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Highlights
e CXCR4 is organized at the T cell membrane as monomers,
dimers, and basal nanoclusters

e The actin cytoskeleton and CD4 regulate CXCL12 induction
of large CXCR4 nanoclusters

e CXCR4 TMVI structural motifs also govern its spatiotemporal
organization

e CXCR4 nanocluster size defines its dynamics and its ability to
trigger cell function
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In Brief

Martinez-Munoz and colleagues show
that CXCR4 forms monomers, dimers,
and nanoclusters at the T cell membrane.
Their nanoscale organization is governed
by local organizers such as CD4 and the
actin cytoskeleton, and by structural
motifs in the CXCR4 TMVI region.
CXCL12 promotes larger CXCR4
nanoclusters needed for complete cell
function.
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SUMMARY

A current challenge in cell motility studies is to under-
stand the molecular and physical mechanisms that
govern chemokine receptor nanoscale organization
at the cell membrane, and their influence on cell
response. Using single-particle tracking and super-
resolution microscopy, we found that the chemokine
receptor CXCR4 forms basal nanoclusters in resting
T cells, whose extent, dynamics, and signaling
strength are modulated by the orchestrated action
of the actin cytoskeleton, the co-receptor CD4, and
its ligand CXCL12. We identified three CXCR4 struc-
tural residues that are crucial for nanoclustering
and generated an oligomerization-defective mutant
that dimerized but did not form nanoclusters in
response to CXCL12, which severely impaired
signaling. Overall, our data provide new insights to
the field of chemokine biology by showing that re-
ceptor dimerization in the absence of nanoclustering
is unable to fully support CXCL12-mediated re-
sponses, including signaling and cell function in vivo.

INTRODUCTION
Cell migration is a coordinated process that requires rapid inte-

gration of extracellular stimuli and intracellular signaling. Cells
migrate toward chemoattractant gradients, which activate the
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cells by binding receptors of the GPCR (G-protein-coupled re-
ceptor) family. Although many studies have defined the role of
these receptors in chemokine function (Griffith et al., 2014) and
analyzed the signaling cascades involved in detail (Thelen,
2001), little is known of their spatiotemporal organization at the
cell surface, the factors that participate in their control, or their
influence on chemokine biology.

Receptor nanoclustering and dynamics are needed to trans-
duce signals and respond to extracellular stimuli. The GPCR
exist as monomers, dimers, and higher-order oligomers, all of
which assemble into homo- and hetero-oligomeric structures
(Palczewski, 2010). These nanoclusters are in dynamic equilib-
rium, with constant aggregation and dissociation to generate
new receptor complexes (Calebiro et al., 2013). Many factors
are involved in the regulation of GPCR nanoclustering (Calebiro
et al., 2013; Hauser et al., 2016), including transmembrane pro-
teins (Bethani et al., 2010), cell membrane lipid composition
(Marino et al., 2016), and the actin cytoskeleton (Scarselli et al.,
2012), which regulates trafficking of signaling molecules and
partitions the membrane into microdomains (Kusumi et al.,
2005). Nanoclustering and dynamics are especially relevant for
chemokine receptors, as they allow the cell to correctly sense
gradients and move appropriately. Chemokines also regulate
actin cytoskeleton dynamics (Vicente-Manzanares and San-
chez-Madrid, 2004), coordinating cell responses (Brzostowski
et al., 2013).

The chemokine receptor CXCR4 and its ligand CXCL12 form a
key pair in development, hematopoiesis, neutrophil homeosta-
sis, and lymphocyte trafficking (Eash et al., 2010; Zou et al.,
1998). Mice that lack CXCR4 die perinatally due to develop-
mental, hematopoietic, and cardiogenetic defects (Ma et al.,
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1998; Tachibana et al., 1998). In humans, the CXCR4/CXCL12
axis is involved in tumor progression and metastasis (Teicher
and Fricker, 2010), pulmonary fibrosis (Xu et al., 2007), HIV-1
infection (Bleul et al., 1996), and autoimmune disease (Hansen
et al., 2006).

As for other chemokine receptors, CXCR4 form homo- and
heterodimers (Mufioz et al., 2011), as well as trimeric com-
plexes (Hamatake et al., 2009). In the presence of antagonists,
the crystal structure of CXCR4 showed a homodimeric confor-
mation whose interface is located in transmembrane regions
(Wu et al.,, 2010). The CXCL12-triggered pathways have
been studied, but the molecular and physical mechanisms
that control CXCR4 organization at the cell membrane and
how the cell integrates further signals and responses are
largely unknown.

Here, we used quantitative single-molecule spatiodynamic
imaging and super-resolution microscopy to elucidate the
molecular organization, membrane partners, structural motifs,
and signaling of resting and activated CXCR4 in human T cells.
Our results indicate that, in addition to the ligand-mediated
conformational change of the receptor that activates G protein,
changes associated with receptor nanoclustering are necessary
for full function. We identified an essential role for lateral parti-
tioning of these receptors into nanoclusters in the regulation of
chemokine-mediated signaling and establish a new target for
potential intervention in chemokine functions.

RESULTS

CXCR4 Forms Basal Nanoclusters with Distinct Types of
Mobilities on T Cells

Class A GPCR form oligomers at the cell surface (Calebiro et al.,
2013); these complexes define the signaling pathway activated
through ligand binding (Hauser et al., 2016). We used stimulated
emission depletion (STED) super-resolution microscopy to visu-
alize CXCR4 nanoscale organization in primary naive CD4*
T lymphocyte cells (T cells) and in the Jurkat CD4" T cell line.
With a STED spatial resolution of ~60 nm, we distinguished indi-
vidual CXCR4-fluorescent spots (Figures 1A and 1B), which we
analyzed in terms of intensity and receptor number. Receptors
co-existed as monomers and dimers (~80% in T cells and
~35% in Jurkat CD4* cells) but also formed nanoclusters of
more than three receptors (~20% and 65%, respectively) (Fig-
ures 1A and 1B).

To assess CXCR4 dynamics, we used single-particle tracking
(SPT) in total internal reflection fluorescence (TIRF) mode and
transfected Jurkat CD4" cells with CXCR4 fused to the AcGFP
monomeric protein (JKCD4). We first determined appropriate
expression conditions for detecting and tracking individual
CXCR4 spots. Only movies with densities <4.5 particles/um?
(~8,500-22,000 receptors/cell) were used to detect and track
CXCR4. Receptor trajectories were reconstructed using a
tracking algorithm to follow individual particles (Jagaman et al.,
2008) (Figure 1C; Movies S1 and S2). In steady state, ~28% of
CXCR4 particles were classified as immobile (Figures 1D and
S1A). The remaining mobile receptors showed distinct diffusion
profiles derived from mean square displacement (MSD) plots
(Figures 1E), (Manzo and Garcia-Parajo, 2015) and were further

classified based on motion, using the moment scaling spectrum
(MSS) (Ewers et al., 2005). For most mobile particles (~78%),
diffusion was confined within ~200-nm regions (Figures S1B
and S1C); ~15% showed Brownian-free diffusion and ~7% ex-
hibited directed motion (Figure 1F). The median value of the short
time-lag diffusion coefficient (D4.4) for CXCR4 trajectories varied
from 0.0037 um? s~ for confined receptors to 0.0094 pm? s~ for
CXCR4 with direct-transport motion (Figure 1G). To determine
receptor number in individual trajectories, we measured the
average fluorescence intensity for the first 20 frames of each tra-
jectory (Figure 1H) and used intensity of the monomeric protein
CD86-AcGFP as reference (Calebiro et al., 2013) (Figures S1D-
S1F). We found CXCR4 monomers (~23%) and dimers
(~47%), as well as complexes with more than three receptors
(~30%) (Figure 1l1). Alternative evaluation of TIRF trajectories us-
ing single-step photobleaching analysis confirmed these data
(Figures 1J and S1G).

Results for JKCD4 cells compared with those for Jurkat CD4™*
cells in which endogenous CXCR4 was small interfering RNA
(siRNA) downregulated before CXCR4-AcGFP transfection
(JK'CD4) showed a minimal effect of endogenous CXCR4 on
particle distribution (Figures S2A-S2C). The data indicate that
endogenous CXCR4 does not affect our main observation that
dynamic CXCR4 monomers, dimers, and small nanoclusters
coexist at the steady-state T cell membrane.

CXCL12 Binding Modulates CXCR4 Dynamics and
Enhances Nanoclustering

As CXCL12 binding to the receptor promotes conformational
changes in CXCR4 and increases CXCR4 dimer numbers (Schir-
aldi et al., 2012), we used SPT to evaluate the effect of satu-
rating ligand concentrations on CXCR4 dynamics. JKCD4 cells
were plated on fibronectin- or fibronectin/CXCL12-coated
plates, and the lateral mobility of individual particles was fol-
lowed over time. CXCL12 promoted a significant reduction in
overall CXCR4 diffusivity (basal, median Dy_, = 0.0047 pm? s™";
CXCL12, median Dy_4 = 0.0042 um? s™") and increased the per-
centage of immobile particles from ~27% (basal) to ~35%
(CXCL12) (Figures 2A and 2B; Movies S3 and S4). These data
agree with those reported for another agonist-activated GPCR
(Baker et al., 2007). We also detected an increase in larger nano-
clusters at the membrane of CXCL12-activated cells (~70% of
nanoclusters with >3 receptors, compared to ~30% of similar
nanoclusters in basal conditions (Figure 2C); ~22% of immobile
particles were nanoclusters formed by >3 receptors/particle
compared to ~7% in steady state (Figure 2D). When only larger
nanoclusters (4-7 receptors/particle) were considered, differ-
ences were even greater.

Some reports associate receptor oligomerization to signaling
(Jagaman and Grinstein, 2012) and show that cluster size influ-
ences receptor dynamics (Calebiro et al.,, 2013; Jagaman
et al.,, 2011). When compared to steady-state conditions,
CXCL12-stimulated cells showed no changes in the relative per-
centage of trajectories showing different types of diffusion (Fig-
ure 2E). The fraction containing monomers and dimers with
confined and Brownian motions generally diffused more slowly
after CXCL12 binding, as did confined nanoclusters (although
the last was not statistically significant) (Figure 2F). Results
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indicated times, detected by SPT-TIRF in resting
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(D) Percentage of CXCR4-AcGFP trajectories
classified as immobile or mobile (593 trajectories
from 22 JKCD4 cells, n = 3).

(E) Representative MSD plots from individual tra-
jectories of CXCR4-AcGFP showing different
types of motion.

(F) Percentage of single trajectories with different
types of motion, classified by MSS (192 trajec-
tories from 22 cells, n = 3).

(G) Short time-lag diffusion coefficients (D1_4) from
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were similar for JKTCD4 cells (Figure S2D). To confirm increased
CXCR4 nanoclustering after CXCL12 stimulation, we performed
STED imaging on Jurkat CD4* cells and T cells; CXCL12 pro-
moted CXCR4 nanoclustering to a maximum of 10-18 recep-
tors/particle (Figures 2G and 2H). The ligand thus reduced the
percentage of monomers and dimers at the expense of
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Agonist-mediated internalization is
associated with clathrin-mediated endo-
cytosis of chemokine receptors (Venkate-
san et al., 2003). We found that CXCL12-
mediated nanoclusters remained unaltered after cell treatment
with PitStop2 or brefeldin A, drugs that block clathrin vesicle
formation and intracellular protein transport, respectively (Fig-
ures S2E and S2F). These data strongly suggest that these
nanoclusters correspond to membrane-bound receptors,
which is consistent with the low percentage of trajectories
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(G and H) Representative STED images of CXCR4
on CXCL12-activated Jurkat CD4* cells (G) and
T cells (H), with zoom of specific membrane re-
gions (red square). Bar, 1 um. Probability distri-
bution of number of receptors/spot (bottom) for
both cell types, in steady state (gray) and post-
CXCL12 stimulation (blue) (1,446 individual spots
for Jurkat CD4* cells and 1,849 for T cells, 30 cells
in n = 2-3 STED experiments) is shown. See also
Figure S2 and Movies S3 and S4.
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showing directed motion (an indication of vesicular transport)
(Figure 2E).

CD4 Co-expression Alters CXCR4 Homodimerization,
Clustering, and Diffusion Dynamics

CXCR4 diffusion at the cell membrane might be influenced by
external factors such as the membrane-skeleton or by other
transmembrane proteins, as suggested for other receptors
(Kusumi et al., 2005). CXCR4 interaction with CD4 is essential
for HIV-1 infection (Martinez-Mufoz et al., 2014). We as-
sessed the presence of CD4/CXCR4 complexes by fluores-
cence resonance energy transfer (FRET) (Figures S3A-S3D)
and evaluated the CD4 effect on CXCR4 homodimer confor-
mation. CD4 co-expression altered CXCR4 homodimers by
reducing FRET,.x, @ parameter linked to total complex
numbers (FRET,ax for CXCR4/CXCR4, 0.6957 =+ 0.018;

receptors/spot

Zos| 209 without modifying FRETs, values, that
g02f gg-g: is, the apparent affinity between the
a0tk H H D 10 So1f H 0 o [ two CXCR4 partners (CXCR4/CXCR4,

%5 1 5 & 7 0 2 3 4 5-10 0.5908 + 0.037; CXCR4/CXCR4*CD4,

0.6430 = 0.097) (Figures 3A and 3B).

To study the influence of CD4 expres-
sion on CXCR4 clustering and lateral
diffusion, we generated SPT trajectories of CXCR4-AcGFP tran-
siently transfected in Jurkat CD4* cells and in Jurkat cells
without CD4 expression (JK). Unstimulated JK cells showed a
higher percentage of basal nanoclusters and fewer monomers
and dimers compared to JKCD4 cells (Figures 3C and S3E).
Ligand-induced larger nanoclustering was nonetheless very
similar in both cell types (Figure S3F). siRNA downregulation of
the receptor before CXCR4-AcGFP transfection (JK™ cells) did
not affect the degree of basal nanoclustering (Figure S3G).
CXCL12 stimulation of these cells nonetheless increased the
percentage of the largest nanoclusters (6-8 receptors/particle)
relative to JK"CD4 cells (Figures 3D and S2C). Our results indi-
cate that CD4 co-expression reduces the percentage of basal
CXCR4 nanoclusters in steady state.

We analyzed receptor mobility on JK and JKCD4 cells, before
and after ligand stimulation. While no differences in D44 values
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were observed in JK cells regardless of stimulation, receptor
diffusion was slower in activated JKCD4 compared to JK cells
(Figure 3E). Although this effect was modest, CD4 co-expression
significantly increased the percentage of mobile receptors in
basal and in activated cells (Figure 3F); this effect was more
prominent in CXCR4 basal nanoclusters (Figure 3G). In steady
state, JK cells showed an increase in the percentage of confined
particles (~10%), and a reduced percentage of particles with
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none CXCL12
nanocluster
= 3 receptors

cells, 192 for steady state and 254 for CXCL12
stimulated [10-24 cells; n = 3-5; *p < 0.05]). For
comparison, Figures 1F (steady-state JKCD4
cells) and 2E (CXCL12 stimulated) are shown.

steady state or CXCL12 stimulated, in JK and JKCD4 cells (*p < 0.05, **p <

free and directed motions compared to JKCD4 cells. After ligand
activation, both cell types showed similar mobile trajectories
(Figure 3H), but monomers and dimers diffused more rapidly in
ligand-activated JK than in JKCD4 cells, regardless of diffusion
type, confined or free (Figure 3l). CXCR4 dynamics was similar
in JK™ cells, although the diffusion coefficient of confined nano-
clusters was unaltered by ligand activation (Figures S3H-S3J).
These observations further imply that, through interaction with
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FRET efficiency (Figure 4A).
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CXCR4, CD4 promotes a small but significant reduction in the
encounter rate of small CXCR4 particles, which alters their lateral
diffusion and affects CXCR4 nanocluster formation.

Cortical Actin Cytoskeleton Is Critical for CXCL12-
Induced CXCR4 Clustering and Spatiotemporal
Organization

By acting as a fence, the actin cytoskeleton regulates plasma
membrane compartmentalization and membrane protein dy-
namics (Plowman et al., 2005; Torreno-Pina et al., 2016). Actin
dynamics also has an essential role in coordinating chemokine
receptor signaling (Nishita et al., 2002). We used FRET on cells
treated with latrunculin A (LatA) to block F-actin polymerization,
or with nocodazole to inhibit microtubule dynamics, and evalu-

We used SPT on JKCD4 cells to test
whether the actin cytoskeleton and/or
the tubulin network modulate CXCR4
cluster size and lateral mobility. In steady
state, neither LatA nor nocodazole modified basal CXCR4 nano-
clustering. LatA treatment abrogated CXCL12-mediated nano-
clustering (Figure 4B), increased CXCR4 particle mobility (Fig-
ure 4C), and promoted a significant reduction in immobile
particles; these effects were more pronounced after CXCL12
stimulation (Figure 4D). LatA reduced the percentage of confined
particles and increased the number of CXCR4 particles with free
motion (Figure 4E). LatA treatment also increased Dq_4 values,
independently of particle trajectory (confined or free) or size (Fig-
ure 4F). Neither CXCR4 nanocluster size nor dynamics were
affected by nocodazole (Figures S4B and S4C); its weak effect
on D4_4 values was due to DMSO, used as solvent (Figure S4D)
(Gurtovenko and Anwar, 2007). We nonetheless observed that
nocodazole abrogated CXCL12-mediated direct transport of

=3 receptors
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Figure 5. CD4 Co-expression and Cortical

Actin Cytoskeleton Influence T Cell Function

(A) CXCL12-mediated Ca?* flux in JK/CD4-CFP or

JK/CFP cells. Data are shown as mean +SD (n=3,

**p < 0.001).

(B) CXCL12-mediated Ca®* flux in Jurkat CD4*

cells pretreated with LatA or ethanol. Data are
shown as mean = SD (n = 3, **p < 0.001).

(C) Scheme of BRET experiment to evaluate the

effect of CD4 co-expression and LatA treatment

on CXCL12-triggered conformational change of

. the CXCR4-Ga, complex. 293T or 293CD4 cells

—ns expressing a fixed Go;-Rluc:CXCR4-YFP ratio

o were untreated or LatA pretreated and CXCL12

activated. Plot shows CXCR4-Ga; conforma-

tional change as BRET ratio (mBU) efficiency

ns oo promoted by CXCL12 stimulation. Data are

o shown as mean + SD (n = 3; **p < 0.001, **p <

CD4-YFP

(D) JK/YFP or JK/CD4-YFP cell migration in
response to 20 nM CXCL12. Data are shown as
- - + + mean + SD (n = 5; **p < 0.0001).
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(F) Adhesion frequency of JK/YFP and JK/CD4-
YFP cells to ICAM-1-containing lipid bilayers,
alone or CXCL12 coated. Each dot represents an
image field with 20-40 cells (mean + SEM, n = 3,
*p < 0.05, **p < 0.0001).
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CXCR4 (Figure S4E), which suggests that, although there might
be vesicle trafficking, it constitutes only a very small fraction of
the trajectories analyzed. These findings indicate an important
function for the actin cytoskeleton in spatiotemporal regulation
of CXCR4. Whereas the actin cytoskeleton has no influence on
the degree of basal CXCR4 nanoclustering, it affects its mobility.
Indeed, ligand-mediated CXCR4-enhanced nanoclustering and
lateral mobility are strongly dependent on the actin cytoskeleton.

CXCR4 Cluster Size Influences CXCL12-Mediated
Functions

Our data indicated that both CD4 co-expression and LatA treat-
ment reduce CXCR4 nanocluster size and alter receptor dy-
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namics at the cell membrane, although

with distinct effectiveness. We thus eval-

uated CXCL12-triggered Ca2* flux in Ju-
rkat cells transiently transfected with CD4-CFP (JK/CD4-CFP)
or with the CFP control plasmid (JK/CFP). Both cell types ex-
pressed similar CXCR4 levels (Figure S5A). CD4 co-expression
significantly reduced CXCL12-triggered Ca* flux (Figure 5A),
and LatA treatment reduced CXCL12-mediated Ca®" mobiliza-
tion in Jurkat CD4" and in T cells (Figures 5B and S5B). Since
CD4 co-expression and LatA treatment interfere with CXCR4
nanocluster size, these data suggest that CXCL12-mediated
Ca?* flux was affected by receptor nanoclustering.

We used bioluminescence resonance energy transfer (BRET)
to study the relationship between nanocluster size and
CXCL12 ability to activate Go;. In HEK293T (293T) cells co-
transfected with Go;-Rluc and CXCR4-YFP (Figure S5C), the



CXCL12-mediated conformational change in the CXCR4/Ga;
complex was altered by CD4 co-expression, which was more
efficient after F-actin polymerization blockade (Figure 5C). Ju-
rkat cells transiently transfected with CD4-YFP (JK/CD4-YFP)
migrated less toward CXCL12 gradients than empty vector-
transfected Jurkat cells (JK/YFP) (Figure 5D). In a 2D lipid
bilayer system with embedded ICAM-1 (intercellular adhesion
molecule 1), alone or with CXCL12, JK/CD4-YFP cells adhered
less than JK/YFP cells, although cell contact area with the sub-
strate did not differ (Figures 5SE-5G). CXCL12-mediated adhe-
siveness to ICAM-1 was greatly reduced in LatA-treated versus
untreated Jurkat CD4* cells, and the cell contact area was also
smaller (Figures 5H-5J). Although many factors affect cell
adhesion (Parsons et al., 2010), our results strongly suggest
that modulating CXCR4 nanocluster size allows alteration of
receptor-associated function.

K239, V242, and L246 Residues in TMVI Are Essential for
CXCR4 Clustering

The CXCR4 crystal structure shows a homodimer whose inter-
face is located in the transmembrane regions (Wu et al., 2010).
We thus predicted that oligomers are complexes formed by
dimeric entities and used in silico analysis to determine the res-
idues in the CXCR4 TM regions involved in receptor oligomeriza-
tion that do not alter receptor homodimers. We identified several
transmembrane peptides in TMIV, TMV, TMVI, and TMVII (Fig-
ure 6A), which we screened for their ability to antagonize
CXCL12-mediated cell migration. The CXCR4 TMVI-based pep-
tide 23°KPTVILILA2*” (3**TMVI), which blocked CXCL12-medi-
ated Jurkat CD4" cell migration (Figure 6B), was selected for
further study. The remaining peptides did not alter CXCR4-medi-
ated functions, confirming specificity of the effect. In an addi-
tional control, 2**TMVI treatment did not affect CXCL13- or
CCL21-induced migration of cells that do not express endoge-
nous CXCR4 (KG1a cells), which were transiently transfected
with CXCR5 or CCRY7, respectively (Figure S6A). The TMV syn-
thetic peptide 22'IIISKLSH?2® (*2'TMV) was used as control for
later experiments (Figure 6B). 2*°TMVI treatment promoted a sig-
nificant increase in the FRET efficiency of CXCR4 homodimers,
which confirmed CXCR4 interaction without disrupting homodi-
meric complexes. Control 22'TMV treatment did not modify
basal FRET efficiency (Figure 6C). Both peptides were incorpo-
rated into the cell membrane, as shown by flow cytometry using
biotin-labeled peptides (Figure S6B). In TIRF assays of JKCD4
cells, we observed that 2**TMVI specifically blocked CXCL12-
mediated CXCR4 nanoclustering (Figure 6D).

We next identified in silico the 2°*TMVI amino acid residues
with side chains on the outer side of the receptor complex (Fig-
ure 6E). We generated a triple-point mutant (K239E, V242A, and
L246A substitutions) in the theoretical contact region of CXCR4
oligomers (Figure 6E). In transiently transfected JK"CD4 cells
with  CXCR4mut-AcGFP (JK'CD4 mut) and wild-type (WT)
CXCR4-AcGFP (JK'CD4 WT), anti-CXCR4 staining showed
that both receptors were expressed equally at the cell mem-
brane (Figure S6C) and bound CXCL12 (CXCR4wt dissociation
constant (Kp): 0.60 nM, CXCR4mut Kp: 0.62 nM) and were inter-
nalized similarly in response to the ligand (Figure S6D). They
formed homo- and heterodimers, as shown by FRET analysis

in 293T cells (Figure 6F). Both homodimers showed similar
FRETS5o values, which indicated that their respective protomers
bound with similar apparent affinity (Table S1). The FRETnax
value for CXCR4mut homodimers was nonetheless significantly
lower, which suggested a larger number of CXCR4wt homodi-
meric complexes (Figure 6F; Table S1), or the presence of
large nanoclusters that also affect FRET efficiency (James
et al., 2006).

Analysis of SPT trajectories on Jurkat CD4* cells transfected
with CXCR4-AcGFP (JKCD4 WT) or with CXCR4mut-AcGFP
(JKCD4 mut) indicated that, in steady state, CXCR4mut particle
size was similar to that of CXCR4wt (Figure 6G). In contrast,
whereas CXCL12 promoted CXCR4wt nanoclustering (~70%
nanoclusters, >3 receptors/particle), the effect on CXCR4mut
was greatly reduced (~30% nanoclusters) (Figure 6H). In
JK'CD4 mut cells, the reduction in nanocluster size was even
greater despite CXCL12 activation; nanoclustering was largely
abolished and >94% of particles were monomers/dimers (Fig-
ure 6H). The ability of CXCR4mut and CXCR4wt to heterodimer-
ize could explain these cell-dependent differences. We found no
change in the type of motion between the two receptors
(Figure S6E), or variation in the CXCR4mut diffusion coefficient
between cells with or without endogenous CXCR4 expression
(Figure 6l). In the absence of endogenous CXCR4, >90%
of CXCR4mut particles were mobile (Figure 6J). These data
indicate that K239, V242, and L246 participate in CXCR4
nanoclustering.

CXCR4 Nanoclusters Are Essential for Cell Migration

To determine the functional effects of CXCR4 nanoclustering, we
evaluated Ga; protein activation by CXCR4mut. Immunoprecipi-
tation and immunoblot analysis showed that CXCR4wt and
CXCR4mut associated with Ge; in response to CXCL12 (Fig-
ure 7A). BRET measurements showed that both receptors
were constitutively associated with Go; (Figures 5C and 7B).
Nonetheless, whereas CXCL12 binding to CXCR4wt promoted
a conformational change in the CXCR4/Ga; complex compatible
with signaling cascade activation (Figure 5C), we observed no
marked changes when CXCL12 bound CXCR4mut (Figure 7B).

CXCL12 also promoted intracellular Ca?* flux in CXCR4wt-
and in CXCR4mut-expressing cells, although responses via
CXCR4mut were significantly lower (Figure 7C). CXCL12-medi-
ated activation of MAPK (ERK1,2) and PI3K (Akt) was notably
compromised in CXCR4mut-expressing cells (Figure 7D), and
cell migration toward CXCL12 was thus impaired (Figure 7E).
Using the lipid bilayer system with embedded ICAM-1 plus
CXCL12, we found that JK'CD4 mut cells did not migrate,
showed defective substrate adhesion, and had a smaller contact
area. In contrast, JKICD4 WT cells were polarized, with a flat-
tened leading-edge extension, and migrated across the lipid
bilayer (Figures 7F and 7G; Movies S5 and S6). Receptor nano-
clusters are thus needed for complete CXCR4 activation,
although non-clustered receptors are able to promote ligand-
mediated Ca®" flux.

To determine the in vivo relevance of CXCL12-mediated
CXCR4 nanoclustering, we used a model of senescent neutro-
phil clearance to bone marrow, which depends on the CXCR4/
CXCL12 axis (Furze and Rankin, 2008). Murine bone marrow
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Figure 6. CXCR4 Transmembrane Region
VI Has a Key Role in Receptor Clustering
(A) Scheme of a CXCR4 homodimer modeled
on the CXCR4 crystal structure (PDB: 30ES),
generated in the SWISS-MODEL server (https://
swissmodel.expasy.org/). Transmembrane re-
gions predicted to be involved in CXCR4 oligo-
merization are shown in magenta.

(B) Jurkat CD4* cells were preincubated with
indicated peptides or the diluent (DMSO; control)
and allowed to migrate (CXCL12). Data are shown
as mean = SD (n = 5; **p < 0.0001).

(C) 293T cells, transiently cotransfected at a fixed
1:1 CXCR4-YFP:CXCR4-CFP ratio, were pre-
incubated with DMSO or with peptides 22'TMV or
239TMVI, and FRET efficiency was evaluated. Data
are shown as mean + SD (n = 3, ***p < 0.0001).
(D) Intensity distribution (arbitrary units [a.u.])
from individual CXCR4 trajectories on un-
stimulated and CXCL12-stimulated JKCD4
cells, pretreated with 22'TMV, 23*TMVI, or DMSO
(basal 22'TMV, 1,750 trajectories in 71 cells;
basal 2**TMVI, 916 in 62 cells; basal control,
1,031 in 56 cells; CXCL12-stimulated 22'TMV,
1,157 in 58 cells; CXCL12-stimulated 23°TMVI,
1,104 in 59 cells; CXCL12-stimulated control,
1,200 in 48 cells). Mean is indicated (red) (n = 3;
not significant, p > 0.05, ***p < 0.0001).

(E) Left, residues in the TMVI region (stick repre-
sentation; magenta) predicted to be involved in
the CXCR4 nanoclustering interface (TMViwt).
Right, mutated residues (TMVImut).

(F) FRET saturation curves using 293T cells tran-
siently cotransfected with a constant amount of
CXCR4wt-CFP or CXCR4mut-CFP and increasing
amounts of CXCR4wt-YFP or CXCR4mut-YFP.
Data fitted to nonlinear regression equation
assuming one binding site. FRET,ax and FRET5q
values were compared by an extra sum-of-
squares F test (n = 4-6, *p < 0.05).

(G) Percentage of receptor/particle from un-
stimulated JKCD4 WT (595 trajectories in 22 cells,
n = 3) and JKCD4 mut cells (996 in 24 cells; n = 3).
For comparison, JKCD4 WT (from Figure 1l) is
shown here.

(H) Cells as in (G) or JKICD4 mut cells (hatched
bars). Percentage of receptors/particle from
CXCL12-stimulated cells (CXCR4wt, 669 trajec-
tories in 24 cells; CXCR4mut, 420 in 22 cells;
JK"CD4 mut, 392 in 22 cells; n = 3). For comparison,
JKCD4 WT and FN*CXCL12 (from Figure 2C) are
shown here.

() Dy_4 distribution of steady-state or CXCL12-
stimulated CXCR4 particles (median, red), using

JK™CD4 mut or Jurkat CD4* cells electroporated with a non-targeting siRNA (control) or with CXCR4mut-AcGFP (JK°CD4 mut cells) (steady-state JK°CD4 mut,
792 in 26 cells; steady-state JK"CD4, 113 in 14 cells; CXCL12-stimulated JK°CD4 mut, 281 in 22 cells; CXCL12-stimulated JK"CD4 mut, 272 in 22 cells; n = 3).
(J) Percentage of CXCR4 mobile and immobile trajectories (as in Figure 2B) in unstimulated JK"CD4 mut cells (336 trajectories in 22 cells; n = 3).

See also Figure S6 and Table S1.

neutrophils were stained with CellTracker green (CMFDA) and tion in bone marrow was analyzed after 60 min by flow cytome-
incubated with the 2%*TMVI peptide, 22'TMV (control), or PTx  try. Treatment with 3*TMVI inhibited neutrophil clearance by
as positive control of CXCR4 function blockade. We confirmed  ~62%, whereas 22'TMV control peptide-treated neutrophils
239TMVI antagonism in an in vitro chemotaxis assay of neutro- homed to bone marrow, as did controls (PBS- or DMSO-treated
phils to CXCL12 gradients (Figure 7H). Treated neutrophils neutrophils). As a positive control of inhibition, PTx treatment in-
were then injected intravenously into mice, and cell accumula-  hibited clearance by ~46% (Figure 71).
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DISCUSSION

The ability of chemokine receptors to dimerize is firmly estab-
lished, but their lateral organization in the cell membrane, their
potential coexistence with a fraction of apparent monomers,
the presence of higher-order complexes (nanoclusters), and
how this organization influences chemokine function remain
largely unknown. Using SPT-TIRF and super-resolution micro-
scopy we show that CXCR4 is organized at the cell membrane
in non-clustered entities (monomers and dimers) and nanoclus-
ters (groups of >3 receptors). Most CXCR4 molecules were
temporarily confined in a region delimited by the F-actin cyto-
skeleton. In the presence of F-actin polymerization blockers,
the freely diffusing receptor fraction increased. Moreover, the
CD4 co-receptor significantly affected the mobility of CXCR4

JK'CD4 WT and JK'CD4 mut cells as in (E), on
ICAM1-containing lipid bilayers coated with
CXCL12. Arrowheads, monitored cells/condition.
Profiles of cell contact area (um?) were estimated
by IRM.

0 100 200 300 400

Time (<) (G) Adhesion frequency of cells as in (F) to ICAM-1-
containing CXCL12-coated lipid bilayers (mean +

SEM, n = 3; **p < 0.0001).
| SVAACS (H) CXCL12-induced migration of mouse neutro-
0 10020030 4% phils pretreated with 22'TMV, 23*TMVI, DMSO, or

PTx (mean + SD, n = 3; *p < 0.001,
0.0001).

(I) Quantitation of adoptively transferred CMFDA-
labeled neutrophils from bone marrow of recipient
C57BL/6 mice 1 hr post-cell transfer. Before
transfer, neutrophils were preincubated as in (H)
(mean + SD, n = 3; *p < 0.001, **p < 0.0001).
See also Movies S5 and S6.
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monomer and dimer populations, thus

regulating the final size of CXCL12-

dependent nanoclusters. These data
coincide with the reduced FRET .« value in CD4-expressing
cells, which might anticipate a reduction in oligomer numbers.
CXCL12 binding enhanced receptor nanoclustering, with a sig-
nificant reduction in monomers and dimers, and an increased
percentage of the largest nanoclusters (10-18 receptors), which
were generally immobile. GPCR ligands promote association of
cytoplasmic signaling molecules to the receptor, which helps
reduce receptor complex diffusion rates as well as their ability
to move within the confinement regions (Cézanne et al., 2004;
Jacquier et al., 2006). Receptor clustering increases cell sensi-
tivity (Bray, 1995) but is also a means for efficient cell signal
propagation (Cho and Stahelin, 2005) and increases the robust-
ness of signaling systems (Gurry et al., 2009); its role in lympho-
cyte activation is widely reported (Depoil et al., 2008; Schamel
et al., 2005).
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Using the CXCR4 crystal structure as a model, we determined
that three TMVI residues (K239, V242, L246) are essential for re-
ceptor nanoclustering. The CXCR4 triple mutant K239A/V242A/
L246A, which was expressed normally and formed homodimers
with the same apparent affinity as CXCR4wt, did not form nano-
clusters in steady state or after ligand activation. These data
concur with the reduced FRET 2« value in CXCR4mut, which
also indicates a smaller number of CXCR4 nanoclusters. Our
FRET data also showed a greater donor-acceptor distance (r)
between protomers in CXCR4mut dimers (4.75 nm) compared
to CXCR4wt complexes (4.55 nm). Given the larger size of
CXCR4 clusters detected by SPT, some conformational changes
might occur in the protomers that participate in these com-
plexes, which would reduce acceptor-donor distance, thus
increasing FRET signals.

The mutant receptor triggered Ca2* flux after ligand binding,
although to a much lesser extent compared to CXCR4wt.
CXCL12-mediated ERK and AKT phosphorylation were also
much lower, which reduced cell adhesion and migration. These
results reveal a critical role for CXCR4 structural motifs in regu-
lating its ligand-dependent nanoclustering capacity and under-
score a strong relationship between receptor nanoclustering
and the threshold necessary for receptor function. Although
more modest, data for JKCD4 cells also indicated that CD4 mod-
ulates CXCR4 spatiotemporal distribution; this might explain the
significant decrease in CXCL12-mediated cell adhesion to
ICAM-1 and cell migration between Jurkat CD4" and Jurkat
cells. These data correlate with the role of CCR7 oligomerization
in dendritic cell migration from inflammation sites to draining
lymph nodes (Hauser et al., 2016).

To migrate, leukocytes reorganize their actin cytoskeleton to
generate a protrusive leading edge and a contractile uropod
(Nourshargh and Alon, 2014). Chemokine receptors concentrate
at the leading edge, which facilitates detection of the chemo-
tactic gradient formed in vivo by glycosaminoglycan-associated
chemokine oligomers (Hoogewerf et al., 1997). We hypothesize
that the increase in local chemokine concentration determines
receptor nanoclustering and direction of cell movement. Recep-
tor nanoclustering also allows the cell to localize its signaling ma-
chinery where needed to translate gradient sensing into cell
movement.

Evidence shows that the actin cytoskeleton has key role in
regulating membrane diffusion, protein compartmentalization
and clustering, and in control of receptor signaling (Mattila
et al., 2016). Our data suggest that the actin cytoskeleton is
essential for ligand-mediated CXCR4 nanoclustering, needed
to activate specific signaling pathways. A connection is reported
between CXCR4 and actin through filamin A, drebrin, or moesin
(Barrero-Villar et al., 2009; Gémez-Moutén et al., 2015; Moon
et al.,, 2013). The precisely coordinated relationship between
chemokines and the actin cytoskeleton promotes integrin activa-
tion (Smith et al., 2005), among other effects. In LatA-treated
cells, we found reduced CXCL12-mediated adhesiveness to
ICAM-1, which correlated with a smaller cell contact area with
substrate. These findings indicate a central role for CXCL12-
mediated effects on actin polymerization in receptor nanoclus-
tering and in chemokine-mediated integrin activation. Some re-
ports show that chemokines transiently restrict integrin lateral
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mobility in T cells, and that this immobilization correlates with in-
tegrin activation and cell adhesion (Sosa-Costa et al., 2016). Our
T cells that expressed the nanoclustering-deficient CXCR4
mutant did not adhere to a lipid bilayer with embedded ICAM1/
CXCL12, which indicates the need for receptor nanoclustering
to trigger integrin activation. The connection between receptor
nanoclusters and the actin cytoskeleton at the cell leading
edge thus facilitates integrin activation and modulation of
T lymphocyte motility.

Ligand binding to GPCR induces changes in receptor confor-
mation that translate to downstream effector activation (Ber-
chiche et al., 2007). After ligand binding, G proteins associate
GPCR (Ritter and Hall, 2009). Our data nonetheless showed
constitutive association between CXCR4 and Ga;, with
CXCL12 promoting a conformational change in the CXCR4/Ga;
complex compatible with signaling activation. BRET data also
indicated constitutive association between Ga; and the mutant
CXCR4. Although this receptor might be a conformational
change-defective mutant, it is more likely that CXCL12 triggered
a conformational change in CXCR4mut distinct from that
induced in CXCR4wt, since CXCR4mut triggered some Ca?*
flux and was internalized after ligand activation. Specific
ligand-mediated conformational changes in the receptor, which
promote larger nanoclustering, might be necessary to recruit and
activate the signaling molecules and would explain the lack of
CXCR4mut function. This observation coincides with a recent
model of separate signaling pathways for CCR7 oligomers
(Hauser et al., 2016); G protein activation through the chemokine
receptors seems insufficient for a complete response. We hy-
pothesize a double conformational change in CXCR4 to trigger
full function, one induced by ligand binding, sufficient to promote
some Ca?* flux and actin polymerization, and the other associ-
ated with nanoclustering and activation of the full set of signaling
pathways needed for cell migration. A similar double conforma-
tional change in the receptor was used to explain JAK/STAT acti-
vation by IFN-v, one triggered by ligand binding and the other by
JAK activation (Blouin et al., 2016).

GPCR oligomerization is involved in ligand-mediated signaling,
in protein trafficking to the cell membrane, and in internalization
(Milligan, 2004). Our triple mutant CXCR4, which dimerizes but
does not form large nanoclusters, is expressed at the cell mem-
brane and is internalized similarly to the WT receptor. These
data coincide with the model that chemokine receptors are deliv-
ered to the cell surface as dimers (Milligan, 2004) but rule out a
need for clustering before internalization. CXCL12 stimulation
increased the immobile CXCR4 fraction, and we detected
>20% of nanoclusters formed by more than three receptors.
Although we initially considered these nanoclusters as candi-
dates for internalization, this idea was discarded, as the triple
mutant was internalized in the absence of large nanoclusters;
indeed, PitStop2-treated CXCR4wt cells showed similar per-
centages of large nanoclusters. We thus propose that rather
than facilitating receptor internalization, these immobile nano-
clusters allow correct positioning of the cell signaling machinery.

These results, obtained using high spatial resolution analysis
in living cells, indicate that CXCR4 structural motifs are respon-
sible for the basal nanoclustering of the receptor, crucial for
formation of large nanoclusters after CXCL12 activation.



Nanocluster size defines CXCR4 dynamics and thus its ability to
trigger function. As a result, fine-tuning of monomer and dimer
mobility affects CXCL12-dependent CXCR4 nanoclustering,
signaling, and receptor function. We thus identify a synergistic
role between receptor structural motifs and local organizers of
the cell membrane to regulate CXCR4 spatiotemporal organiza-
tion and function. This observation is highlighted by the finding
that CXCR4 2%°TMVI peptides that intercalated between sur-
rounding CXCR4 dimers abolished CXCL12-mediated large
nanoclustering and thus the in vivo functions. These results will
enable development of compounds that disassemble the
CXCR4 molecular nanocluster and thus modulate its functions
in the cell. As the CXCR4/CXCL12 axis is involved in many pa-
thologies, drugs that alter the nanoclustering of this and perhaps
of other chemokine receptors could improve current therapeutic
approaches.
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conjugated
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Synthetic peptides, unlabeled or biotinylated
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Abcam
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Avanti Polar Lipids
Molecular Probes
Thermo Fisher Scientific
Thermo Fisher Scientific
PeproTech

PeproTech

PeproTech

Carrasco et al., 2004
GenScript (Hong Kong)
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Cat# 300-47
N/A
https://www.genscript.com

Critical Commercial Assays

Dynabeads Untouched Human CD4 T cells Kit

Thermo Fisher Scientific (Invitrogen
DYNAL)

Cat# 11346D

Experimental Models: Cell Lines

Human: HEK293T cells
Human: Jurkat cells
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human: Jurkat CD4* cells Dr. J. Alcami (Centro Nacional de N/A
Microbiologia, ISCIII, Madrid, Spain)

Human: HEK293 CD4 (293CD4) cells Dr. G. del Real (Instituto Nacional de N/A

Human: KG1a cells

Human: primary heatlthy donor CD4* T lymphocytes
Mouse: primary neutrophils

Investigacion y Tecnologia Agraria
y Alimentaria, Madrid, Spain)

Dr. J.Teixid6 (Centro Investigaciones
Bioldgicas/CSIC, Madrid, Spain)

This paper
This paper

ATCC: Cat# CCL-246.1

N/A
N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6

Envigo

C57BL/6JJOlaHsd

Oligonucleotides

Primer 5’Hindlll to amplified CXCR4 and cloned into
PECFP-N1, pEYFP-N1 and pAcGFP-N1: ATAAGCT
TATGGAGGGGATCAGTATATACATTC

Primer 3'Agel to amplified CXCR4 and cloned into
pECFP-N1, pEYFP-N1 and pAcGFP-N1: GACCGGTG
GATCCCGTAAGCTGGAGTGAAAACTTGAAG

Primer 5'Xhol to cloned CD4 into pECFP-N1and
PEYFP-N1: TTCTCGAGATGAACCGGGGAGTC
CCT AG

Primer 3’Hindlll to cloned CD4 into pECFP-N1and
PEYFP-N1: AAGCTTTAAAATGGGGCTACATGTCTTCTG

Primer 5’Kpnl to cloned CD86 into pAcCGFP-N1:
AAGGTACCATGGATCCCCAGTGCACTATG

Primer 3’Agel to cloned CD86 into pAcGFP-N1:
ACCGGTTTAAAACATGTATCACTTTTGTGC

Primers to generate the CXCR4 mutant: Fw:GGCG
AAGAAAGCCGCGATGAGGATGGCTGTGGTCT
CGAGGGCCTTGC

Rv:CGCAAGGCCCTCGAGACCACAGCCATCCT
CATCGCGGCTTTCTTCGCC

Primers to clone AcGFP monomeric into pET-22(+):
Fw Ndel: AACATATGGTGAGCAAGGGCGCCG

Rv BamHI: GGATCCGAGCTGCCACGCGGAACCAG
CTTGTACAGCTCATCCATGCC

siRNA CXCR4 specific for the 3'UTR

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Dharmacon

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat# A-005139-14

Recombinant DNA

pPcDNAS.1-Gail

pRluc- Gail
pPcDNA3.1-GB1
pcDNAS.1-Gy2
PAcGFPm-N1 (PT3716-5)
pECFP-N1 (PT3285-5)
pPEYFP-N1 (PT3192-5)
pRLuc-N1

PET-22b(+)
mGluR1a-YFP

5HT,g-YFP

UMR cDNA Resource Center

This paper, based on Ayoub et al., 2007
UMR cDNA Resource Center

UMR cDNA Resource Center

Clontech

Clontech

Clontech

BioSignal Packard

Novagen

Laboratory of Rafael Franco (Universidad
Auténoma de Barcelona, Spain)
Laboratory of Rafael Franco (Universidad
Auténoma de Barcelona, Spain)

IMAGE acc# Al246520 http://www.
cdna.org

N/A
http://www.cdna.org
http://www.cdna.org
Cat# 632469

Cat# 6900-1

Cat# 6006-1

Cat# 6310001

Cat# 69744-3

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms
MATLAB 2013a The MathWorks, Natick, MA http://www.mathworks.com/
U-Track2 software Jagaman et al., 2008 http://www.utsouthwestern.edu/labs/
danuser/software/
Imaris 6.0 software Bitplane http://www.bitplane.com/
Imaged 1.49v ImagedJ https://imagej.nih.gov/ij/index.html
Pymol molecular graphics software Schrédinger https://pymol.org/2/
GraphPad PRISM 5.0 GraphPad Software https://www.graphpad.com/
Others
CM5 sensorchip GE Healthcare BioSciences AB (Uppsala, Cat# BR-1000-12
Sweden)
Ficoll-paque plus GE Healthcare BioSciences AB (Uppsala, Cat# 17-1440-03
Sweden)
Histopaque (density 1.077 mg/ml) Sigma-Aldrich Cat# 10771
Histopaque (density 1.119 mg/ml) Sigma-Aldrich Cat# 11191

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, Mario
Mellado (mmellado@cnb.csic.es).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cells

HEK293T (293T) cells were obtained from the American Type Culture Collection (CRL-11268). HEK293CD4 (293CD4), Jurkat CD4*
and KG1a cells were kindly donated by Drs. G. del Real (Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria,
Madrid, Spain), J. Alcami (Centro Nacional de Microbiologia, Inst Salud Carlos lll, Madrid, Spain) and J. Teixidé (Centro de Investi-
gaciones Bioldgicas, CIB/CSIC, Madrid, Spain), respectively. Jurkat cells were obtained from the American Type Culture Collection
(CRL-10915). When needed, CXCR4-AcGFP (20 ng), CD4-YFP (20 pg) or pEYFP-N1 + pcDNA3.1 (1 pg + 19 pg) were nucleofected
into Jurkat CD4* or Jurkat cells with a BioRad electroporator (20 x 10° cells/400 pL RPMI 1640 with 10% FCS). Cells were analyzed
24 h after transfection. Notation of the Jurkat cell types used in the study is summarized in Table S2. Human primary naive CD4"*
T lymphocytes (T cells) were isolated from buffy coats by centrifugation through Ficoll-paque plus (GE Healthcare) density gradients
(760 xg, 45 min, room temperature (RT)) and negative selection using Dynabeads (Invitrogen Dynal).

Mice

Murine neutrophils were purified from bone marrow cells of 4- to 6-week-old C57BL/6 mice (Envigo) by centrifugation through
Histopaque density gradients (1.077 over 1.119 mg/ml; 940 xg, 30 min, RT, no brake). Mice were handled according to national
and European Union guidelines, and experiments were approved by the Comité Etico de Experimentacion Animal, Centro Nacional
de Biotecnologia and the Regional Government (PROEX 250-16).

METHOD DETAILS

Antibodies

Antibodies used were monoclonal anti-CXCR4 (clone 44717, R&D), -human CXCR4-biotin (12G5, R&D) and -CD4 (OKT-4,
eBioscience); polyclonal donkey anti-mouse IgG(H+L)-AF647-conjugated (Jackson Immunoresearch), polyclonal goat anti-mouse
IgG(H+L)-AF488 (Invitrogen), anti-Geiq (1-20), -phospho-ERK1,2 (sc-7383; both from Santa Cruz Biotechnology), anti-phospho-Akt
(Serd73) and -Akt (#9272; both Cell Signaling Technology). Streptavidin-SPRD was from Beckman Coulter.

Reagents

CXCL12, CCL21 and CXCL13 was obtained from PeproTech. Latrunculin A (LatA) and nocodazole were from Sigma-Aldrich. Brefel-
din A (ab120299), PitStop2 (ab120687) and PitStop2 negative control (ab120688) were from Abcam. Synthetic peptides, unlabeled or
biotinylated, included "®2TMV: NDLWVVV; 22'TMV: IlISKLSH; 23°TMVI: KPTVILILA; 26" TMVI: IDSFILLE and 2°’TMVII: LNPILYA and
were obtained (>95% purity) from GenScript (Hong Kong).
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Fusion proteins and expression vectors
The mGluR1a-YFP and 5HT,g-YFP plasmids were kindly donated by Dr. Rafael Franco (Universidad Auténoma de Barcelona, Spain).

Human CXCR4 receptor was PCR-amplified from pcDNA3.1-CXCR4 using oligonucleotides 5'Hindlll (5’ATAAGCTTATGG
AGGGGATCAGTATATACATTC3') and 3'Agel (5'GACCGGTG GATCCCGTAAGCTGGAGTGAAAACTTGAAG3S') cloned into
pECFP-N1, pEYFP-N1, pAcGFPm-N1 (Clontech Laboratories).

Human CD4 was cloned by PCR from T lymphocytes using the oligonucleotides 5Xhol (5'TTCTCG AGATGAACCGGGG
AGTCCCTTTTAG3') and 3’Hindlll (5’AAGCTTTAAAATGGGGCTACAT GTCTTCTGS') and cloned into pECFP-N1 and pEYFP-N1.

Human CD86 was cloned by PCR from Raji cells using oligonucleotides 5'Kpnl (5 AAGGTACCAT GGATCCCCAGTGCACTATGI')
and 3'Agel (5’'ACCGGTTTAAAACATGTATCACTTTT GTGC3’) and cloned into pAcGFP-N1.

The Goyq protein-RLuc construct was obtained as described (Ayoub et al., 2007). Briefly, we inserted an EcoRlI site between po-
sitions encoding 193 and D94 using pcDNA3.1-Ga,;; as template (UMR cDNA Resource Center, University of Missouri-Rolla, MO);
using the EcoRl site, we then inserted the Renilla luciferase coding region. pcDNA3.1-GB1 and pcDNA3.1-Gy2 were from the
cDNA Resource Center (http://www.cdna.org/, Bloomberg, PA).

The CXCR4 mutant (CXCR4mut) was generated by PCR using full-length CXCR4-CFP, CXCR4-YFP or CXCR4-AcGFP as tem-
plate, the QuickChange Site-Directed Mutagenesis (Stratagene), with the following specific primers: Fw 5 GGCGAAGAAAGCCGC
GATGAGGATGGCTGTGGTCTCG AGGGCCTTGCG 3’ and Rv 5 CGCAAGGCCCTCGAGACCACAGCCATCCTCATCGCGGCTTT
CTTCGCC 3.

To downregulate endogenous CXCR4 expression, Jurkat and Jurkat CD4* cells were electroporated with siRNA CXCR4 specific
for the 3' UTR (1 uM, A-005139-14, Dharmacon; JK™ and JK'CD4, respectively); flow cytometry was used to test for CXCR4 at
different times, using specific antibodies.

Production of monomeric AcGFP protein

The AcGFP monomeric protein was cloned using the pAcGFP-N1 vector (Clontech) as template with the primers 5'Ndel
(5’AACATATGGTGAGCAAGGGCGCCGY) and 3'BamHl (5GGATCCGAG CTGCCACGCGGAACCAGCTTGTACAGCTCATCC
ATGCCZ3’), and then cloned into pET-22 (+) (Novagen). We also included a thrombin sequence and 6His before the stop codon.
We then transformed BL21 bacteria and confirmed AcGFP protein production. The colony with the highest AcGFP protein levels
was cultured in LB medium plus ampicillin (100 pg/ml; ON, 37°C with continuous rocking at 200 rpm). In optimal growth conditions,
IPTG (0.1 mM) was added to induce protein expression (4 h). The pellet was collected by centrifugation (4,300 xg, 30 min, 4°C) and
lysed with 5 mL lysis buffer (50 mM NaH,PO,4, 300 nM NaCl, 2 mM imidazole pH 8.0) plus protease inhibitors. After three freeze-thaw
and sonication cycles, extracts were centrifuged (23,000 xg, 30 min, 4°C), the supernatant diluted to 50 mL with lysis buffer, and
filtered (0.45 um). AcGFP protein was purified first on a cobalt column (Talon affinity resin, Clontech) followed by a molecular exclu-
sion analytical column (S200). Fractions were analyzed in 12% SDS-PAGE in reducing and non-reducing conditions. Pure mono-
meric AcGFP was aliquoted and stored at —20°C.

FRET experiments
FRET saturation curves by sensitized emission
We transiently transfected 293T or 293CD4 cells (3 x 10° cells/well) with cDNA encoding the fusion proteins using the poly-ethyle-
nimine method (Sigma-Aldrich). For CXCR4 homodimers we used a constant amount of CXCR4wt-CFP (2 pg) and increasing
amounts of CXCR4wt-YFP (0.25-4.25 pg) (Figures 3A and 6G), or CXCR4mut-CFP (2 nug) and increasing amounts of CXCR4mut-
YFP (0.25-4.25 pg) (Figure 6G). As control we used a constant amount of CXCR4-CFP (2 ng) and increasing amounts of mGIuR1-
a-YFP (0.5-5.5 ug; Figure 3A). For CD4/CXCR4 heterodimers, we cotransfected 293T cells (3 x 10° cells/well) with a constant amount
of CD4-CFP (2 ng) or CXCR4-CFP (1 ng) and increasing amounts of CXCR4-YFP (0.5-4.0 pg) or CD4-YFP (0.25-4.5 ng), respectively
(Figures S3A and S3B). As control we used constant amount of CD4-CFP (1 pg) and increasing amounts of 5HT,g-YFP (1.0-15.0 png;
Figure S3A). We incubated cells with cDNA and poly-ethylenimine (5.47 mM in nitrogen residues) and 150 mM NaCl in serum-free
medium, which was replaced after 4 h by complete medium. At 48 h posttransfection, cells were washed twice in HBSS supple-
mented with 0.1% glucose and resuspended in the same solution. Total protein concentration was determined for whole cells using
a Bradford assay kit (Bio-Rad). Cell suspensions (20 ug protein in 100 pl) were pipetted into black 96-well microplates and emission
light was quantified using the Wallac Envision 2104 Multilabel Reader (PerkinElmer) equipped with a high-energy xenon flash lamp
(donor: receptor fused to C-CFP, 8 nm bandwidth excitation filter at 405 nm; and the acceptor: receptor fused to -YFP, 10 nm band-
width excitation filter at 510 nm). Gain settings were identical for all experiments to maintain a constant relative contribution of fluo-
rophores to the detection channels for spectral imaging and linear unmixing. To determine the spectral signature, 293T cells were
transiently transfected with the receptor fused to CFP or YFP. The contribution of CFP and YFP alone was measured in each detec-
tion channel, and normalized to the sum of the signal obtained for both channels (Zimmermann et al., 2002). The spectral signatures
of CFP- or YFP-fused CXCR4wt or mutant, -CD4, —5HT,g and -mGluR1a did not vary significantly (p > 0.05) from the signatures
determined for each fluorescent protein alone. For FRET quantitation in saturation curves and protein-YFP expression quantitation,
the spectral signature was taken into consideration for linear unmixing to separate the two emission spectra.

To determine the fluorescence emitted by each fluorophore in FRET experiments, we applied the following formulas: CFP =
S/(1+1/R)and YFP = S/1+R, where S = ChCFP + ChYFP, R = (YFP530Q = YFP510)/(CFP510 — CFP530Q) and Q = ChCFP/ChYFP. ChCFP
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and ChYFP represent the signal in the 510 nm and 530 nm detection channels (Ch); CFPso, CFPs30, YFPs30 and YFP51q represent the
normalized contributions of CFP and YFP to channels 510-530, as determined from spectral signatures of the fluorescent proteins.

FRETsp and FRET ax Values were obtained by extrapolating data using a non-linear regression equation applied to a single binding
site model with a 95% confidence interval (GraphPad PRISM 5.0). We analyze the FRETsg and FRET o« values in those FRET satu-
ration curves that are equal. We generated specific software in MATLAB (The MathWorks, Natick, MA) to analyze whether n FRET
saturation curves (n > 3) are equal (accept Ho) or are different (reject Hp) using different statistical tests (F test, Bootstrap and
AlCc; (Baillo et al., 2013).

We also used 293T or 293CD4 (9 x 10°) cells cotransfected at a fixed CXCR4-YFP/CXCR4-CFP ratio (15 and 9 pg, respectively) to
evaluate the effect of CD4 co-expression on CXCR4 homodimerization (Figure 3B), and 293T (9 x 10°) cells cotransfected at a fixed
CXCR4-YFP/CXCR4-CFP ratio (15 and 9 ng, respectively) to evaluate the effect of the treatment with LatA (1 uM, 15 min, 37°C) or
ethanol (control) before CXCL12 activation (100 nM, 15 min, 37°C in continuous rocking; Figure 4A). Where indicated, cells were pre-
treated with transmembrane peptides ('**TMIV and 23*TMVI, 50 pg/ml, 30 min, 37°C) or DMSO (diluent, control) before CXCL12 acti-
vation as above (Figure 6C).

FRET by acceptor photobleaching

FRET was measured by photobleaching in 293T cells transiently cotransfected with CXCR4-CFP (0.3 ng)/CD4-YFP (0.75 png),
CXCR4-CFP (0.2 ng)/mGluR1a-YFP (0.8 ng), and CD4-CFP (0.4 1g)/CXCR4-YFP (0.6 ng), CD4-CFP (0.2 ng)/5HT,5-YFP (0.8 ng) con-
structs; concentrations were chosen to assure a YFP:CFP ratio in which receptor pairs reach the maximum FRET efficiency in each
case. Cells (3.5 x 10* cells/well) were cultured in coverslip chambers (Nunc, Roskilde, Denmark) precoated with fibronectin
(10 pg/ml, 60 min, 37°C) and imaged on an Olympus confocal microscope 48 h after cDNA transfection. In a typical FRET experiment,
an image of the cell region of interest was taken using standard spectroscopic settings. CFP and YFP were excited with separate
sweeps of the 405- and 515-nm lines, respectively, of a laser diode (25 mW at 7%) and a three-line argon laser (45 mW maximum
output, 7%-10%), respectively, and directed to the cell via a 405-440/515-nm dual dichroic mirror. Emitted fluorescence was split
via a short-pass dichroic mirror 510-nm dichroic mirror for CFP, and directed to a spectral detector adjusted to a 460- to 500-nm
range. For YFP, fluorescence was directed to a spectral detector adjusted to a 530- to 570-nm range. Confocal fluorescence intensity
data (ICFPpre, IYFPpre) were recorded, with a pinhole of 100, as the average of four line scans per pixel and digitized at 12 bits.
Repeated scans with 515 nm maximum light intensity were used to photobleach YFP, which required 5 s at maximal scan rates
and maximum pinhole aperture. After YFP bleaching, fluorescence intensity (ICFPpost, [YFP- post) was measured using identical
parameters. FRET efficiency was determined on a pixel-by-pixel basis (E) and calculated in percentage as E = [(ICFPpost -
ICFPpre)/ICFPpost] x 100, where ICFPpre and ICFPpost are the background-corrected CFP fluorescence intensities before and after
YFP photobleaching, respectively, using Imaged 1.40 g software (National Institutes of Health). As a negative control, FRET was
determined in 293T cells transiently transfected with CXCR4-CFP or CD4-CFP alone (this FRET efficiency was substracted at
each FRET efficiency value analyzed by the heterodimer CXCR4/CD4 and CD4/CXCR4, respectively). We also analyzed FRET effi-
ciency for controls, CXCR4-CFP/mGIuR1a-YFP or CD4-CFP/5HT,5-YFP (Figure S3D). FRET efficiency was calculated from > 20
images for each of three independent-experiments.

BRET

293T (6 x 10°) cells were transiently cotransfected with a constant amount of cDNA encoding Ga;q-Rluc (0.5 ng), pcDNA3.1-GpB +
pcDNA3.1-Gy. (0.5 ng, 1:1 ratio) and increasing amounts of cDNA for X4wt-YFP or X4mut-YFP (0.15 - 3.5 pg). As control of interac-
tion specificity we transiently cotransfected 293T cells with constant amount of Ga.1-Rluc (0.5 png), pcDNA3.1-GB4 + pcDNAS3.1-Gy»
(0.5 pg, 1:1 ratio) and increasing amounts of 5HT,g-YFP (0.15 — 8.0 nug). The 5HT,g receptor is a GPCR coupled to Gqgq4 protein
(McCorvy and Roth, 2015). Fluorescent proteins were quantified using the Wallac Envision 2104 Multilabel Reader (PerkinElmer)
equipped with a high-energy xenon flash lamp (10 nm bandwidth excitation filter at 510 nm) as described, using coelenterazine
H (5 uM, 1 min, RT) (Martinez-Munoz et al., 2014). Ga;1-Rluc luminescence signals were acquired 10 min after coelenterazine H addi-
tion. BRET efficiency (BRET.y) is defined as [(long wavelength emission)/ (short wavelength emission)]-Cf, where Cf is [(long wave-
length emission)/(short wavelength emission)] for the Rluc construct expressed alone in the same experiment. BRET signal is ex-
pressed as mili-BRET units (mBU). In each BRET titration curve, the relative amount of acceptor is given by the ratio between
acceptor fluorescence (YFP) and donor luciferase activity (Rluc) (Figures S5C-S5F).

For BRET at a fixed ratio, 293T or 293CD4 cells (9 x 106 were cotransfected with Goys-Rluc (3 pug), pcDNA3.1-GB; + pcDNA3.1-
G2 (3.0 ng, 1:1 ratio) and X4wt-YFP or X4mut-YFP (15 pg). At 48 h post-transfection, cells were detached with HBSS + 0.1% glucose
(87°C) and distributed in a 96-well microplate (0.3 ug/ul, 90 pl). Coelenterazine H was added (5 uM final concentration, 100 pl/well)
and readings started by adding CXCL12 to the cells (determinations were obtained at 0.05 s intervals until 0.5 s) using the Wallac
Envision 2104 Multilabel Reader equipped with an automatic injector. When needed, cells were pretreated with LatA (1 uM,
15 min, 37°C) before CXCL12 stimulation (100 nM). BRET signal was expressed in BRET units (BU) at the ratio described above.

Sample preparation for STED imaging

Jurkat CD4* cells and human naive CD4" T lymphocytes (T cells) (7.5 x 10%/well) were plated on slides (1.5H; MatTek) coated with
fibronectin (10 ug/ml, 1 h, 37°C), then stimulated with CXCL12 (100 nM, 5 min, 37°C, 5% CO.,). Cells were fixed with 4% PFA (10 min,
RT) and non-specific binding was blocked with PBS containing 1% BSA, 0.1% goat serum and 50 mM NaCl (30 min, 37°C). Cells
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were stained with anti-CXCR4 mAb (clone 44717, 10 pg/ml to ensure saturating conditions, 30 min, RT), followed by AF488-goat anti-
mouse IgG(H+L) (10 pg/ml to ensure saturation conditions, 30 min, RT). Slides were mounted with Prolong Antifade medium
(ThermoFisher). As control, we confirmed anti-CXCR4 mAb (clone 44717) specificity on Jurkat CD4* KO cells by STED (stimulated
emission depletion) and detected no fluorescence (not shown).

STED imaging

STED super-resolution images of Jurkat CD4* and T cells were acquired with a confocal microscope (Leica TCS SP8, Leica Micro-
systems) equipped with an oil immersion objective (HCX PL APO CS x100, Leica) with a 1.4 numerical aperture. Samples were
excited with a WLL2 laser at 47.9% power (2.2 uW), and fluorescence detected in the 498-560 nm range. STED laser beam intensity
(592 nm) was set to 100% of its power (14 mW); images (1024 x 1024 pixels, 18.94 nm per pixel) were acquired with a line average 2, a
frame accumulation of 8, and a scanning speed of 200 Hz. In these conditions, no significant fluorescence photobleaching was
observed.

STED image analysis

Super-resolution images were analyzed using custom software written in MATLAB that allows automatic detection of fluorescent
spots and their fit to a point spread function (PSF) profile, thus providing intensity and centroid position of each spot. Details of
the image analysis procedure were as follows. First, the PSF profile and its full-width-at-half-maximum (FWHM) were determined
based on calculation of autocorrelation of STED images for fluorescent markers (the same labeled antibodies used for cell imaging)
sparsely absorbed on glass coverslips (Veatch et al., 2012). In these sparse conditions, we guaranteed that we were observing in-
dividual labeled antibodies and thus the FWHM of individual spots on glass reflects the effective STED resolution. In our experimental
conditions the optical resolution resulted ~60 nm. The autocorrelation curves were fitted according to a Gaussian and a Lorentz PSF
profile, as expected for STED imaging. The model providing the best fit based on %2 calculation and the corresponding FWHM were
used for further analysis. STED images on cells were analyzed by a previously reported algorithm to detect the coordinates of the
centroid positions of local maxima corresponding to bright fluorescence spots. The centroid positions of the spots were convoluted
with the PSF kernel, and a least-squares fitting routine was used to determine the intensity of each spot.

To estimate the stoichiometry of the fluorescence spots we compared results of the fitting analysis of sparse fluorescent spots from
non-specific antibody binding to glass coverslips to that of markers labeling receptors on cell membranes, obtained under identical
experimental conditions (Torreno-Pina et al., 2016; van Zanten et al., 2009). Compared to spots on glass, intensity histograms for
spots retrieved on cells generally showed broader distribution and greater intensity, indicative of receptor nanoclustering. To use
the intensities / to estimate the number of receptors in the spots, we fitted their histogram to a model distribution gn(/) composed
of a linear combination of functions

an(l)= Zan'fn(l)v
n=1

where f, represents the distribution intensity for a spot containing n receptors, «, is the relative weight of this distribution so that
Z,’:’ﬂ ap = 1, and N is the maximum number of receptors (Moertelmaier et al., 2005). We considered that the distribution of intensity
for a spot containing n receptors could be obtained recursively as

fn :fn—1 ®f1

where ® represents the convolution (Moertelmaier et al., 2005; Schmidt et al., 1996; Torreno-Pina et al., 2016; Zanacchi et al., 2017).
To model our data, we used a lognormal distribution for f4:
£l 1 (in I-p)?
=@ 262

0= Vomai
as it provided the best data fit among several distributions tested. In addition, the lognormal distribution is a close approximation of
the expected theoretical distribution for the intensity corresponding to the detection of a fluorescent emitter (Moertelmaier et al.,
2005; Schmidt et al., 1996; Zanacchi et al., 2017). The intensity value is given by the product of an exponential distribution (represent-
ing the expected probability for the intensity) with a sigmoid response function (describing the limited detection rate for emitters with
low intensity and/or signal-to-noise ratio). The distribution of intensity detected for spots on glass was used as a calibration standard
to estimate the parameters u (mean) and ¢ (standard deviation) of the lognormal distribution, through its fit to a linear combination of
N = 2 functions. These parameters were used to fit the intensity distribution of spots in cell membranes, from which values for o, were
obtained.

Sample preparation for SPT

Jurkat or Jurkat CD4* cells were electroporated with CXCR4-AcGFP (JK or JKCD4, respectively). SPT (single-particle tracking)
experiments require low expressing conditions in order to follow individual trajectories (Manzo and Garcia-Parajo, 2015). Thus, at
24 h post-transfection, cells expressing low CXCR4-AcGFP* levels were selected by sorting in a MoFlo Astrios Cell Sorter
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(Beckman-Coulter). Using a Dako Qifikit; (DakoCytomation), we quantified the number of CXCR4 receptors and found ~8,500 —
22,000 CXCR4-AcGFP receptors/cell, that correspond to a particle density ~2 - 4.5 particles/um?. These cells were resuspended
in RPMI supplemented with 2% FBS, NaPyr and L-glutamine and plated on p96 well plates for at least 2 h in culture. Cells were centri-
fuged and resuspended in a buffer with HBSS, 25 mM HEPES, 2% FBS (pH 7.3) and plated on glass-bottomed microwell dishes
(MatTek Corp.) coated with fibronectin (Sigma-Aldrich, 20 pg/ml, 1 h, 37°C). To observe the effect of the ligand, we coated dishes
with CXCL12 (100 nM, 1 h, 37°C); cells were incubated (20 min, 37°C, 5% CO,) before image acquisition.

The study the effect of the actin cytoskeleton, cells were pretreated with LatA (1 uM, 15 min, 37°C). To exclude the possibility of
observing vesicle transport we used nocodazole (1 pg/ml, 15 min, 37°C) to disrupt microtubules, or treated the cells with brefeldin A
(10 pg/ml, 30 min, 37°C) to block intracellular protein transport. Ethanol, DMSO or PBS were the diluents for LatA, nocodazole and
brefeldin, respectively. As cell membrane fluidity could be affected by these diluents (Gurtovenko and Anwar, 2007; Patra et al.,
2006), we included them as controls.

To study the effect of the antagonist CXCR4 peptide, JKCD4 cells were pre-treated with 22'TMV (control peptide) or with 23°TMVI
(125 pg/ml, 30 min, 37°C, 5%C02). As an additional control, JKCD4 cells were also pre-treated with DMSO (peptide diluent).

Jurkat CD4" cells were electroporated with siRNA CXCR4 specific for the 3' UTR (1 uM A-005139-14, JK') or with non-targeting
siRNA (1 uM, siControl; B-001810-10, both from Dharmacon; JK°). CXCR4 expression at the membrane was analyzed by flow cy-
tometry at 24 h post-transfection. When endogenous CXCR4 had been downregulated (> 85%-90%), JK™ cells were electroporated
with CXCR4wt-AcGFP (JK'CD4 wt) or with CXCR4mut-AcGFP (JK"'CD4 mut) and JK°CD4 with CXCR4mut-AcGFFP (JK°CD4 mut)
and sorted 24 h later, as described.

When needed, cells were pre-treated with PitStop2, with PitStop2 negative control (10 min, 37°C, 5% CO,) or with DMSO as a
solvent control and placed on coated dishes. As we studied CXCL12-mediated clustering and not its lateral diffusion, cells were fixed
(PFA 4%, 20 min, RT) prior to TIRF analysis.

Single-particle tracking (SPT) measurement

Experiments were performed using a total internal reflection fluorescence (TIRF) microscope (Leica AM TIRF inverted) equipped with
an EM-CCD camera (Andor DU 885-CS0-#10-VP), a 100x oil-immersion objective (HCX PL APO 100x/1.46 NA) and a 488-nm diode
laser. The microscope was equipped with incubator and temperature control units; experiments were performed at 37°C with 5%
CO.,. To minimize photobleaching effects before image acquisition, cells were located and focused using the bright field, and a
fine focus adjustment in TIRF mode was made at 5% laser power, an intensity insufficient for single-particle detection that ensures
negligible photobleaching. Image sequences of individual particles (500 frames) were acquired at 49% laser power with a frame rate
of 10 Hz (100 ms/frame). The penetration depth of the evanescent field used was 90 nm.

Single particle tracking analysis

Particles were detected and tracked using previously described algorithms (U-Track2; (Jagaman et al., 2008)) implemented in
MATLAB. Briefly, particle subpixel positions and intensities were calculated by detecting significant local intensity maxima
that depends on image contrast and noise in the images. The algorithm fitted a Gaussian mixture model to simultaneously fit
for particles with overlapping signals, enhancing detection accuracy and resolution. Particles were tracked using a two-step par-
ticle tracking algorithm to generate complete trajectories by closing gaps and by capturing merging and splitting events. First,
the algorithm linked particles between consecutive frames to generate tracks that started and ended, due to true particles that
appear and disappear as well as particles that disappear temporarily due to merging and splitting. The algorithm then generated
complete particle trajectories by linking the track segment in three ways: end-to-start, to close gaps resulting from temporary
particle disappearance; end-to-middle, to capture particle merging events; and middle-to-start, to capture particle splitting
events. For each step and each particle, a cost is assigned to every potential event (e.g., particle blinking, merging, splitting,
appearing, or disappearing) and the solution that minimizes the sum of the costs is selected. This allowed us to track a particle
beyond a blinking event. Only tracks longer than 20 frames were used for further analysis; particles that merged or splitted and
those located out of the cell body (filopodia) were excluded. Short tracks caused by noise from blinking events were discarded.
All movies were analyzed using the same tracking parameters. To further ensure faithful reconstruction of each trajectory, we
implemented a separate window that allowed for visual supervision. Individual trajectories were used to generate mean-
square-displacement (MSD) plots. The MSD of each trajectory was calculated according to the following equation (Simson
et al., 1995):

1 N—n-1

MSD(n.At) = —— > [X(jiat+nat) — x (AL + [y (At +nAt) — y (At
j=1

where At is the time increment, N is the total number of frames of the trajectory, n the time lag index, and [x(jAt + nAt) — x(jAt)] and
ly(jat + nAt) — y(jAt)], particle displacement after time t = nAt along the x and y axes, respectively. Short-time lag diffusion coeffi-
cients were extracted from a linear fit to the first through fourth point of the MSD curve using the following equation:

MSD = 4D1 ,4t + Ao
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where D4 _4 is the short-time lag diffusion coefficient and Ag is the MSD offset at zero timelag. Distribution of D1_4, from which median
diffusion coefficients were calculated, typically resulted from the analysis of thousands of single trajectories over multiple cells (sta-
tistics provided in the respective figure captions).

Minimum detectable diffusion coefficient

To determine the minimum detectable diffusion coefficient in our experimental conditions, we used both, purified AcGFP monomeric
proteins immobilized on glass coverslips and fixed Jurkat CD4* cells electroporated with CXCR4-AcGFP (JKCD4). Cells were seeded
onto glass coverslips (30 min) and fixed with 4% PFA (20 min). As 95% of the immobile AcGFP monomeric protein or fixed JKCD4
cells showed a diffusion coefficient < 0.0015 um2.3'1, this value was set as the threshold to discriminate between immobile and mo-
bile trajectories.

Trajectory analysis
The MSD plots shown in Figure 1E were fitted according to a general anomalous diffusion model represented by the power law
(Manzo and Garcia-Parajo, 2015):

MSD =MSD, + 4Dt¢

where « is the anomalous exponent and MSD,, a constant offset. The value of the exponent « was used to determine whether particle
motion was considered confined (0 <« <0.6), Brownian (0.9 <a<1.1), or directed (a>1.1). Moreover, in the case of confined mo-
tion, we determined the confinement size L, using the relation (Destainville and Salomé, 2006):

L=+/3(<r?>> +MSD,)

To classify the type of motion exhibited by individual trajectories, we used the moment scaling spectrum (MSS) (Ewers et al., 2005).
According to this analysis, trajectories longer than 50 frames could be classified as confined, Brownian or directed, depending on the
value of their first moment. For each experimental trajectory, we generated a distribution of moments based on 500 simulated tra-
jectories with Brownian motion, having the same diffusion coefficient and length as the trajectory analyzed. Trajectories with a first
moment between 2.5% and 97.5% of the distribution obtained from simulations were considered Brownian. In contrast, trajectories
whose first moment value was below 2.5% (above 97.5%) of the distribution obtained from simulations were classified as confined
(directed).

Particle stoichiometry determination

To determine the number of receptors per particle from the intensity information contained in the SPT trajectories, we developed
additional MATLAB routines. For each particle detected, we measured the intensity of pixels around the particle (in a 3x3 pixel matrix
whose central position is given by the coordinates x,y obtained by U-Track2), in each frame along its trajectory. We also estimated the
particle background (Kg) for each frame. K for each frame was calculated by locating the cell in the video and analyzing the intensities
of the cell background in each frame. Ky was chosen as the gray value at a given quantile of this distribution (80%). The intensity value
for each particle is then given by the difference between particle intensity and the background in each frame. To minimize photon
fluctuations within a given frame, we as particle intensity the average value (background subtracted) obtained over the first 20 frames.
To ensure that within this range of frames we did not have photobleaching events that would affect the quantitation of the data, we
measured the photobleaching times (s) from individual CD86-AcGFP (electroporated on Jurkat CD4* cells, (Dorsch et al., 2009)) par-
ticles that exclusively showed a single photobleaching step. Fitting of the distribution to a single exponential decay renders a 1o value
of ~5 s, which corresponds to 50 frames (100 ms/frame).

The total number of receptors/particles was finally estimated by dividing the average particle intensity by the particle intensity
arising from individual AcGFP molecules. To unequivocally identify the intensity emitted by an individual AcGFP, we used as calibra-
tion Jurkat CD4* cells electroporated with the monomeric CD86-AcGFP. We performed SPT experiments on CD86-AcGFP and
analyzed the data in similar way as described above. Distribution of monomeric particle intensities was analyzed by Gaussian fitting
rendering a mean value of 1336 + 156 a.u. This value was then used as the monomer reference to estimate CXCR4-AcGFP particle
size (see Figures S1D-S1F).

As we were interested in comparative analysis of distinct experimental conditions, TIRF data are shown as cumulative data. In such
conditions, we cannot include SD values for most of the determinations. All TIRF experiments were repeated independently at least
three times, with a minimum of 8-25 cells in each experiment. Statistics for each experimental condition are provided in the corre-
sponding figure captions.

Modeling of oligomeric CXCR4

We used the crystal structures for CXCR4 published by Wu and collaborators (Wu et al., 2010) to select peptide candidates. We used
the coordinates for the crystal structures described (PDB codes: 30DU, 30OEOQO, 30ES8, 30E9, 30ES6) as templates to evaluate poten-
tial surfaces involved in CXCR4 oligomer formation. These coordinates were loaded into PyMOL molecular graphics software and
symmetry-related molecules were generated to study crystal packing in the structure. To search for transmembrane (TM) helix
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segments potentially involved in lateral interactions between receptors, we analyzed potential dimer contacts with adjacent dimers,
selected, and synthesized fragments for TM domains 1V, V, VI and VIl to study their effect on receptor oligomerization. Of the initial
20 peptides obtained, some were insoluble and discarded; the remainder were screened in a chemotaxis assay for their ability to
block CXCL12-mediated responses.

Flow cytometry analysis
Cells were plated in V-bottom 96-well plates (2.5 x 10° cells/well) and incubated with specific antibodies (30 min, 4°C), followed by
second antibodies where needed. Cell-bound fluorescence was determined in a Gallios flow cytometer (Beckman Coulter).

To test CXCR4wt or CXCR4mut expression, we used Jurkat CD4" cells with endogenous CXCR4 downregulated using specific
siRNA (Jurkat™ CD4). These cells were electroporated with the CXCR4wt-AcGFP (JK'CD4 wt) or with CXCR4mut-AcGFP (JK'CD4
mut). CXCR4 expression was analyzed 24 hours post-transfection, using anti-CXCR4 (clone 44717) and donkey anti-mouse IgG
(H+L) Alexa Fluor 647 (Figure S6C).

Receptor internalization was determined by flow cytometry on JK'CD4 wt and JK'CD4 mut cells activated at indicated times with
CXCL12 (20 nM). Results are expressed as a percentage of the mean fluorescence intensity of treated cells relative to that of unsti-
mulated cells (Figure S6D).

Calcium determination

Jurkat cells electroporated with CD4-CFP or CFP, Jurkat CD4" cells pre-treated with ethanol (control) or LatA (1 uM, 15 min, 37°C),
KG1a cells (2 x 10° cells/ml) transfected with CXCR4wt-CFP or CXCR4mut-CFP, and primary naive CD4* T lymphocytes were re-
suspended in RPMI with 10% FCS and incubated with Fluo-3AM (Invitrogen, Molecular Probes; 0.28 pg/ul in DMSO, 16 pl/10° cells;
30 min, 37°C). Cells were washed, resuspended in RPMI with 2 mM CaCl,, and maintained at 4°C until activation. Ca?* flux in
response to different concentrations of CXCL12 (10-50 nM, 37°C) was measured at 525 nm in an EPICS XL flow cytometer (Beckman
Coulter). Data, analyzed using FlowdJo 8.2 (Intel), are expressed as a percentage of the maximum signal (100%).

Transwell migration assay

Cells (3 x 10° cells in 0.1 ml) were placed in the upper well of uncoated 24-well transmigration chambers (3 pm pore; Transwell,
Costar, Cambridge, MA). CXCL12 (20 nM) in 0.6 mL RPMI with 0.1% BSA and 10 mM HEPES were added to the lower well. Plates
were incubated (180 min, 37°C, 5% CO,) and cells that migrated to the lower chamber were counted by flow cytometry, corrected for
variations in input concentration and expressed as a percentage of cell migration. To determine the effect of CD4 co-expression,
Jurkat cells were electroporated with CD4-YPF or with the empty vector YFP and 24 h post-transfection migration was assessed
as above. To evaluate the specificity of TM-peptide treatment, KG1a cells were electroporated with CXCR4-YFP, with CXCR5-
YFP, or with CCR7-YFP. At 24 h post-transfection, cells were pretreated (30 min, 37°C, 5% CO,) with DMSO (control), 22'"TMV or
239TMVI peptides (50 png/ml), and placed in the upper well of uncoated 24-well transmigration chambers as above. As chemoattrac-
tants, we used CXCL12 (20 nM), CXCL13 (100 nM) or CCL21 (100 nM), as appropriate. When needed, neutrophils purified from bone
marrow cells of C57/BL6 mice were pre-treated with DMSO (control), 22'"TMV or 22*TMVI peptides (125 ng/ml) or pertussis toxin (PTx;
0.2 pg/ml, 1 h, 37°C, 5% CO,) before assessment in cell migration assays.

Cell adhesion on planar lipid bilayers

Planar lipid bilayers were prepared as described (Carrasco et al., 2004). Briefly, unlabeled GPI-linked ICAM-1 liposomes were mixed
with 1,2-dioleoyl-PC. Membranes were assembled in FCS2 chambers (Bioptechs), blocked with PBS with 2% FCS (1 h, RT) and
coated with CXCL12 (200 nM, 30 min, RT). Cells (3 x 10%cells/ml) in PBS containing 0.5% FCS, 0.5 g/L D-glucose, 2 mM MgCl,,
and 0.5 mM CaCl, were injected into the pre-warmed chamber (37°C) and confocal fluorescence, differential interference contrast
(DIC), and interference reflection microscopy (IRM) images were acquired in a Zeiss Axiovert LSM 510-META inverted microscope
with a 40x oil-immersion objective. Images were analyzed using Imaris 6.0 software (Bitplane) and ImageJ 1.49v.

Western blot and co-immunoprecipitation

CXCR4wt-AcGFP- or CXCR4mut-AcGFP-electroporated KG1a cells (20 x 10°) were activated with CXCL12 (20 nM) at indicated
times. Cells were lysed in detergent buffer (20 mM triethanolamine, 1% digitionin, 1 mM PMSF, 10 ng/ml aprotinin, 10 pg/ml leupep-
tin, 10 uM sodium orthovanadate; 30 min, 4°C). Cell extracts immunoprecipitated with anti-GFP mAb (JL-8, Clontech) followed by
anti-mouse |gG agarose protein and analyzed by western blot using specific antibodies (Ga;; pERK1,2; pAkt; Akt). Densitometry an-
alyses were performed using ImageJ 1.49v and expressed as x-fold increase versus unstimulated cells.

Biacore kinetics to measure Kp

For CXCL12 binding analysis, we prepared and characterized lentiviral particles (LVP) bearing CXCR4wt or CXCR4mut as described
(Vega et al., 2011). Surface plasmon resonance (SPR) experiments were performed on a Biacore 3000 (GE Healthcare, Pittsburgh,
PA, USA). Flow cells of a CM5 sensorchip were functionalized with 8000-8500 resonance units of LVP (Vega et al., 2011). CXCL12
(12.5-200 nM) diluted in HBS buffer (100 uM HEPES, 150 mM NaCl, 0.005% polyoxyethylene sorbitan P20, pH 7.4) were injected over
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immobilized LVP (30 pl/min, 2 min, 25°C; association phase), followed by a 4-min injection period of HBS buffer alone over the surface
(dissociation phase). Sensorgrams were corrected for signals obtained in reference flow channels (sensorchips with immobilized LVP
obtained from CXCR4-negative 293T cells or no LVP). For regeneration, sensorchips were washed with 5 mM HCI. All steps were
performed using system robotics. Sensorgrams, recorded in real time and expressed in relative units, were used to calculate (simple
1-site interaction model with Biaevaluation 4.1 software; Biacore) kinetic parameters (Kp, affinity constant).

Adoptive transfer experiments

For assays to measure in vivo neutrophil clearance to bone marrow, neutrophils from donor C57BL/6 mice (4-6 weeks) were isolated
as above and labeled with CellTracker Green (CMFDA, 0.1 uM, 30 min, 37°C, 5% CO,), and pre-treated (2 x 10° cells/ml) with DMSO
(control), 22'TMV or 23°TMVI peptides (125 pg/ml), or PTx (0.2 pg/ml; 1 h, 37°C, 5% CO,). Neutrophils were resuspended in PBS
(10 % 10° cells/ml) and injected i.v. (200 pl/mouse) into the lateral tail vein. After 1 h, bone marrow cells from recipient mice were
harvested. Single cell suspensions were analyzed and CMFDA-positive cells quantified by flow cytometry. Results were expressed
as a percentage of the maximum recovered CMFDA-labeled cells (untreated neutrophils).

QUANTIFICATION AND STATISTICAL ANALYSIS

All results were analyzed using GraphPad PRISM 5.0 (ns, p > 0.05, *p < 0.05, ™ p < 0.001; ** p < 0.0001). A two-tailed Mann-
Whitney nonparametric test was used to analyze diffusion coefficient (D;.4) of single particles (Figure 2A), Ca®* flux data (Figures
5A, 5B, and 7C), BRET ratio (Figures 5C and 7B) and FRET efficiency (Figure 7C) data, cell migration assays (Figures 5D, 6B, and
7E) and the percentage of the cell adhesion on lipid bilayers (Figure 7G).

We used contingency tables to compare two or more groups of categorical variables, such as percentages of mobile or immobile
particles and particles with different types of motion (confined, brownian/free or direct transport), and were compared using a Chi-
square test with a two-tail P value (Figures 2B, 3F, 3H, 4D, 4E, S4E, and S6C).

Comparison of diffusion coefficients (D4_4) of single particles in various conditions (Figures 2F, 3E, 3l, 4C, 4F, 6J, S2B, S2D-S2F,
S3H-S3J, and S4D), intensity distribution of CXCR4 single trajectories in peptides pre-treated JKCD4 cells (Figure 6D), lipid bilayer
data (Figures 5F, 5G, and 51-5J), the migration of mouse neutrophils (Figure 7H) and the adoptively transferred neutrophils experi-
ments (Figure 71) were analyzed to determine significant differences between means using one-way ANOVA followed by Tukey’s mul-
tiple comparison test.
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