6.1 nm for KIM127 reduced the number
of blinks within 50 nm of the coverslip from ~35,000 and ~17,000
to ~11,000 and ~10,000, respectively (compare Figures 3H
and 3l). Because each Fab binds one epitope in ., this method
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Figure 3. Molecular Modeling for Improved Image Processing (Super-STORM)

(A-D) Side-view schematics of E"H*, E*H™, and E*H* B,-integrins with KIM127 and mAb24 Fabs bound (A), EM images (B), ribbon (C), and space filling (D).
(E) Space-filling structure, top view; see also Videos S1, S2, and S3. EM images were adapted from Chen et al. (2010, 2012). The Fab of CBR LFA-1/2 in the EM
images of E*H™ and E*H* and the ligand C3c in the EM image of E*H* were removed with Photoshop for clarity (original images are shown in Figure S9). E"H*
Bo-integrin is from the published crystal structure (PDB: 4NEH) (Sen et al., 2013); E*H™ is modeled by unfolding the headpiece of E"H™ (PDB: 3K6S) (Xie et al.,
2010) to E*. For E*H* modeling, the hybrid domain swing out is superposed (PDB: 3FCU) (Zhu et al., 2008). o chain is in gray, and B chain is in white. mAb24 and
KIM127 Fabs are docked to their binding sites (Lu et al., 2001; Yang et al., 2004).

(F and G) Distance distributions of localizations emanating from the same Fab (open) or from Fabs bound to adjacent integrin molecules (filled) of mAb24
(F) or KIM127 (G), based on simulations of 64,000 randomly oriented integrin molecules.
(H) Zoomed-in pointillism map gated for areas within 50 nm of the substrate.

() Pointillism map after removing multiple blinks from (H), based on the cutoffs indicated in (F) and (G). The fields of view in (H) and (1) are the same as in Figure 2C.
Scale bars are 10 nm for (A)-(E) and 30 nm for (H) and (l).

See also Figures S5 and S9-S11, Tables S2 and S3, and Videos S1, S2, and S3.

allows us to count the number of E* (KIM127*) and H* (mAb24™) To independently verify this method, we compared the num-
integrin molecules. This number was determined for each of 100  ber of E* (KIM127%) and H* (mAb24*) STORM-based dots with
microvilli (three cells) within 50 nm of the coverslip and showed the number of E* and H* integrins obtained by counting the
on average 337 E* and 897 H* integrin molecules per microvillus  activated integrin molecules in the neutrophil footprint based
(Table S3). on calibrated flow cytometry (Figure S11). We used calibration
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Figure 4. Molecular Modeling Defines the Colocalization of E* and H* and Clusters of E'H ™, E H*, and E*H* B,-Integrins in the Footprint of
Arrested Neutrophils by STORM Imaging

(A) To find E*H* Bo-integrin molecules with both mAb24 and KIM127 Fabs bound, distances between fluorophores on the same molecules were modeled
(gray curves with filled area, 100,000 iterations) and compared with distances from adjacent E"H* and E*H™ integrins (black curves with open area). The cutoff
(crosses of the distributions) was 8.2 nm for pairs (KIM127 and mAb24 Fabs on the same integrin molecule).

(B and C) Clusters of mAb24 and KIM127 are defined based on distances of blinks obtained by random positioning of two adjacent integrins of the same type
(64,000 iterations). Cumulative frequency of the randomly simulated distances of mAb24 events (B) or KIM127 events (C). To cover 99% of clustered integrins,
a cutoff of 29.8 or 20.5 nm for mAb24 or KIM127, respectively, was determined.

(D-F) Binary cluster image of B,-integrin H* (mAb24, cyan) and E* (KIM127 Fab, magenta) on the footprint of a typical arrested human neutrophil. Overlaps

between magenta and cyan are shown as white. Zoomed-in images in (E) (box in D) and (F) (box in E).
(G) The E*H* pairs (based on cutoff defined in A) were overlaid on the binary cluster image in (F).
(H) Frequency of the E*H* pairs in each of the binarized cluster types. Data were acquired from three neutrophil footprints.

Scale bars are 1 um for (D), 200 nm for (E), and 30 nm for (F) and (G).
See also Figure S10 and Table S83.

beads with known numbers of antibody binding sites and ex-
pressed the footprint area as a percentage of total cell surface
area. The number of mAb24 and KIM127 epitopes within
50 nm of the coverslip was estimated based on the surface
maps (Fan et al., 2016) and yielded an average of ~12,000
mAb24 and ~21,000 KIM127 epitopes within 50 nm per foot-
print, similar to ~12,000 mAb24 and ~10,000 KIM127 epitopes
within 50 nm obtained by direct molecule counting from STORM
and molecular modeling.

Neutrophil arrest requires E*H* Bo-integrins binding ICAM-1 in
trans (Alon and Feigelson, 2012; Fan et al., 2016). The E*H* in-
tegrin molecules within reach of ICAM-1 (membrane within
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50 nm of the coverslip) integrins have both KIM127 and mAb24
Fabs bound. If a KIM127 Fab and a mAb24 Fab are bound to
the same integrin molecule, we call this a pair and consider
that integrin to be in the E'H* conformation. To distinguish
E*H* integrin molecules binding both KIM127 and mAb24, or a
pair (Figure 3E, bottom), from adjacent E*H™ and E"H" integrins
(Figure S10C), we compared the distributions of distances be-
tween KIM127 signals and mAb24 signals emanating from the
same (filled gray curve) versus adjacent (open black curve) integ-
rin molecules derived from simulations (Figure 4A). The cross-
over point between the two distributions was found to be at
8.2 nm. Thus, we considered all KIM127 signals within 8.2 nm
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Figure 5. Cluster Statistics of B,-Integrin Activation in STORM Imaging

(Aand B) H* clusters (cyan, A) and E* clusters (magenta, B) (larger than 5,000 nm?) were sorted (right to left, top to bottom) by their ellipticities. Scale bars are 1 um.
(C and D) Violin plots showing the ellipticity distribution of H* clusters (C) and E* clusters (D) in images of STORM and TIRF clusters.

(E) Histograms showing the size distribution of H* STORM clusters (cyan) and E* STORM clusters (magenta). p < 0.0001 in the Mann-Whitney test.

(F-K) The cluster number (F and G), size distributions (bean plots, H and I), and total area of clusters (J and K) of H* clusters (F, H, and J) and E* clusters (G, |, and K)
in STORM and TIRF imaging.

(legend continued on next page)
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of a mADb24 signal as evidence of a pair, i.e., an E*H* integrin. We
found about 4,600 E*H* pairs on all microvillus tips within 50 nm
of the coverslip. The E*H* pairs accounted for 42% of all H* and
46% of all E* integrin molecules. The average determined from
100 microvilli (three cells) within 50 nm of the coverslip was
184 E*H* integrin molecules per microvillus (Table S3). Accord-
ing to our numerical simulations (made in Comsol) (Marki et al.,
2016) at a shear stress of 6 dyn-cm™~2, the drag force on a neutro-
phil with ~9.9 um diameter (acquired from bright-field imaging of
human neutrophils) is ~430 pN. Therefore, at the time of neutro-
phil arrest, each microvillus provides an average of ~12.9 pN re-
sisting force and each E*H* integrin molecule supports a load of
at least ~0.07 pN. A previous study (Nordenfelt et al., 2016)
directly measured the force loaded on B.-integrins during Jurkat
T cell migration using a fluorescence resonance energy transfer
(FRET) tension sensor. The loading force per Bo-integrin mole-
cule during cell migration on ICAM-1 is ~1 pN and up to
~3 pN. This is an active force generated by the migrating cell
that is not directly comparable with the force per Bo-integrin
molecule (imposed by the flow) during neutrophil arrest.

Super-Resolution Clusters of Integrin Activation

Because integrins effectively operate as adhesion molecules
localized in clusters (Fan et al., 2016; Ye et al., 2013), we next
determined the sizes and shapes of clusters. Existing clustering
algorithms (Andronov et al., 2016; Levet et al., 2015) require arbi-
trary cutoffs in molecular density or distance. Because we know
the shape of the projection of integrin molecules, we were able to
construct cumulative histograms of the distances between
KIM127 Fabs and mAb24 Fabs (Figures 4B and 4C) based on
modeling integrins densely (touching) clustered in random orien-
tations (Figures S10A and S10B). Using this approach, we found
that 99% of mAb24 Fabs on randomly oriented, adjacent
touching integrin molecules were within 29.8 nm of each other
(Figure 4B) and 99% of KIM127 Fabs on adjacent integrin mole-
cules were within 20.5 nm of each other (Figure 4C). Therefore,
clusters of mAb24* (H*) integrins were defined by merging cir-
cles with a radius of 29.8 nm around each mAb24 signal, and
clusters of KIM127* (E*) integrins were defined by merging
circles with a radius of 20.5 nm around each KIM127 signal.
This resulted in clearly defined clusters of various sizes and
shapes for both E* and H* integrins (Figures 4D-4F, 5A, and
5B). The STORM clusters show a higher degree of ellipticity,
elongated and even branched shapes, significantly different
from the shapes of clusters visible in TIRF microscopy (Figures
5A-5D). Thus, STORM resolved what TIRF microscopy had dis-
torted into coarse rounded clusters (ellipticity closer to 1)
because of insufficient resolution. Clusters of mAb24 were
significantly larger than KIM127 clusters (p < 0.0001) (Figure 5E).
STORM imaging identified significantly more clusters (Figures 5F
and 5G), but significantly smaller clusters (Figures 5H-5K), than
traditional TIRF imaging. In STORM imaging, most mAb24*
(~94%) and KIM127* (~83%) events were clustered (Figure 5L).

We next colored H* clusters cyan and E* clusters magenta.
Where H* clusters overlapped with E* clusters, we assigned
white (Figures 4D-4F). The comparison of the colocalization
area (overlap of H" and E* clusters) in STORM and TIRF shows
that TIRF imaging overestimated the colocalization (Figure 5M).
Because we knew the location of the E*H* pairs, we next asked
how the location of these pairs was related to the white clusters
(Figure 4G). About 93.2% of all E*H* pairs were located within
white clusters (Figure 4H).

Spatial Patterns of Integrin Activation in Nanoclusters
We started from the null hypothesis that EYtH™, E"H*, and E*H*
integrins might be oriented randomly within the clusters. To
test this, we modeled the distances between mAb24 Fabs and
KIM127 Fabs in randomly distributed E"H* integrins (Figures
6A and 6D), E*H™ integrins (Figures 6B and 6E), and E*H" integ-
rins (Figures 6C and 6F). The modeled distributions were
compared to the measured distributions of distances in areas
of the image where the resolution (o of the localization accuracy
Gaussian) was better than 7.3 nm. The measured distance
distribution among E"H* integrins (Figure 6D), E*H™ integrins
(Figure 6E), and E*H" integrins (Figure 6F) did not match the
prediction from the random simulation: The measured distances
were closer than those predicted by the random orientation
model. Thus, we conclude that activated integrins are not
randomly oriented on the microvilli of neutrophils.

Next, we asked what kind of non-random distribution might fit
the observed molecular locations. We considered distribution
that were face to face (Figures 6G, 6J, and 7A-7D), back to
back (Figures 7A-7C), and parallel (Figures 6H, 6l, 6K, 6L,
7A-7C, 7G, and 7H). The face-to-face orientation (integrins fac-
ing each other, with the side of headpiece where the Fab
fragments are bound) matched the experimental distance distri-
bution of E"H* (Figure 6G and cumulative histograms in Fig-
ure 7A). The random, parallel, and back-to-back orientations
were not compatible with the data (Figure 7A). The parallel orien-
tation, but not the random, face-to-face, or back-to-back orien-
tations, matched the E*H™ (Figures 6H, 6K, and 7B) and E*H*
clusters (Figures 6l, 6L, and 7C).

ICAMs Expressed on Neutrophils Hold E"H* B,-Integrin
in a Face-to-Face Pattern

Because E"H* integrins bind ICAMSs in cis (Fan et al., 2016) (Fig-
ure S1) and functional ICAMs form dimers (Chen et al., 2007), we
hypothesized that the face-to-face orientation of E"H* integrins
might be caused by E"H* interaction with ICAMs (Figure 7E). If
this is the case, blocking the interaction between E"H* integrin
and ICAMs should change the integrin spatial distribution. To
test this, we blocked ICAM-1 (by mAb HA58 and R6.5),
ICAM-2 (by mAb24 Center for Blood Research [CBR]-IC2/2),
and ICAM-3 (by mAb CBR-IC3/1) on neutrophils. This resulted
in a significant right-shift of the measured cumulative distance
histograms, moving the ICAM-blocked histograms away from

(L) Percentage of H" and E* within clusters.
(M) Total area of apparent (TIRF) and true (STORM) E* and H* colocalization.

Data of clusters were acquired from three cells. Mean + SD, *p < 0.05, **p < 0.01,

and M).
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****p < 0.0001 by Mann-Whitney test (C, D, H, and I) or Student’s t test (F, G, J, K,
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the face-to-face cumulative distance histogram (Figure 7D).
Statistical analysis of the data (Figure 7F) showed a highly signif-
icant increase in the median distance between the isotype
control (9.2 = 0.2 nm) and the blocked ICAM (10.1 = 0.1 nm).
Blocking ICAMs did not affect the distance distribution (Figures
7G and 7H) or the median distance (Figures 71 and 7J) of E*H™
and E*H* Bs-integrins.

DISCUSSION

This study reports the first maps of activated integrins during
arrest, the first use of STORM on integrin activation in primary
human cells, and a new computational enhancement we call
Super-STORM. First, we show that diffraction-limited (TIRF)
clusters of KIM127*mAb24*-activated integrins contain E*H* in-
tegrin molecules, which support arrest, and mixtures of E*H™
and E"H" integrins, which do not support arrest. Thus, the
revised number of E*H* integrin molecules required to arrest hu-
man neutrophils on P-selectin and ICAM-1 in response to immo-
bilized IL-8 is 4,625 + 369 molecules per neutrophil. Second,
E~H" integrins are forced into a face-to-face orientation by their

Bo-integrins was shown on spread Jurkat

cells (Moore et al., 2018) using iPALM.

iPALM has a similar lateral resolution to
STORM and a high vertical resolution (<10 nm), which was
able to reveal the vertical movement of molecules. However,
applying the newly developed Super-STORM algorithm, our
study achieved a better lateral resolution and thus a better way
to interpret the spatial arrangement of activated integrins (Table
S4). Moore et al. (2018) used a fluorescent protein to indicate the
position of integrin headpieces and measured their movement
toward the substrate to indicate the E* conformation. This tech-
nique is similar to previous FRET techniques (Chigaev et al.,
2015; Lefort et al., 2009) that report integrin E*. However, the
conformational changes of B,-integrin H* were not studied. In
our study, we used Fabs of conformation reporter antibodies
to monitor both E* (KIM127") and H* (mAb24™). Moore et al.
(2018) used Jurkat cell as a model to study integrin E* but did
not address high affinity. Furthermore, it remained unclear
whether integrin E* would be observed in primary human cells
with similar dynamics. Here, we show significantly different
spatial organizations of extended (E*H™ and E*H™) integrins
versus E"H" integrins. Our study is the first visualizing the integ-
rin activation on primary human cells using super-resolution im-
aging techniques. In addition, we extended the observations
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Figure 7. ICAMs Hold E"H* B,-Integrin in a Face-to-Face Spatial Pattern

(A-H) Distance cumulative frequency of E"H* Bp-integrins (A and D), E*H™ Bo-integrins (B and G), and E*H* B,-integrins (C and H) in STORM images of arrested
human neutrophils treated with isotype control (A, six cyan curves; B, six magenta curves; and C, six gray curves) or ICAM-1, ICAM-2, and ICAM-3 antibodies
(D, six blue curves; G, six purple curves; and H, six gray curves) compared with cumulative distance histograms from random simulations (dark gray curve
shows all conditions of random simulations, and black curves show face-to-face, parallel, and back-to-back conditions of random simulations indicated by

labels in the graph).

(E) Model showing E"H* Bo-integrins binding ICAM-1 and ICAM-3 homodimers in cis.
(F, 1, and J) Box and whiskers plot showing the median distance of E"H* B,-integrins (F), E*H™ Bo-integrins (I), and E*H* By-integrins (J) in STORM images of
arrested neutrophils treated with isotype control or ICAM-1, ICAM-2, and ICAM-3 antibodies.

n = 6; n.s., not significant, p > 0.05; and **p < 0.01 by Student’s t test.
See also Figure S1.

made in stationary spread cells (Moore et al., 2018) to the dy-
namic process of arrest from rolling, which is of high physiologic
relevance for neutrophil recruitment from the bloodstream.
Besides the affinity change of single-integrin molecules, the
spatial organization of integrins has been hypothesized to affect
the avidity of ligand binding and cell adhesion (Ye et al., 2013).
This organization has been demonstrated by the clustering of in-
tegrin on leukocytes (Fan et al., 2016) and platelets (Gaertner
et al., 2017), and the formation of organized focal adhesions on
epithelial cells (Spiess et al., 2018). Spiess et al. (2018) used su-
per-resolution microscopy to investigate the spatial organization
of B1-integrin activation in focal adhesions of Hs578T epithelial
cells. They used both STED and STORM microscopy and found
linear aligned nanoclusters (~40 nm in diameter) of B;-integrins
within focal adhesions. They used conformation reporter anti-
bodies to identify both active (12G10, similar to mAb24 for B,,
and 9EG7, similar to KIM127 for B,) and inactive (AlIB2) forms
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of B1-integrins. Similar to our results for B,-integrins, they found
that active and inactive B4-integrins segregate into distinct nano-
clusters. However, their study was limited in that intact anti-
bodies plus secondary antibodies were used for labeling. Thus,
one integrin molecule might be labeled with two or more second-
ary antibodies. This introduces a substantial spatial uncertainty
and masks the integrin spatial organization. Using secondary an-
tibodies can also crosslink the integrin molecules and thereby
generate artifacts like incorrect (induced) nanoclusters. In our
study, we used directly labeled Fab fragments of antibodies to
achieve superior resolution, avoid crosslinking, and make sure
each Fab binds one integrin molecule. Our unbiased cluster
identification algorithm is superior to the arbitrary 20-nm cutoff
used in Spiess et al. (2018). Ours is the first study to reveal
Bo-integrin organization on microvilli at the molecular level.

In conclusion, we show that activated B.-integrins on primary
neutrophils exist in patterned arrays. About 184 E*H* integrin



molecules per microvillus support 12.9 pN of force at 6 dyn-cm 2,

or at least 0.07 pN per molecule. Clustered activated integrins are
not randomly oriented. Specifically, E"H* integrins are forced into
a face-to-face orientation by their interaction with ICAMs dimers
in cis. Blocking this interaction significantly changes the molecu-
lar pattern of activated integrins on the neutrophil surface. Super-
STORM appears to be a promising software tool to discover more
examples of molecular patterning of adhesion and other mole-
cules on biologically relevant primary cells.
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Center at the University

of Virginia
anti-human CD16 (AF488, clone 3G8) Biolegend Cat# 302019; RRID:AB_492974
anti-human CD16 (AF647, clone 3G8) Biolegend Cat# 302020; RRID:AB_492976
Anti-human B2 integrin (AF488, clone mAb24) Biolegend Cat# 363404; RRID:AB_2565289
anti-human CD14 (BV421, clone M5E2) Biolegend Cat# 325627; RRID:AB_2561342
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Human blood from healthy donors LJI N/A

Chemicals, Peptides, and Recombinant Proteins
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Casein blocking buffer
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Thermo Fisher
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Thermo Fisher
Thermo Fisher
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GE Healthcare
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Cat# 208-IL-010
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Cat# 37528

Cat# 46425
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Cat# AXS-1114683
Cat# 17144003
Cat# 800-120

Paraformaldehyde Thermo Fisher Cat# 28906
Glutaraldehyde Sigma-Aldrich Cat# G5882-10X1ML
Mercaptoethanolamine Sigma-Aldrich Cat# M9768-5G
Glucose Oxidase from Aspergillus niger Sigma-Aldrich Cat# 49180
Catalase from bovine liver Sigma-Aldrich Cat# C9322
Critical Commercial Assays

Pierce Fab Preparation Kit Thermo Fisher Cat# 44985
DyLight 550 Microscale Antibody Labeling Kit Thermo Fisher Cat# 84531
DyLight 650 Microscale Antibody Labeling Kit Thermo Fisher Cat# 84536
Quantum Simply Cellular anti-Mouse Bangs Laboratories Cat# 810
EasySep Human Monocyte Enrichment Kit without CD16 Depletion StemCell Cat# 19058
Endothelial SingleQuots Kit Lonza Cat# CC-4176
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Raw data of E"H" axf, integrin crystal structure Protein Data Bank PDB: 4NEH
Raw data of Fab crystal structure Protein Data Bank PDB: 3HI6
Raw data of E"H™ axf, integrin crystal structure Protein Data Bank PDB: 3K6S
Raw data of H* o3 integrin crystal structure Protein Data Bank PDB: 3FCU
Electron microscopy image of EYH* B, integrin Chen et al., 2012 N/A
Electron microscopy images of E~ and E* B, integrin Chen et al., 2010 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Hybridoma of KIM127 ATCC Cat# CRL-2838 RRID:CVCL_0F09
HUVEC ATCC Cat# CRL-1730 RRID:CVCL_2959
Primary human neutrophils This paper N/A

Primary human monocytes This paper N/A

Software and Algorithms

FlJI-lmageJ2 Rueden et al., 2017 https://imagej.net/ImageJ2

Imaris 9.0 Bitplane www.bitplane.com

Nikon STORM software Nikon N/A

Thunder STORM Ovesny et al., 2014 https://github.com/zitmen/thunderstorm

CCP4AMG McNicholas et al., 2011 www.ccp4.ac.uk/MG

Prism 7 GraphPad graphpad.com

MATLAB MathWorks https://www.mathworks.com/
products/matlab.html

Other

Roswell Park Memorial Institute (RPMI) medium 1640
without phenol red

phosphate-buffered saline (PBS) without Ca®* and Mg?*
Phenol Red Free Endothelial Cell Growth Basal Medium

Thermo Fisher

Thermo Fisher
Lonza

Cat# 11835055

Cat# 10010049
Cat# CC-3129
Cat#80607

u-Slide VI 0.5 Glass Bottom chambers ibidi

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Klaus Ley
(klaus@lji.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Neutrophil

Heparinized whole blood was obtained from healthy human donors after informed consent, as approved by the Institutional Review
Board of the La Jolla Institute of Allergy & Immunology in accordance with the Declaration of Helsinki. Donors were randomly selected
regardless of gender and age. Neutrophils were isolated by using Polymorphprep (a mixture of sodium metrizoate and Dextran 500)
density gradient (Accurate Chemical) (Fan et al., 2016). Briefly, human blood was applied onto Polymorphprep, centrifuged at 500 x g
for 35 min at 20-25°C, resulting in neutrophils concentrated in a layer between peripheral blood mononuclear cells and erythrocytes.
After washing with PBS without Ca®* and Mg?* twice, neutrophils (> 95% purity by flow cytometry, no visible activation by
microscopy) were re-suspended in RPMI-1640 without phenol red plus 2% HSA and were used within four hours. Neutrophils
were incubated with FcR blocking reagents for ten minutes at room temperature (RT) prior to all the experiments.

Human Monocyte

Peripheral blood mononuclear cells (PBMCs) were isolated by using Ficoll-Paque Plus (GE Healthcare) density gradient. Briefly,
human blood was applied onto Ficoll-Paque Plus, centrifuged at 400 x g for 35 min at 18-20°C, resulting in PBMCs concentrated
in a layer between Ficoll and plasma. After washing with PBS without Ca?* and Mg?* twice and platelet removal (100 X g,
10 min), PBMCs were re-suspended in RPMI-1640 without phenol red plus 2% HSA. Monocytes were isolated using the EasySep
Human Monocyte Enrichment Kit without CD16 Depletion from PBMCs following the manufactory’s instruction. Briefly, PBMCs
were re-suspended at a concentration of 5 x 10 mL™" in a 5 mL polystyrene round-bottom tube. Enrichment Cocktails
(50 pL-mL™") were mixed with cell suspension and incubated for 10 min at RT. Magnetic Particles (50 pL-mL™") were vortexed for
30 s, mixed with the sample and incubated for 5 min at RT. Samples were diluted with PBS without Ca®* and Mg®* to 2.5 mL.
The tube was placed into the magnet and incubated for 5 min RT. Cells were poured into a new tube.

Human umbilical vein endothelial cells (HUVECSs)

HUVECs (ATCC) were cultured in the Phenol Red Free Endothelial Cell Growth Basal Medium with proper supplements and growth
factors (Endothelial SingleQuots Kit) in the presence of 5% CO2 and 37°C. Four days before the flow chamber experiment, 2 x 10°
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HUVECs were seeded onto fibronectin (10 pg-mL™", 4°C, overnight) coated p-Slide VI 0.5 Glass Bottom chambers. TNF-o
(10 ng-mL™") was used to induce the expression of adhesion molecules on HUVECs two days before the experiment. HUVECs
were labeled with 10 uM CellTrace Violet for 30 min at 37°C. After washes with medium, pre-warmed (37°C) neutrophils incubated
with AF488-conjugated mAb24 (5 ng-mi™"), DL550-conjugated KIM127 (5 ug ml™), and AF647-conjugated anti-CD16 (1 ug-ml™") an-
tibodies were perfused through the HUVEC cultured flow chamber at a shear stress of 2 dyn-cm. Neutrophil arrest was induced
by 10 ng-ml™" IL-8. Cells were fixed by 8% PFA plus 0.05% glutaraldehyde. The super-resolution (~120 nm) four-color (excitation
405/488/561/633 nm, emission long-pass 450/516/579/654) confocal imaging of samples was performed by a Zeiss LSM 880 micro-
scope equipped with a 63 x 1.40 NA oil immersion objective and an Airyscan super-resolution detector.

METHOD DETAILS

Microfluidic device

The assembly of the microfluidic devices used in this study and the coating of coverslips with recombinant human P-selectin-Fc and
ICAM-1-Fc has been described previously(Fan et al., 2016; Sundd et al., 2010, 2011, 2012). Briefly, cleaned coverslips were coated
with P-selectin-Fc (2 ug ml™") and ICAM-1-Fc (10 ug mi™") for 2 hours and then blocked for 1 hour with casein (1%) at RT. After coating,
coverslips were sealed to polydimethylsiloxane (PDMS) chips by magnetic clamps to create flow chamber channels ~29 pm high and
~300 um across. By modulating the pressure between the inlet well and the outlet reservoir, 6 dyn cm™ wall shear stress was applied
in all experiments.

Microfluidic perfusion assay

To fix the neutrophils at the moment of arrest, the time of arrest upon IL-8 and the time of fixation upon PFA were assessed (STAR
Methods; Figure 1). Isolated human primary neutrophils (5 x 10° cells ml™") were labeled with 10 uM CellTracker Orange CMRA at RT
for 10 minutes and perfused in the microfluidic device over a substrate of recombinant human P-selectin-Fc and recombinant human
ICAM-1-Fc at a shear stress of 6 dyn cm™. IL-8 (10 ng mI™") or PFA (8%) was mixed with FITC (1 uM) and perfused through the micro-
fluidic flow chamber after cell rolling on the substrate. Dual-color epifluorescence imaging (CMRA and FITC) was recorded by an IX71
inverted research microscope (Olympus America) with a 40 X air objective to monitor the arrival of IL-8 or PFA by FITC and the stop
(arresting by IL-8 or fixing by PFA) of neutrophils. The background mean fluorescence intensity (MFI) of FITC and the cell velocity
was quantified by using FlJI-ImageJ2 (Rueden et al., 2017). Cell arrest was defined as the time when the velocity dropped below
0.1 pm s7'. IL-8 was added 12 s before PFA to achieve fixation at the moment of arrest (Figure S2).

To prepare for STORM microscopy, isolated human primary neutrophils (5 x 10° cells ml™") were incubated with fluorochrome-
conjugated reporting Fabs (mAb24-DL550 and KIM127-DL650, 5 ug ml™" each) for 3 minutes at RT and immediately perfused through
the microfluidic device over a substrate of recombinant human P-selectin-Fc and recombinant human ICAM-1-Fc at a wall shear
stress of 6 dyn cm™ without separation of the unbound Fabs. After cells began rolling on the substrate, 10 ng ml™' IL-8 was perfused
for twelve seconds, then 8% PFA was perfused for five minutes to fix the cells at the time of arrest. After washing with the medium
(RPMI-1640 without phenol red + 2% HSA) for five minutes, Fabs (mAb24-DL550 and KIM127-DL650, 5 ug mi™' each) were perfused
again to saturate the staining of active epitopes. Coverslips were disassembled from the microfluidic device and mounted with
the STORM buffer on a glass slide prior to imaging. The monocyte protocol followed the neutrophil protocol except that IL-8 was
replaced by 10 ng mI™" CCL2.

Super-STORM

The workflow of experimental and image processing procedures are shown in Figure S12. The comparison of TIRF, STORM and
Super-STORM is shown in Table S4. Details including STORM setup and imaging, molecular modeling, and imaging processing
are described below.

STORM setup and imaging

Images were captured using 100 x 1.49 NA Apo TIRF objective with TIRF (80° incident angle) illumination on a Nikon Ti super-
resolution microscope. Images were collected on an ANDOR IXON3 Ultra DU897 EMCCD camera using the multicolor sequential
mode setting in the NIS-Elements AR software (Nikon Instruments Inc., NY). Power on the 488, 561, and 647-nm lasers was adjusted
to 50% to enable collection of between 100 and 300 blinks per 256 x 256 pixel camera frame in the center of the field at appropriate
threshold settings for each channel. The collection was set to 20,000 frames, yielding 1-2 million molecules.

Molecular Modeling

CCP4MG (http://www.ccp4.ac.uk/M@G) is used in structural modeling and generating figures (McNicholas et al., 2011). We used the
published structure of E'H* B, integrin extracellular domains (PDB: 4NEH) (Sen et al., 2013) and modeled a Fab (PDB: 3HI6) on the
binding site of mAb24 (Yang et al., 2004). For the structure of E*H™ B, integrin, published E'H™ B, integrin extracellular domains
(PDB: 3K6S)(Xie et al., 2010) were adjusted to model an extended headpiece. Modeled structures were matched to EM images of
E* B, integrin(Chen et al., 2010). A Fab was modeled to the binding site of KIM127(Lu et al., 2001). For the structure of EYH* B, integrin,
the hybrid domain swing out of E'H" B, integrin (PDB: 4NEH) was superposed with the open headpiece of integrin o zBs (PDB:
3FCU)(Zhu et al., 2008). To match EM images of E*H* B, integrin(Chen et al., 2012), the headpiece was unbent, the membrane-
proximal ends of integrin o and B chains were modeled close to each other, and the membrane-distal ends of integrin « and
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B tailpieces were modeled linked to the membrane-proximal ends of integrin o and p headpieces. Two Fabs were modeled to the
binding sites of mMAb24 (Yang et al., 2004) and KIM127 (Lu et al., 2001). Two-dimensional STORM data were acquired and the dis-
tances of bound Fabs were estimated in the top view projection.

Image processing - generation of STORM pointillisms

The super-resolution localizations were reconstructed with the Nikon STORM software (Huang et al., 2008). Positions of individual
blinks have been localized with high accuracy by switching them on and off sequentially using the 488, 561, and 647-nm lasers at
appropriate power settings. Fitting the histograms of beads with Gaussians gave standard deviations of 17.25 nm and 15.88 nm
for the DL550 channel in the x and y directions, respectively. Analogous values for the DL650 channel were 15.68 nm and
14.97 nm (Figure S5A). The positions determined from multiple switching cycles can show a substantial drift over the duration of
the acquisition. This error is considerably reduced by correcting for sample drift over the course of the experiment by an auto-
correlation method reconstructed from 200-1000 frames (implemented in the Nikon software) (Huang et al., 2008). The number of
frames used in a set is based on the number of blinks identified, with a default setting of 10,000 blinks. Displacement is corrected
by translation and rotation in the X and Y directions for 2D STORM. Axial drift over the course of the acquisition is minimized by
engaging the Nikon Perfect Focus System. Calibration of chromatic shift (warp correction) was carried out using a multicolored
100nm TetraSpeck beads using at least 100 beads per field. Calibration for warp correction for 2D STORM was executed using
the 2D warp calibration feature of the Nikon STORM software. Briefly, a total of 201 images were collected for each channel
(488, 561 and 647nm) without the cylindrical lens in place. Frames 1-20 and frames 182-201 are collected at the focal position.
Frames 21-181 are collected across a range of 1.6 microns in 10 nm steps in the Z (covering 800 nm above and 800 nm below
the focal plane). The calibration files generated from this software feature were applied during analysis for the correction of the
STORM images. Blinking events were followed for successive frames to filter out blinks generating traces longer than five frames
during analysis. Furthermore, only molecules with a point spread function (PSF) of 200-400nm (based on a 100x 1.49 objective)
and a photon count above 100 (based on camera noise of the ANDOR EMCCD) were retained. The data was further filtered based
on empirical observation of photon count signals (peak height when converted to an intensity value) found in cells versus background
staining on the glass slide surface (generally values above 300-700 intensity units above camera noise). The precision of the
localization during a switching cycle is calculated from these parameters and from photon counts using molecules that are
ultimately well separated in the sample itself (Huang et al., 2008; Rust et al., 2006; Thompson et al., 2002). After getting the datasheet
of the blink events, Imaris was used to generate the pointillism map (Figures 2A-2C).

Image processing - filtering the blinks within reach of the substrate

Neutrophils have microvilli that are up to ~200 nm high(Bruehl et al., 1996) and the sum of the length of an extended B integrin and
its ligand ICAM-1-Fc is ~50 nm(Fan et al., 2016; Moore et al., 2018). Only integrins on the “tops” of microvilli can reach (and bind)
ICAM-1, and other integrins on the “sides” of the microvilli or in the “valleys” between the microvilli are too far from the adhesive
substrate to contribute to binding (Fan et al., 2016), even though such integrin molecules may be in the fully activated E*H* confor-
mation that could bind ligand in trans if they could reach it (Figure S6A). Only B, integrins that could physically bind ICAM-1 in trans
can contribute to arrest. Since the intensity of the TIRF signal emanating from the homogeneous membrane label (CD16, a
Glycosylphosphatidylinositol (GPI)-anchored protein) mono-exponentially decays with the distance from the substrate (Fan et al.,
2016; Jung et al., 2016; Sundd et al., 2010, 2012), we used CD16-AF488 intensity to construct a three-dimensional (3D) “hills and
valleys” plot. We filtered for mAb24 and KIM127 Fab signals that were in areas in which the CF16 signal was within 50 nm of the
coverslip (Figure 2D; Figure S6D). By using such a narrow slice, we select only the “tips” of microvilli which form planes nearly
parallel to the coverslips (Figure S6). Integrin molecules anchored in the membrane plane are approximately normal to the coverslip,
which guided our top-view molecular modeling (Videos S1, S2, and S3). Imaris was used to generate the pointillism maps after the
proximity filtering (Figures 2A-2C and 3H).

Image processing - eliminating multiple blinks from each Fab

Because multiple blinks of the same fluorochrome may be recorded during STORM imaging, and one Fab may be labeled with
several fluorochromes, it is necessary to merge these blinks to one Fab event for further analysis. We used molecular modeling to
find which blinks likely represent the same Fab molecule. First, we modeled the structure of various B, integrins with Fab molecules
attached as described above.

To find the cut-off for merging blinks, fluorochromes were placed randomly in each Fab, and the projection of their distance in the
plane of the coverslip was recorded. 100,000 simulations generated the distribution of the distance of the fluorochromes residing in
the same Fab (Figures 3F and 3G, the curve with dark cyan and magenta line and open area).

This was repeated for blinks emanating from two fluorochromes located in Fabs bound to two different but adjacent integrin
molecules. In each simulation, integrins are closely packed (allowed to touch), but randomly oriented. We tested eight positions
of the second integrin molecule relative to the first integrin molecule (top, bottom, left, right, top-left, top-right, bottom-left, bot-
tom-right) and eight orientations (one of the integrins was rotated by 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315° about the z axis),
totaling 64 conditions for the relative position of the two integrins. One thousand random simulations were done for each of these
conditions. These 64,000 simulations yielded the distribution of the distance of blinks emanating from fluorochromes in two
Fabs bound to adjacent integrins (Figures 3F and 3G, the curve with light cyan and magenta line and closed area). The cross of
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the two distributions was used as the cut-off for merging. 99.1% or 96.8% of blinks truly emanating from the same mAb24 or KIM127
Fab, respectively, and 7.8% or 11.5% of blinks emanating from mAb24 or KIM127 Fabs, respectively, bound to adjacent integrin
molecules were correctly assigned. ThunderSTORM (Ovesny et al., 2014) was used to eliminate the multiple blinks in the same
Fab within the calculated distance threshold. Imaris was used to generate the pointillism map after eliminating multiple blinks
(Figure 3I).

Image processing - colocalization

To obtain the molecular cut-off for colocalized pairs, i.e., the E*H* integrin molecules with both mAb24 and KIM127 Fabs bound, two
new random simulations were performed. If a KIM127 and a mAb24 Fab are bound to the same E*H" integrin, the blinks emanating
from their fluorochromes were assigned the range of possible positions in the projection of the coverslip plane. In each simulation, a
fluorochrome is randomly placed in the KIM127 Fab and another in the mAb24 Fab, and the distances are calculated. 100,000 such
simulations yielded the distribution of the distances of blinks emanating from fluorochromes in KIM127 and mAb24 Fabs on the same
E*H* integrin (Figure 4A, the curve with gray line and closed area). For KIM127 and mAb24 Fabs are bound to adjacent E*H and E'H*
integrin molecules, a second distance distribution is generated. Similar to the approach used above, the integrin molecules (E*H™ and
E"H") are closely packed and randomly positioned and oriented, totaling 64 conditions for the relative position of the two integrins.
64,000 random simulations (1,000 for each position and orientation) yield the distribution of the distances of blinks emanating from
KIM127 and mAb24 Fabs bound to adjacent E*H and E'H™ integrins (Figure 4A, the curve with black line and open area). The cross of
the two distributions was used as the cut-off for merging. 93.8% of KIM127-mAb24 pairs truly emanating from the same integrin and
14.4% of KIM127-mAb24 pairs from Fabs bound to adjacent integrin molecules were correctly assigned. KIM127-mAb24 pairs
were identified with a custom MATLAB algorithm. Briefly, KIM127 and mAb24 mutual nearest neighbor pairs (where a KIM127*
molecule and a mAb24* integrin molecule identify each other as their nearest neighbors of the other species) were found using
“KdTreeSearcher” in MATLAB. These pairs were filtered from the list of H* and E* positions, and then the nearest neighbor search
was repeated until no new pairs were identified. Only those pairs with a separation distance less than the calculated threshold
(8.2 nm) were kept for the final calculation. Imaris was used to generate the image of colocalization pairs (Figure 4G).

Image processing - clustering

To define clusters, we constructed circles around the most likely center of each KIM127 and each mAb24 signal with radii (20.5 and
29.8 nm, respectively) that enclosed 99% of all distances between adjacent integrins from the random simulations (Figures 4B
and 4C). The integrins in circles touching or overlapping a circle of its same kind (KIM127* or mAb24™, respectively) were considered
to be in clusters. Thus, a cluster could be as small as two and as large as thousands of integrin molecules. These STORM-based
binary clusters (Figures 4D-4G) were generated by masking from the pointillism map (with the diameters of the above clustering
cut-off) after eliminating multiple blinks (with the diameter as the cluster cut-off) in Imaris. Sizes, ellipticities, number of clusters
and cluster areas (Figure 5) were obtained in Imaris.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with Prism 7 (GraphPad). Data are presented as violin plots (Figures 5C and 5D), bean plots
(Figures 5H and 5I) (Kampstra, 2008), Box and whiskers plot (Figures 7F, 71, and 7J; Figures S2H and S2I), mean + SD (Figures 11,
5F, 5G, and 5J-5M; Figures S2A and S2B), distributions (Figures 2F, 21, 2J, 3F, 3G, 4A, 5E, and 6D-6l; Figures S5A, S7, and S10)
and cumulative distributions (Figures 4B, 4C, 7A-7D, 7G, and 7H), pie chart (Figure 4H). The means for the datasets were compared
using paired Student’s t tests with equal variances (Figures 5F, 5G, 5J-5M, 7F, 71, and 7J), one-way ANOVA test (Figures S2H
and S2I), or Mann-Whitney test (Figures 5C-5E, 5H, and 5I). P values less than 0.05 were considered significant.

DATA AND SOFTWARE AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon request. The raw datasets are large
(gigabytes each) and require special data transfer arrangements.
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Figure S2. Fixing neutrophils at the time of arrest, Related to Figure 1

(A-B) Primary human neutrophils were allowed to roll on coverslips coated with P-selectin (2
png/ml) and ICAM-1 (10 pg/ml) at a wall shear stress of 6 dyn/cm?. Then IL-8 (10 ng/ml, A) or
PFA (8%, B) was perfused and the rolling velocity was monitored (blue curves) to identify the
arrest or fixation, respectively. FITC was perfused together to monitor the arrival of IL-8 or PFA
(yellow curves). IL-8 takes ~19 seconds to arrest neutrophils. PFA takes ~7s to fix neutrophils.
MeanaSD, n=10 (C) To fix neutrophils at the time of arrest, PFA was added 12s after IL-8. (D-E)
Top-view 3D topography of neutrophil footprint before (D) and sixty seconds after (E) fixation
in 8% PFA. The cell membrane was identified by the labeling of GPI-anchored protein CD16
(AF488 conjugated antibody, clone 3G8) on neutrophils. Microvilli were identified as hills in the
topography. (F-1) IL-8 stimulation but not antibody incubation affects the phenotype of
neutrophils. Changes of KIM127/mAb24 MFI (F) and FSC/SSC (G) before (grey) and after
adding antibodies (cyan in F, blue in G) and IL-8 (magenta in F, orange in G) were shown as
contour plots. Medians of FSC (H) and SSC (1) of neutrophils before and after adding antibodies
and IL-8 from five independent experiments were shown. n.s. P>0.05, ****p<0.0001 by

one-way ANOVA test.
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Figure S3

Figure S3. TIRF has insufficient resolution to identify true E'H* B, integrin clusters,
Related to Figure 1

In the binary cluster image of 3, integrin activation on a typical TIRF footprint of an arrested
human neutrophil, a magenta cluster contains mostly KIM127"mAb24™ (E*H", top right), a cyan
cluster contains mostly KIM127'mAb24" (E'H”, bottom left), but when KIM127 and mAb24 are
colocalized in a white cluster, this cluster may contain E'H" B, integrins (middle right) or a

mixture of E'H™ and E'H" B, integrins (bottom right).



46  Figure S4
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47

48  Figure S4. Super-resolution STORM imaging of B, integrin activation on arrested human
49  monocytes, Related to Figure 1

50 (A) Primary human monocytes rolling on P-selectin and ICAM-1 at a wall shear stress of 6
51 dyn/cm? were exposed to CCL2 and Fab fragments of the B integrin extension reporter KIM127

52 (E*, magenta) and the high-affinity reporter mAb24 (H", cyan), immediately fixed and imaged by
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TIRF (entire TIRF footprint, raw image shown). (B) Binary image of A using smart segmentation
as in (Fan et al., 2016) (C) STORM buffer was introduced and blinking events were recorded for
10,000 frames per channel over 10 minutes, corrected for stochastic motion and drift as in STAR
Methods to obtain a raw super-resolution STORM image of the footprint of arrested human
monocytes. (D-H) STORM image overlaid with the outlines of binary TIRF clusters (from B).
Zoomed-in examples of E'H™ (cyan, E) and E'H™ TIRF clusters (magenta, F). Some white E*H”
TIRF clusters showed true colocalization of KIM127 and mAb24 in STORM (G, white). H
shows examples of clusters that appeared colocalized in TIRF but were truly composed of E'H*

and E"H" areas as revealed by STORM. Scale bars are 3pm for A-D, and 300nm for E-H.



63  Figure S5

A

Y position (nm)

Y position (nm)

64
65

Channel of DL550 0=17.25 nm 0 =15.88 nm
7 Beads 6883 Blinks FWHM = 40.63 nm FWHM = 37.39 nm
S0 44 Merging 44 Merging .~
Cut-off Cut-off
£ ad = 3
w [72]
(3] 4]
: g g
OF s 2 = 2
8 8
[ 5]
o 4 o 4
50 - 04 04
-50 0 50 -50 0 50 -50 0 50
X position (nm) X position (nm) Y position (nm)
Channel of DL650 o =15.68 nm o=14.97 nm
12 Beads 11995 Blinks FWHM = 36.92 nm FWHM = 35.25 nm
50 ) ’
44 Merging .~ 44 Merging
Cut-off
S £ 34
w w
‘ o 5]
g g
0 B E E 24
@ [4]
2 o
[+] 5]
o o 4
-50 1 ‘ 04
-50 0 50 -50 0 50 -50 0 50
X position (nm) X position (nm) Y position (nm)
O Fluorochromes -|- Fitting center of the blink Gaussians

-

. Merging
Merging Cut-off Cut-off of
of mAb24 KIM127



66

67

68

69

70

71

72

73

74

75

Figure S5. STORM resolution, Related to Figure 1 and 3

(A) Position as determined by molecular modeling (merging cut-off, grey) overlaid on the
Gaussian of localization accuracy. The resolution of STORM imaging is defined as ¢ of the
Gaussian. The localization data (left column), X localization accuracy (middle column), and Y
localization accuracy (right column) of the two channels (upper row: DL550 for mAb24; lower
row: DL650 for KIM127). (B) Schematic showing the merging of multiple blinks (crosses) of
individual fluorochromes (circles) and multiple fluorochromes (circles) on the same Fab (grey)
as shown in Fig. 3H-1 (random simulation). All multiple blinks, whether from one fluorochrome

or multiple fluorochromes in the same Fab, are merged to represent one Fab.
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Figure S6. The area within 50 nm of the substrate contains the E'H" integrin molecules that
can bind ICAM-1 in trans, Related to Figure 2

(A) Schematics showing E'H* (cyan), E'H™ (magenta), and E'H" (white) integrins on a
microvillus of the neutrophil. Only integrins within 50 nm of the substrate can bind the ligand
(human recombinant ICAM-1-Fc) in trans and support neutrophil arrest. The area within 50 nm
of the substrate is at the tip of microvilli and nearly parallel to the substrate. (B) Typical TIRF
images of a neutrophil cell footprint labeled with both the cell membrane dye CellMask
DeepRed (Red) and AF488-conjugated CD16 antibody (Green). The scale bar is 5 um. (C) The
pixel-to-pixel correlation of the MFI of CellMask DeepRed and AF488-conjugated CD16
antibody. (D) 3D topography of a microvillus with X, Y, and Z at the same scale. Data from a

TIRF image of anti-CD16-AF488. The area within 50 nm of the substrate is highlighted in red.
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Figure S7. The proportion of cell footprint and integrin activation within 50 nm of the
coverslip, Related to Figure 2.

Histograms showing distributions of distances between the neutrophil membrane and the
coverslip (left panels), mAb24 blinks and the coverslip (middle panels), and KIM127 blinks and

the coverslip (right panels) from six cells.
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Figure S8

, mMAb24/KIM127 colocalization

Figure S8. The 3D reconstruction of a neutrophil adhered on endothelial cell monolayers
(HUVECS) acquired by the AiryScan confocal imaging, Related to Figure 2.

(A) Bottom view of a neutrophil adhered on endothelial cell monolayers under a shear stress of 2
dyn €m™. The arrest is triggered by the perfusion of 10 ng ml™ IL-8. The neutrophil surface was
labeled with AF647-conjugated anti-CD16 (cyan). Clusters of E'H" (blue) B, integrins were
observed. Clusters of EH" and E'H  were not shown here. (B-C) The side view of the
neutrophil-HUVEC interaction. HUVECs were labeled with CellTrace Violet (yellow). A few
protrusions of HUVECs were observed. Only one or two of them are under the neutrophil and

fill the “valleys” of neutrophil microvilli. Most area of the endothelial surface has no protrusion.
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Figure S9. The modification of EM images in Fig 2, Related to Figure 3

(A-B) EM images of bent (E’, A) and extended (E*, B) oxp. were adopted directly from Fig. 2A
(right panel) and B (left panel) in Chen et al., 2010, respectively. The E* axp, was bound with
the Fab of monoclonal antibody CBR LFA-1/2. (C) The EM image of extended-open (E'H")
oxP2 was adopted directly from Fig. 2B (panel 1) in Chen et al., 2012. The E'H" axf, was bound
with the ligand C3c, Fabs of monoclonal antibodies mAb24 (m24), KIM127, and CBR LFA-1/2.
(D-F) Schematics of the EM images were shown. D and E were adopted directly from Fig. 2A
and B in Chen et al., 2010, respectively. F was adopted directly from Fig. 2C in Chen et al., 2012.
(G-1) EM images of E’, E" and E'H" B, integrins showed in Figure 3B. G was rotated and
flipped horizontally from A. H was rotated from B, and the Fab of CBR LFA-1/2 was
photoshopped out. In I, The ligand C3c and the Fab of CBR LFA-1/2 were photoshopped out
from C. The Fabs of mAb24 and KIM127 were circled by cyan and magenta, and labeled,

respectively.
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133

134  Figure S10. Random simulation of activated B, integrins in top view, Related to Figure 3
135 and4

136  Space-filling top views of E'H* (A), E'H (B) B integrins, and the mixture of E'H" and E'H" (C)
137 B, integrins with random adjacent directions and orientations. The histograms below show the
138  distribution of distances between two blinks from two mAb24 Fabs in A (cyan curve), two
139  KIM127 Fabs in B (magenta curve), one mAb24 Fab and one KIM127 Fab in C (black curve),
140  respectively. Each histogram contains data from 1,000 space-filling random simulations of 64

141 conditions (8 directions %<8 orientations). Scale bars are all 10nm.

142

143



144

145
146
147

Figure S11
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Figure S11. Comparison of the number of activated f, integrin molecules in footprints of
arrested neutrophils based on flow cytometry (MFI, left) or STORM (right), Related to
Figure 3

In the flow cytometry assay, calibration beads with five different antibody binding capacities
were used. After incubating with the same antibody used for staining the cells, five different MFI
were obtained. The standard curve correlates MFI with the number of epitopes (exactly one
KIM127 or mAb24 epitope per integrin). MFI of mAb24 and KIM127 were determined on
human neutrophils after IL-8 stimulation, yielding the number of mAb24 and KIM127 epitopes
on the whole cell surface. This is multiplied with the ratio of the footprint area to the whole cell
surface area as estimated by the cell diameter in epifluorescence imaging. This yields the number
of mAb24" or KIM127" B, integrin molecules in the footprint. From the TIRF images of live
neutrophils, at the time of arrest, we estimate the percentage of integrins within 50 nm to the
substrate. This yields the number of mAb24" or KIM127" B, integrin molecules within 50 nm
to the substrate. In STORM imaging, after filtering out blinks 50 nm away from the substrate,
merging by the cutoff obtained from molecular modeling, the number of mAb24 and KIM127
epitopes is counted in the footprint. Both methods yield comparable numbers of mAb24 and

KIM127 epitopes.
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169  Figure S12. The workflow of experimental and image processing procedures, Related to

170 STAR Methods.
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Table S1. Colocalization assays of anti-CD16-AF488 and CellMask DeepRed on neutrophils,

Related to Figure 2

Linear [Person's R| Li's ICQ |Kendall's Tau-b|Manders|Manders' Costes
Cell #| Correlation | value value [rank correlation| M1 M2 P-Value
R (-0.12 to 1)|(-0.5 t00.5)| value (-1 to 1) | (0 tol) | (O tol)
1 0.9445 0.97 0.448 0.7822 1 1 1
2 0.9534 0.98 0.465 0.7472 1 1 1
3 0.9297 0.96 0.452 0.7243 1 1 1
4 0.9281 0.96 0.469 0.7408 1 1 1
5 0.9488 0.97 0.469 0.7944 1 1 1
6 0.9282 0.96 0.451 0.8093 1 1 1
Mean| 0.9388 0.97 0.459 0.7664 1 1 1
SD 0.0105 0.01 0.009 0.0307 0 0 0




176

177

178

179

Table S2. Confidence intervals for the molecular cut-off in random simulations, Related to

Figure 3

Cut-off for: Value False Negative Rate False Positive Rate Relative
(nm) Figure

Merging H* blinks | 7.3 0.93% 7.78% Fig. 2

Merging E* blinks | 6.1 3.19% 11.47% Fig. 2m

Colocalization 8.2 6.24% 14.36% Fig. 3a
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Table S3. Number of mAb24 (H"and KIM127 (E") events in each microllus tip within 50

nm of the coverslip, Related to Figure 2-4

Number | H* E E'H" Number | H" E E'H"
Cell 1

1 557 324 180 21 4 3 0

2 50 36 5 22 1393 1360 571
3 159 41 32 23 183 94 17
4 91 24 5 24 66 42 15
5 1 3 0 25 1 0 0

6 127 161 21 26 95 68 9

7 3 5 0 27 40 31 6

8 35 108 16 28 31 7 3

9 2 7 0 29 480 179 146
10 28 25 10 30 34 30 13
11 631 786 319 31 2 77 0
12 968 733 419 32 51 7 4
13 2558 2399 1323 33 37 16 6
14 2 0 0 34 12 18 9
15 716 669 263 35 0 0 0
16 1 2 0 36 28 52 2




17 0 2 0 37 27 63 10
18 29 8 2 38 211 341 179
19 10 7 1 39 3 5 0
20 1 3 0 40 3030 2493 1039
Cell 2

1 4 18 1 20 1 10 0

2 136 363 44 21 0 7 0

3 75 205 25 22 41 144 22
4 90 143 40 23 35 80 20
5 16 41 11 24 0 1 0

6 6 41 4 25 1295 3100 632
7 0 1 0 26 50 150 45
8 98 318 81 27 43 125 12
9 ) 33 4 28 161 660 75
10 3 39 2 29 12 58 5
11 5 31 4 30 6 52 2
12 19 55 10 31 796 1645 415
13 51 102 16 32 414 637 320
14 27 99 17 33 77 62 29
15 580 948 270 34 903 3028 496
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16 2 15 1 35 1 4 0

17 18 32 10 36 0 5) 0

18 1251 2578 736 37 3 27 0

19 2 8 0 38 7951 27724 6882
Cell 3

1 0 1 0 12 4 36 4

2 0 1 0 13 87 334 45

3 0 2 0 14 17 126 5

4 1 4 0 15 5 16 2

5 12 116 7 16 0 2 0

6 18 113 7 17 821 4439 393

7 5 4 0 18 22 200 11

8 1 138 1 19 12 53 6

9 1 23 0 20 0 2 0

10 37 37 12 21 46 223 26

11 273 1104 94 22 6444 29941 2966
n 100 100 100 Average | 336.80 897.33 184.35
SD 1093.87 | 4064.21 762.06 SEM 109.39 406.42 76.21
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Table S4. Comparison of TIRF, STORM, and SuperSTORM in this study, Related to STAR

Methods
TIRF STORM SuperSTORM
Principle Total internal TIRF based, STORM | molecular modeling
reflective, evanescent | buffer, stochastic and spatial simulation
wave illumination blinks, 2D Gaussian to refine STORM data
fitting
Detector ANDOR IXON3 ANDOR IXON3 ANDOR IXON3
Ultra DU897 EMCCD | Ultra DU897 EMCCD | Ultra DU897 EMCCD
camera camera camera
Excitation 488 nm 561 nm 561 nm
561 nm 647 nm 647 nm
647 nm
Emission 503-550 nm 576-621 nm 576-621 nm
576-621 nm 658-800 nm 658-800 nm
658-800 nm
Resolution ~300 nm ~15nm ~6 nm depending on

molecular size
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Supplemental Movies

Supplemental Movie 1. Structure of E'H" B, integrin with mAb24 Fab bound, Related to
Figure 3
E'H" B, integrin is from the published crystal structure (PDB: 4NEH). o-chain in grey and

B-chain in white. mAb24 Fab (cyan) is docked to its binding site.

Supplemental Movie 2. Structure of E'H™ B, integrin with KIM127 Fab bound, Related to
Figure 3
E'H" B, integrin is modeled by unfolding the headpiece of E'H™ (PDB: 3K6S) to the extension.

a-chain in grey and B-chain in white. KIM127 Fab (magenta) is docked to its binding site.

Supplemental Movie 3. Structure of E'H" B, integrin with mAb24 and KIM127 Fabs bound,
Related to Figure 3

For the E'H™ B, integrin modeling, the hybrid domain swing out of E'H" B, integrin (PDB: 4NEH)
is superposed with PDB: 3FCU, then the headpiece is unfolded. a-chain in grey and p-chain in
white. mADb24 (cyan) and KIM127 (magenta) Fabs are docked to their binding sites. EM image
of E'H" B, integrin with mAb24 and KIM127 Fabs bound (Figure 3B, bottom) is used as a

reference.
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