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CELL MIGRATION

Atypical CXCL12 signaling enhances neutrophil
migration by modulating nuclear deformability

Bianca Cali’-23*t, Mathieu Deygas®*, Fabio Munari'2, Elisabetta Marcuzzi'-2, Antonino Cassara?,
Lara Toffali®>, Massimo Vetralla®’, Mathilde Bernard3#, Matthieu Piel®>*, Onelia Gagliano®7,
Marta Mastrogiovanni®®, Carlo Laudanna®, Nicola Elvassore®?, Barbara Molon'-25,

Pablo Vargas®*1%#%, Antonella Violal-2*+

To reach inflamed tissues from the circulation, neutrophils must overcome physical constraints imposed by the
tissue architecture, such as the endothelial barrier or the three-dimensional (3D) interstitial space. In these mi-
croenvironments, neutrophils are forced to migrate through spaces smaller than their own diameter. One of the
main challenges for cell passage through narrow gaps is the deformation of the nucleus, the largest and stiffest
organelle in cells. Here, we showed that chemokines, the extracellular signals that guide cell migration in vivo,
modulated nuclear plasticity to support neutrophil migration in restricted microenvironments. Exploiting micro-
fabricated devices, we found that the CXC chemokine CXCL12 enhanced the nuclear pliability of mouse bone
marrow—derived neutrophils to sustain their migration in 3D landscapes. This previously uncharacterized func-
tion of CXCL12 was mediated by the atypical chemokine receptor ACKR3 (also known as CXCR7), required
protein kinase A (PKA) activity, and induced chromatin compaction, which resulted in enhanced cell migration
in 3D. Thus, we propose that chemical cues regulate the nuclear plasticity of migrating leukocytes to optimize
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their motility in restricted microenvironments.

INTRODUCTION

Neutrophils are key players in innate immune responses and
provide potent defense against invading microbes. To reach sites
of injury, circulating leukocytes have to cross the endothelial
barrier and then navigate through interstitial spaces that are
smaller than their own diameter (I). Therefore, the ability of leuko-
cytes to rapidly readapt their shape in response to three-dimension-
al (3D) microenvironments is essential for immune responses,
because increased cell rigidity results in their retention in capillaries
and accumulation in postcapillary venules. The rheological proper-
ties and the topography of both the extracellular space and the cell
itself control the maximal rate at which a cell can change its shape
and transmigrate. Inside the cell, the cytoplasm facilitates cell mi-
gration because it contains the cytoskeletal elements required to
deform the cell body and advance. Conversely, the volume of the
nucleus inversely scales with the ability of a cell to migrate under
confinement (2). Thus, the nucleus represents the main source of
friction opposing cell locomotion in microenvironments with a
high steric hindrance (3).
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Several studies have described mechanical adaptation of the cell
nucleus under 3D physical confinement by exploiting biophysical
approaches, such as micropipette aspiration, atomic force microsco-
py, or substrate strain experiments with mesenchymal stem cells,
cancer cell lines, and neutrophil-like HL-60 cells. The peculiar mul-
tilobular shape of the neutrophil nucleus is not essential for their
rapid passage through micron-scale pores (4). So far, multiple
studies have been performed to investigate the mechanisms of 3D
neutrophil migration (5, 6), and some of them reported the critical
role of nuclear envelope composition in the migration of neutro-
phil-like HL-60 cells (4, 7). However, the contribution of biochem-
ical cues, such as chemokines, which regulate directed cell
migration and positioning in organs, to the modulation of
nuclear mechanical properties during cell migration remains
unexplored.

In the organism, neutrophil homeostasis is maintained by a
finely regulated balance between granulopoiesis, bone marrow
storage and release, intravascular margination, clearance, and de-
struction. One of the main regulators of this process is the CXC che-
mokine CXCL12, which, by engaging its receptor CXCR4,
participates in regulating neutrophil homeostasis (8), transendothe-
lial migration (TEM) from the bone marrow to the bloodstream,
and interstitial migration from the bloodstream toward inflamed
peripheral tissues. CXCL12 inhibition prevents bone marrow neu-
trophil mobilization during polymicrobial sepsis, because CXCR4
and CXCL12 abundance is decreased within the bone marrow but
increased in the peripheral tissues (8). However, the cellular mech-
anisms by which CXCL12 regulates neutrophil recirculation remain
unclear. The aim of our work was to investigate the role of CXCL12
in the modulation of the biomechanical properties of the neutrophil
nucleus and its effect on their migration through physically con-
fined microenvironments.
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RESULTS

CXCL12 enhances nuclear adaptation of mouse neutrophils
to confined environments

Because CXCL12 has a key role in regulating the maturation of neu-
trophils, their release from the bone marrow, and their retention at
inflammatory sites (9), we first assessed the contribution of CXCL12
in modulating the migratory behavior of neutrophils. We purified
primary neutrophils from the bone marrow of healthy wild-type
mice and analyzed their motility in 3D collagen gels with custom-
ized, homemade polydimethylsiloxane (PDMS) chambers as previ-
ously described (10-12). Briefly, neutrophils were seeded in a high-
density collagen gel (4 mg/ml; pore size: 1.173 + 0.1507 um,; fig.
S1A). While the cells were in the gel, they were incubated for 1
hour with CXCL12, which was then removed from the medium.
Neutrophil motility in the collagen gels was then assessed for 4
hours by time-lapse video microscopy in the absence of any external
chemokine gradient (movie S1). Under these conditions, neutro-
phils displayed random motility (Fig. 1A and fig. S1B). Detailed
analysis of cell trajectories provided evidence that cells prestimu-
lated with CXCL12 migrated over longer distances and were faster
compared with unstimulated cells (Fig. 1, A to C). In addition,
CXCL12-prestimulated neutrophils showed increased mean
squared displacement (MSD), a parameter that indicates their en-
hanced capacity to move through their microenvironment
(Fig. 1D). The increased motility stimulated by CXCL12 was sus-
tained for at least 4 hours (fig. S1, B and C). Together, these data
suggest that prestimulation with CXCL12 enhances neutrophil mi-
gration within dense collagen gels.

To further investigate the effect of CXCL12 on 3D neutrophil
morphology, we exploited LifeAct-GFP (green fluorescent
protein) bone marrow neutrophils (13) to visualize how these
cells adapt their bodies to dense collagen matrices (fig. S1D). We
allowed neutrophils to migrate in this 3D scaffold for 2 hours
before they underwent fixation. We next imaged the samples by
confocal microscopy and analyzed both the cell and nuclear sizes
by 3D volume reconstruction (Fig. 1, E to G). Pretreatment with
CXCL12 did not change cell size (Fig. 1G); however, the nuclei of
the prestimulated neutrophils were ~40% smaller in comparison
with those of control cells (Fig. 1G and movies S2 and S3).

To gain further insights into the cytoskeletal rearrangements
stimulated by CXCL12 in restricted microenvironments, we ana-
lyzed LifeAct-GFP neutrophils migrating through custom micro-
fabricated microchannels (3 um wide by 4 pm high) (10, 12).
Within microchannels, cells move in only 1D, facilitating the anal-
ysis of cell trajectories, organelle positioning, and the organization
of the cytoskeleton (14). Despite exhibiting increased migration
speeds (fig. S1E), CXCLI12-prestimulated cells did not show
notable differences in actin organization compared with that in
control cells. The enhanced migration speed stimulated by
CXCL12 was not associated with an obvious accumulation of
actin filaments either around or behind the nuclei (fig. S1, F and
G) as was previously shown (15). However, the nuclei in
CXCLI12-stimulated neutrophils showed lower aspect ratios and
higher circularity compared with those of control cells (fig. S1, H
and I). These findings suggest that CXCL12 prestimulation results
in increased neutrophil migration, which does not relate to substan-
tial changes in cell size or actin cytoskeletal organization but is as-
sociated with increased nuclear deformation.
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To further investigate the consequences of CXCL12-induced
nuclear deformation on cell motility, we took advantage of custom-
ized microfabricated devices to analyze neutrophil migration
through highly constrained microenvironments. For this purpose,
we used straight microchannels (8 um wide by 4 um high)
coupled to 1-um side constrictions (Fig. 1, H and I, and movie
S4) (15). In this system, cells deform and squeeze their nuclei to ef-
ficiently migrate through micrometer-size holes. Our results
showed that CXCL12-prestimulated neutrophils were ~34% faster
than control cells in crossing the constrictions (Fig. 1, H and I), sug-
gesting that CXCL12-induced nuclear pliability could facilitate neu-
trophil migration through highly restricted microenvironments.

On the basis of these results, we focused on alternative method-
ologies to measure the mechanical properties of neutrophil nuclei.
One of these methods involved micropillars, 3D-patterned struc-
tures that may influence the rheological properties of the nuclei of
cancer cells, inducing their deformation (16). Taking advantage of
these tools, we evaluated nuclear deformability upon exposure to
CXCL12 (Fig. 1, ] and K) (17). We seeded primary mouse neutro-
phils that were prestimulated with or without CXCL12 on top of
fibronectin-coated micropillars. After 30 min, the cells were fixed
and analyzed by confocal microscopy to visualize the extent of
nuclear deformation between the micropillars. We observed that
the nuclei of control neutrophils were mostly donut shaped and pri-
marily restrained to the tops of the pillars (Fig. 1, ] and K, and movie
S5). In contrast, CXCL12-prestimulated neutrophils showed more
deformed nuclei that inserted between the pillars, mostly accumu-
lating at the bottom of the 3D pattern (Fig. 1, ] and K, and movie
S5). The increased distribution of the nuclear volume at the bottom
of the micropillars suggests that CXCL12 fosters the deformability
of the cell nuclei (Fig. 1K). Therefore, we hereafter considered the
percentage of nuclear content embedded at the bottom of the pat-
terned substrate to be an index of nuclear deformability (16). We
also observed the same induction of nuclear deformability in
human blood granulocytes exposed to CXCL12 (fig. S2, A to C).
This result indicates that CXCL12 also increased nuclear deform-
ability in human samples. Together, these findings provide evidence
that chemotactic signals contribute to the regulation of the nuclear
plasticity needed to facilitate cell movement under strong physical
constraints.

CXCL12 enhances nuclear deformability by
engaging ACKR3
CXCL12 was initially described to bind to the receptor CXCR4;
however, CXCL12 also binds to the atypical chemokine receptor 3
(ACKR3) (also known as CXCR?7) (18). Dimeric CXCLI12 also binds
to ACKRI in Madin-Darby canine kidney cells and erythrocytes
(19). CXCL12 is constitutively expressed by many endothelial cell
types and promotes the arrest and TEM of leukocytes under phys-
iological shear flow by binding to CXCR4. Note that although
ACKR3 does not stimulate chemotactic responses, its scavenging
activity generates guidance cues for the directional migration of
CXCR4-expressing human endothelial cells and supports
CXCR4-mediated integrin activation in response to CXCL12 (20).
To characterize the signals stimulated by CXCL12 that modulate
the mechanical response of neutrophil nuclei, we first verified the
contribution of CXCR4 to the regulation of nuclear deformability.
Thus, we measured nuclear deformation in micropillars in the pres-
ence of either AMD3100, a small-molecule inhibitor of CXCL12
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Fig. 1. CXCL12 enhances the nuclear adaptation of neutrophils to confining microenvironments. (A and B) Representative trajectories of control (CTR) (A) versus
CXCL12-prestimulated (B) neutrophils migrating through dense rat tail collagen gels (4 mg/ml). t indicates the duration of the trajectories, and d is the average displace-
ment of each dataset. (C and D) Speed (C) and mean squared displacement (MSD) (D) of the cell trajectories shown in (A) and (B). Data are representative of three
independent experiments. In (C), ***P < 0.001 by Mann-Whitney test. (E) 3D rendering of LifeAct-GFP (green) mouse neutrophils migrating in collagen gels. Cells
were labeled with Hoechst (red) and imaged as migrating in the 3D gels. (F and G) Relative cell sizes (F) and nuclear sizes (G) of mouse neutrophils as shown in (E);
n = 80 cells for the CTR and n = 53 cells for the CXCL12 pretreatment. Data are representative of three independent experiments. ***P < 0.001 by Mann-Whitney test. ns,
not significant. (H) Representative images of Hoechst-labeled mouse neutrophils (blue) migrating through a microconstriction (length = 15 pm; width = 1 um). Time is
given as minutes:seconds. Scale bars, 5 um. (I) Quantification of the speed of passage of mouse neutrophils through microconstrictions as shown in (H); n = 58 cells for the
CTR and n =100 cells for CXCL12). Data are representative of three independent experiments. ****P < 0.0001 by Mann-Whitney test. (J) Representative confocal images of
control (CTR) or CXCL12-prestimulated mouse neutrophils seeded on micropillars. Cells were fixed and stained for F-actin (green). Nuclei were counterstained with
Hoechst (blue). Top: neutrophils that were retained on the pillar apex. Bottom: cells that moved down to the substrate base and inserted between the micropillars.
Scale bars, 10 um. (K) Percentage of nuclear distribution along the vertical axis of micropillars as shown in (J). Data are means + SEM of three independent experiments.

***¥P < 0.0001 by Mann-Whitney test.

signaling that prevents chemokine binding to its canonical receptor
CXCR4, or pertussis toxin (PTx), a specific inactivator of Ga;, the G
protein coupled to CXCR4 involved in chemotaxis. Neither
AMD3100 nor PTx significantly inhibited CXCL12-induced
nuclear deformability, suggesting that a CXCR4-independent sig-
naling pathway was responsible for this function (Fig. 2, A and B).

ACKR3 expression in mouse leukocytes is still controversial. Al-
though it is thought that mouse and human leukocytes do not
express ACKR3 (20), several studies provided evidence that
ACKR3 is involved in T cell adhesion (21), B cell retention in the
marginal zone of the spleen (22), and granulocyte accumulation
in the lungs in a mouse model of acute pulmonary inflammation
(23). Note that ACKR3 is involved in the TEM of neutrophils in
mouse models of lung inflammation and in the TEM of cancer

Cali et al., Sci. Signal. 15, eabk2552 (2022) 22 November 2022

cells, two processes for which nuclear deformation is critical (23).
We thus verified the expression of CXCL12 receptors in mouse
bone marrow neutrophils by real-time polymerase chain reaction
(PCR) analysis, and we detected the presence of both Cxcr4 and
Ackr3 mRNAs (fig. S3, A to C). In addition, the amounts of both
Cxcr4 and Ackr3 mRNAs were maintained when the cells were kept
in culture for a few hours (fig. S3, B and C). Furthermore, we ver-
ified cell surface ACKR3 expression by flow cytometry, and we ob-
served that, although only a very small fraction of neutrophils
expressed CXCR7 on their cell surface, 99% of the neutrophils
had detectable intracellular CXCR?7 (fig. S3, D and E). These data
were also confirmed by immunogold labeling and electron micros-
copy analysis of neutrophils isolated from mouse bone marrow
(fig. S3F).
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Fig. 2. ACKR3 engagement modulates nuclear adaptation of mouse neutrophils. (A) Representative confocal images of mouse neutrophils gathered at the bottom of
micropillars under control or CXCL12-prestimulated conditions. Where indicated, cells were preincubated with AMD3100 or pertussis toxin (Ptx). The actin cytoskeleton
was stained with Phalloidin-Alexa488 (green), and nuclei were counterstained with Hoechst (blue). Scale bars, 20 um. (B) Quantification of nuclear deformability (%) from
the experiments shown in (A). At least four stacks per condition were analyzed from three independent experiments. ****P < 0.0001 by Kruskal-Wallis test with Dunn’s
correction for multiple comparisons. (C) Representative confocal images of neutrophils stimulated with CXCL12 or CXCL11_12 that had gathered at the bottom of micro-
pillars. Where indicated, cells were preincubated with CCX771 before being stimulated with chemokine. Scale bars, 20 um. (D) Quantification of nuclear deformability (%)
from the experiments shown in (C). Dimethyl sulfoxide (DMSO) was used as a vehicle control for CCX771. At least four image stacks per condition were analyzed from
three independent experiments. Bars with different symbols are statistically different from each other. P < 0.05 by Kruskal-Wallis test with Dunn’s correction for multiple
comparisons. (E) Maximal projection of confocal images showing neutrophil shape (LifeAct-GFP, green) migrating into TAMRA-labeled 3D rat tail collagen gels (red).
Neutrophils were preincubated with AMD3100 or CCX771 before stimulation with CXCL12. Scale bars, 10 um. (F) Analysis of the relative nuclear size of CXCL12-stimulated
neutrophils in collagen matrix (4 mg/ml) in the presence of AMD3100 or CCX771 (n = 46 cells for CTR, n = 36 cells for CXCL12, n = 46 cells for CXCL12 + AMD3100, and
n = 38 cells for CXCL12 + CCX771). Data are representative of three independent experiments. ****P < 0.0001 by Kruskal-Wallis test with Dunn'’s correction for multiple
comparisons. (G) Average speed of CXCL12-prestimulated neutrophils that migrated through collagen gels in the presence of AMD3100 or CCX771. Data are represen-
tative of three independent experiments. **P < 0.01 and ***P < 0.001 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
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Therefore, we evaluated the involvement of ACKR3 in the induc-
tion of nuclear deformation in bone marrow neutrophils. We as-
sessed chemokine-induced nuclear deformability in the presence
of CCX771, a small molecule that binds with high affinity and se-
lectivity to ACKR3, inhibiting the TEM of cancer cells (24). Note
that ACKR3 inhibition by CCX771 prevented nuclear deformation
and accumulation at the bottom of the micropillars upon exposure
to CXCL12 (Fig. 2, C and D). The role of ACKR3 in neutrophil
nuclear deformation was further confirmed in experiments with
CXCLI11_12, an engineered, chimeric, chemokine-like ligand that
selectively binds with high affinity to ACKR3 (Fig. 2, C and D)
(25). In addition, we observed that the chemokine CXCLI11, a
natural ACKR3 ligand, also enhanced the nuclear deformability of
neutrophils on micropillars (fig. S3, G and H). Furthermore, stim-
ulation of neutrophils with CXCL11_12 increased their speed when
migrating in 3D collagen gels (fig. S3I).

We then assessed the contributions of signaling by CXCR4 and
ACKR3 to CXCL12-induced nuclear adaptation and 3D migration
in dense collagen matrices. Exploiting this system, we observed that
ACKR3 inhibition hindered the nuclear size decrease induced by
CXCL12 (Fig. 2, E and F). Conversely, CXCR4 antagonism had
no significant effect on CXCL12-induced nuclear adaptation to
confined microenvironments (Fig. 2, E and F). Consistent with
these observations, we observed that CXCR4 antagonism had no
effect on random neutrophil motility through collagen gels,
whereas ACKR3 inhibition significantly inhibited the CXCL12-en-
hanced 3D migration of neutrophils (Fig. 2G). Together, these find-
ings provide evidence of a role for ACKR3 signaling in the
induction of nuclear deformation and 3D migration of mouse
neutrophils.

The CXCL12-ACKR3 axis stimulates PKA activity
ACKR3 does not stimulate G protein—dependent signaling and
lacks the conserved DRYLAIV motif necessary for coupling to
Ga; proteins, which inhibit adenylyl cyclase activity and thus
reduce cyclic adenosine 3',5'-monophosphate (cAMP) production.
ACKR3 has long been considered a “decoy receptor,” because it fails
to mobilize Ca®* from intracellular or extracellular sources after
ligand engagement. However, ACKR3 may form functional hetero-
dimers with CXCR4, thus interfering with CXCR4-induced Ga; ac-
tivation (26). Because CXCL12 induced nuclear deformability on
micropillars when Ga; proteins were inhibited (Fig. 2, A and B),
we assessed cCAMP production in bone marrow mouse neutrophils
upon ACKR3 engagement. We detected a significant increase in cy-
tosolic cCAMP concentration when cells were stimulated with
CXCL12 in the presence of the CXCR4 antagonist AMD3100
(Fig. 3B). Hence, we speculate that the increase in cAMP concentra-
tion associated with the CXCL12-ACKR3 axis might enhance neu-
trophil nuclear deformability. To verify this hypothesis, we
stimulated neutrophils with forskolin, which directly activates ad-
enylyl cyclases and thus cAMP production. Using micropillars,
we found that a forskolin-induced increase in intracellular cAMP
concentration (Fig. 3B) was sufficient to trigger nuclear deformabil-
ity in neutrophils (Fig. 3, C and D). Functionally, this treatment was
sufficient to increase neutrophil migration in 3D collagen
gels (Fig. 3E).

The second messenger cAMP mediates its biological effects pri-
marily through its activation of cAMP-dependent protein kinase
(PKA). To investigate whether CXCL12-ACKR3 signaling

Cali et al., Sci. Signal. 15, eabk2552 (2022) 22 November 2022

enhanced nuclear deformability through PKA activation, we prein-
cubated cells with the myristoylated PKA inhibitor (14-22) amide
(myr-PKI) before stimulating them with CXCL12. Image analysis
of cells on micropillars showed that CXCL12 required PKA activity
to enhance nuclear deformability because most of the nuclei did not
adapt to the topography of the substrate and were retained at the top
of the patterned structure (Fig. 3, F and G). Similarly, PKA inhibi-
tion also reduced CXCL12-enhanced neutrophil migration in colla-
gen gels (Fig. 3H). Consistent with this finding, PKA inhibition also
affected nuclear adaptation to a high-density 3D collagen matrix
(fig. S4, A and B). Together, these data suggest that CXCL12 mod-
ulates neutrophil nuclear deformability through a cAMP-PKA
pathway activated by ACKR3 engagement.

The ACKR3-PKA axis facilitates TEM by neutrophils
Although CXCL12 is primarily involved in the regulation of neutro-
phil mobilization and homeostasis, several reports indicate that
CXCL12 supports neutrophil recruitment to peripheral inflamed
tissues in mouse models of acute lung injury, polymicrobial
sepsis, and peritonitis (8). Several studies already reported that
ACKR3 engagement does not stimulate chemotaxis but that its
scavenging activity supports directional migration and integrin ac-
tivation in CXCR4-expressing cells in response to CXCL12 (21). On
the basis of our results showing a pivotal role of the ACKR3-PKA
axis in the induction of chemokine-induced nuclear adaptation and
3D migration, we hypothesized that ACKR3 might have a role in
promoting TEM, which requires leukocyte nuclear deformation,
in response to chemoattractants. We first verified the effect of inhib-
iting CXCR4, ACKR3, and PKA on neutrophil chemotaxis toward
CXCL12 using the 3-um-pore-size transwell assay (fig. S5, A to D).
As expected, CXCR4 inhibition prevented the chemotaxis of mouse
neutrophils toward CXCL12 (fig. S5B), whereas ACKR3 blockage
did not affect the directional migration of these cells (fig. S5C). In
addition, and consistent with other studies (27), we observed that
PKA activity was not required for directional migration of neutro-
phils toward CXCL12, as shown by the fact that PKA inhibition sig-
nificantly increased chemotaxis (fig. S5D).

We then analyzed the effect of inhibiting CXCR4, ACKR3, and
PKA on the TEM of neutrophils toward the bacterial peptide and
chemoattractant N-formyl-met-leu-phe (fMLP; Fig. 4, A to C).
TEM assays were performed by coating the upper surface of the
transwell inserts with a monolayer of SVEC4-10 mouse endothelial
cells. Under these experimental conditions, neutrophils have to
squeeze through the endothelial barrier, which constitutively ex-
presses CXCL12, to reach the lower chamber of the transwells con-
taining the fMLP. Although neither CXCR4 nor ACKR3 is required
for directional migration toward fMLP, the use of either AMD3100
or CCX771 resulted in decreased neutrophil migration through the
endothelium (Fig. 4, A to C). Furthermore, we observed that PKA
inhibition significantly reduced the number of transmigrating neu-
trophils toward fMLP (Fig. 4C). Note that myr-PKI did not affect
directional migration toward fMLP (fig. S6A). Because efficient
TEM requires the fine-tuning of integrin-mediated leukocyte adhe-
sion to the endothelium (1), we also examined neutrophil adhesion
to immobilized intercellular adhesion molecule-1 (ICAM-1). We
observed that inhibition of CXCR4, which stimulates integrin acti-
vation (21), reduced neutrophil adhesion to immobilized ICAM-1
(fig. S6B). However, inhibition of ACKR3 did not impede
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migrating through collagen gels in the presence of forskolin. DMSO was used as a control. Plot shows medians from duplicate samples from three independent exper-
iments. Significance was determined by the Mann-Whitney test. (F) Representative confocal images of the nuclear distribution of CXCL12-prestimulated mouse neutro-
phils along the vertical axis of micropillars in the presence or absence of the PKA inhibitor myr-PKI. Top: Cells retained at the apex of the patterned substrates. Bottom:
Cells with deformed nuclei accumulated at the bottom. Scale bars, 20 um. (G) Quantification of nuclear deformability (%) from the experiments shown in (F). **P < 0.01 by
Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (H) Speed of neutrophils that were prestimulated with CXCL12 in the presence or absence of myr-PKI
and then randomly migrated through collagen gels. ****P < 0.0001 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

neutrophil adhesion to ICAM-1 but, in contrast, resulted in a slight
increase in the number of attached cells (fig. S6C).

Next, on the basis of our earlier results showing that ACKR3
modulates nuclear deformation in restricted microenvironments,
we took advantage of microfabricated constrictions to evaluate
the contribution of each CXCL12 receptor to the passage of neutro-
phils through 1-um side gaps. As expected, CXCL12-treated

Cali et al., Sci. Signal. 15, eabk2552 (2022) 22 November 2022

neutrophils migrated more efficiently than did control cells
through the small holes (Fig. 4D). Although inhibition of CXCR4
had no effect on neutrophil passage through the 1-pm constrictions,
ACKR3 and PKA signaling were both required to enhance the
passage of these cells through the narrow gaps (Fig. 4D). Together,
these results indicate that CXCR4 and ACKR3 receptors play dis-
tinct and nonredundant roles during neutrophil migration.
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Fig. 4. The ACKR3-PKA axis modulates nuclear squeezing to support neutrophil TEM. (A to C) Neutrophil TEM toward fMLP was assessed with 3.0-um transwell
inserts coated with a layer of tumor necrosis factor-a (TNF-a)—activated SVECs. (A) TEM of neutrophils preincubated with AMD3100 was analyzed by counting the number
of cells in the lower chamber after 1 hour of migration. Data are means + SD of three independent experiments and were analyzed by Mann-Whitney test. (B) TEM of
neutrophils toward fMLP after preincubation with CCX771. DMSO was used as a control (set at 100%). Data are means + SD of four independent experiments and were
analyzed by Mann-Whitney test. (C) TEM toward fMLP of neutrophils preincubated with myr-PKI. Data are means + SD of three independent experiments and were
analyzed by Mann-Whitney test. (D) Efficiency of neutrophil passage through 1-um side constrictions is expressed as the percentage of cells that passed the constriction
relative to the total number of neutrophils that encountered it. Data are means + SD of two fields of view from three independent experiments (n = 225 cells for DMSO;
n =201 for CXCL12; n =178 for AMD3100; n = 146 for CCX771; and n = 186 for myr-PKI) and were analyzed by Mann-Whitney test. (E and F) Neutrophil TEM toward fMLP
was analyzed after 30, 60, and 90 min of migration. TEM toward fMLP of neutrophils preincubated with CCX771 (E) or myr-PKI (F) was analyzed at the indicated times. Cell
numbers were normalized relative to DMSO-treated control cells (E) or untreated cells (F), which were set at 100%. Data are means + SD of three independent experiments

and were analyzed by two-way analysis of variance (ANOVA), followed by Sidak’s multiple comparisons test (**P < 0.01 and *P < 0.05).

Whereas CXCR4 signaling is required for neutrophil chemotaxis
and integrin adhesion, the ACKR3-PKA axis is a key determinant
of 3D cellular migration by inducing nuclear deformability. There-
fore, we hypothesized that the ACKR3-PKA axis might increase the
efficiency of neutrophil TEM by influencing its kinetics. Thus, we
analyzed TEM kinetics (at 30, 60, and 90 min) in the presence of
either CCX771 (Fig. 4E) or myr-PKI (Fig. 4F). We found that inhi-
bition of either ACKR3 (Fig. 4E) or PKA (Fig. 4F) hindered neutro-
phil TEM at early times but had no significant effect when samples
were analyzed after 90 min of TEM. Together, these results provide
evidence that ACKR3-PKA signals play a crucial role in modulating
neutrophil nuclear shape and thus facilitate the efficient TEM of
these cells.

The ACKR3-PKA axis promotes chromatin compaction

The mechano-physical properties of cell nuclei are dependent on
two main structural determinants: the composition of the nuclear
envelope and the chromatin organization. The nuclear lamina

Cali et al., Sci. Signal. 15, eabk2552 (2022) 22 November 2022

consists of two major forms of intermediate filaments: A-type
lamins (lamin A and C) and B-type lamins (lamin B1 and B2). In-
creased amounts of lamin A markedly influence the ability of neu-
trophil-like HL-60 cells to pass through micrometer-scale
constrictions (4) and prevent their motility through collagen I ma-
trices without affecting TEM (7). However, in comparison with
those of HL-60 cells, the nuclear envelopes of human blood neutro-
phils contain low-to-negligible amounts of several nuclear envelope
proteins, including lamin A/C (28). Therefore, we first analyzed
lamin A abundance in neutrophils purified from mouse bone
marrow. As expected, we did not detect any signal by Western blot-
ting analysis in which we used bone marrow—derived dendritic cells
as a positive control (fig. S7A). Thus, we excluded a key role for
lamin A regulation in chemokine-enhanced nuclear deformability
in neutrophils.

Accumulating evidence has shown that chromatin condensation
also contributes to nuclear mechanics and cell migration, because
increased euchromatin or decreased heterochromatin softens
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nuclei (29). Thus, we hypothesized that chemokine exposure might
change the structural chromatin status of mouse neutrophils. Het-
erochromatin markers commonly found at the nuclear periphery
include H3K9mel, H3K9me2, H3K9me3, H3K56me3,
H4K20me2, H4K20me3, H3K27me2, H3K27me3, and H3K4ac.
Both mouse and human blood neutrophils under basal conditions
exhibit high abundance of H3K9me2, H3K27mel, H3K27me2, and
H3K27me3, whereas H4K20me?2 is relatively less abundant (30).
Because H4K20 dimethylation is catalyzed by Suv420H1 and
Suv420H1 is one of the most abundant histone methyltransferases
in bone marrow neutrophils (fig. S7B) (31), we hypothesized that
chemokine signals might promote nuclear reshaping by affecting
H4K20 dimethylation. To address this hypothesis, we assessed
Suv420H1 abundance in mouse bone marrow neutrophils by
Western blotting analysis (fig. S7C) and then used immunofluores-
cence to assess the relative amounts of H4K20me2 in neutrophils
exposed to stimuli that induced nuclear deformation (Fig. 5, A to
C). We found that upon stimulation with CXCL12, CXCL11_12,
or forskolin, neutrophil nuclei showed higher positivity for
H4K20me2 compared with those of unstimulated, control cells
(Fig. 5, A and B). Furthermore, under these conditions, the
nuclear area was significantly reduced (Fig. 5C). These data

CXCL12

CXCL11_12

suggest that the signaling modulating nuclear plasticity in neutro-
phils is associated with the regulation of the heterochromatin
abundance.

Thus, to verify the contribution of chromatin compaction to
neutrophil 3D migration, we analyzed neutrophil motility in colla-
gen gels in the presence of the Suv420H1 inhibitor, A-196 (32). We
observed that the inhibition of H4K20 dimethylation reduced neu-
trophil motility in 3D collagen gels (Fig. 5D). Furthermore, when
Suv420H1 was inhibited, stimulation of neutrophils with either
CXCL12 or CXCL11_12 failed to increase their migratory speed
through the collagen gels (Fig. 5D). In addition, by analyzing neu-
trophil TEM toward fMLP in the presence of A-196, we observed a
significant reduction in the percentage of transmigrating neutro-
phils (Fig. 5E). These data suggest that histone modifications regu-
late neutrophil motility in a 3D microenvironment, because H4K20
methylation is sufficient to enhance their migration within intersti-
tial spaces and through the endothelial cell barrier. Together, our
data indicate that CXCLI12 signaling through ACKR3 promotes
neutrophil migration through challenging microenvironments by
inducing chromatin condensation upon H4K20 dimethylation.
These results suggest a role for chemoattractants in the regulation
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Fig. 5. Chemokine signals promote chromatin compaction. (A) Representative confocal images of mouse neutrophils stimulated with CXCL12, CXCL11_12, or forskolin
(FSK) for 30 min before fixation and immunostaining with anti-H4K20me2 antibody (red). Cells were stained for the actin cytoskeleton with phalloidin (green), whereas
Hoechst (blue) was used for nuclear counterstaining. Scale bars, 7 um. (B and €) Quantification of the fluorescence intensity of H4K20me2 heterochromatin marker (B) and
the measured nuclear areas (C) of neutrophils stimulated with CXCL12, CXCL11_12, or Forskolin. Data in (B) were normalized relative to the median of the untreated
control cells (n = 213 cells for CTR; n = 170 for CXCL12; n = 243 for CXCL11_12; n = 197 for FSK). ****P < 0.0001 by Kruskal-Wallis test with Dunn'’s correction for multiple
comparisons. (D) Analysis of the effect of Suv420H1 inhibition on the speed of neutrophils prestimulated with CXCL12 or CXCL11_12 and then allowed to randomly
migrate through collagen gels. Data are means + SD of duplicate samples from three independent experiments and were analyzed by Kruskal-Wallis test with Dunn’s
correction for multiple comparisons; **P < 0.01 and ***P < 0.001. (E) TEM of neutrophils preincubated with A-196 was analyzed by counting the number of cells in the
lower chamber after 1 hour of migration. DMSO was used as a control (set at 100%). Data are means * SD of two independent experiments and were analyzed by Mann-
Whitney test (**P < 0.01).
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of nuclear morphology for the optimization of cell migration in
dense microenvironments.

DISCUSSION

The squeezing of cells through narrow spaces is a critical require-
ment for the immune response and metastasis. In this process,
the position and dynamics of the cell nucleus strongly affect cell mi-
gration. Thus, alterations in nuclear structure and composition are
usually associated with human diseases, such as muscular dystro-
phy, dilated cardiomyopathy, premature aging, and cancer. For neu-
trophils, their continuous trafficking through the body depends on
their passage through endothelial barriers as well as their migration
in tissues, both of which are associated with nuclear squeezing
through narrow openings. The CXCL12-CXCR4 axis is a master
regulator of neutrophil retention and mobilization in the bone
marrow as well as of neutrophil clearance during inflammatory re-
sponses. Although CXCL12 is a weak chemoattractant for isolated
murine blood neutrophils in comparison with the highly responsive
Jurkat cells, studies of human neutrophils showed that these cells
respond robustly to CXCL12 even when they express very low
amounts of CXCR4 (33). Furthermore, senescent, CXCR4M
mouse neutrophils are cleared from the blood when CXCLI2
amounts are maximal in the bone marrow (34).

Here, we demonstrated that the stimulation of neutrophils with
CXCL12 promoted their migration through tiny pores by enhanc-
ing their nuclear deformability. This finding suggests that CXCL12
signaling may influence neutrophil egress from the bone marrow or
their TEM at peripheral tissues by altering the physical properties of
their nuclei. Our work provides evidence that chemokines can de-
termine the mechanical adaptation of the nuclei to constraining 3D
environments. Mechanistically, most studies investigating 3D neu-
trophil migration provided evidence of a key role for actomyosin
contraction and microtubule polymerization in supporting cell
transmigration and migration in collagen gels (5, 6). We previously
showed that in dendritic cells, Arp2/3-driven actin polymerization
around the nucleus disrupts the nuclear lamina to enable nuclear
deformation and facilitate cell migration through narrow pores
(15). Note that we did not observe any substantial enrichment of
actin around the nucleus in CXCL12-stimulated neutrophils. This
might be due to the absence of lamin A/C in bone marrow neutro-
phils, which makes Arp2/3 unnecessary for their deformation.
These findings are consistent with our previous observations that
showed that Arp2/3-dependent perinuclear actin nucleation was
dispensable for the passage of dendritic cells through small constric-
tions when lamin A/C was depleted (15).

Furthermore, we found that CXCL12 regulated neutrophil mi-
gration by activating two different signaling pathways downstream
of two different receptors that play nonredundant roles in cell mi-
gration: CXCR4 and ACKR3. The expression of ACKR3 in mouse
and human neutrophils is controversial (20). However, several
studies have provided evidence that ACKR3 is involved in granulo-
cyte accumulation in the lungs in a mouse model of acute pulmo-
nary inflammation (23). To our knowledge, ACKR3 KO mouse
models are still lacking. Homozygous animals die during the peri-
natal period and have ventricular septal defects and semilunar valve
malformations. Therefore, we used CXCL11_12 chimera (25) and
CCX771 (35) as tools to specifically study ACKR3 function in
mouse neutrophils, and we showed that ACKR3 plays a critical

Cali et al., Sci. Signal. 15, eabk2552 (2022) 22 November 2022

role in sustaining CXCL12-induced nuclear deformation and 3D
cellular migration. Our data thus suggest that the signaling pathways
downstream of CXCR4 and ACKR3 ultimately combine to coordi-
nate cell motility, cell adhesion, and nuclear pliability to sustain mi-
gration in 3D. Whereas CXCR4 was necessary for chemotaxis and
integrin-mediated cell adhesion, the enhancement of nuclear defor-
mation required CXCL12 binding to its atypical receptor ACKR3.
Despite the fact that ACKR3 has been long considered a silent re-
ceptor, it stimulates specific cell functions that primarily control cell
migration (24, 26). Signaling downstream of ACKR3 engagement
has not been fully elucidated, and it has been mainly ascribed to
B-arrestin recruitment (36). Our data indicate that CXCR4 and
ACKR3 signaling coexist in mouse bone marrow neutrophils and
modulate cAMP abundance. Whereas CXCR4 signaling was neces-
sary for chemotaxis and integrin-mediated adhesion, the ACKR3
pathway enhanced nuclear deformation upon CXCL12 binding.

We previously demonstrated that the heterodimerization of
CXCR4 and CCR5 activates signaling by G4 and/or G11 or both
instead of the conventional G; pathway (37, 38). Furthermore,
ACKR3 can heterodimerize with CXCR4, modulating G protein sig-
naling in Chinese hamster ovary cells (26). Therefore, ACKR3
might modulate CXCR4 signaling and eventually lead to an increase
in cAMP concentration. In this scenario, the presence of AMD3100
might affect the binding of CXCL12 to ACKR3 (39). It has also been
demonstrated by proximity ligation assays and coimmunoprecipita-
tion experiments that ACKR3 forms heteromeric complexes with
a;a/p/p-adrenergic receptors (ARs) in vascular smooth muscle
cells (40, 41). ARs couple to phosphoinositide hydrolysis, adenylyl
cyclase, and mitogen-activated protein kinase pathways (42). ARs
are present on immune cells, including neutrophils (43). Hence,
we speculate that CXCL12 binding to ACKR3 might stimulate the
activation of G proteins coupled to the a;,AR, eventually leading
to the protein kinase C—dependent stimulation of cAMP generation
(44). Here, we showed that ACKR3 engagement was associated with
an increase in cytosolic cAMP concentration. However, whether ad-
enylyl cyclases are directly activated through G, proteins or as a con-
sequence of interference with Ga; proteins coupled to other
receptors is still unclear and needs further investigation. The
ACKR3-dependent increase in cAMP concentration resulted in
PKA activation, as shown by our finding that all the CXCL12-
induced nuclear effects were blocked by PKA inhibition.

The activation of PKA negatively regulates leukocyte adhesion
by affecting the shedding of L-selectin, as well as the increased
abundance and activation of integrins (45). By exploiting mouse
models of intestinal inflammation, it has been demonstrated that
in neutrophils, PKA activity increases gradually during adhesion
to endothelial cells and transmigration (27). Moreover, during leu-
kocyte TEM, PKA activation increases also in endothelial cells as a
consequence of CD99 signaling (46). Consistent with previous
studies (27, 47), we found that PKA activity was not necessary for
neutrophil migration through naked Boyden chambers, because
PKA inhibition did not affect chemotaxis toward fMLP. However,
PKA inhibition significantly reduced the number of neutrophils mi-
grating through an endothelial layer toward fMLP by affecting the
kinetics of cell migration. These results indicate that PKA is re-
quired for the ability of neutrophils to migrate through gaps
between endothelial cells, supporting the idea that the CXCL12-
ACKR3-PKA axis favors neutrophil migration only in dense micro-
environments by triggering the deformation of the nucleus to
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efficiently overcome physical barriers. PKA directly phosphorylates
monomeric actin, substantially reducing the capacity of monomers
to polymerize in vitro. In addition, PKA-mediated phosphorylation
of vasodilator-stimulated phosphoprotein decreases its ability to
nucleate, bind, and bundle actin filaments. Because we did not de-
termine a substantial contribution of the actin cytoskeleton to
CXCL12-induced nuclear reshaping, it is likely that the molecular
target of PKA that regulates nuclear plasticity is located on or within
the nucleus itself.

Nuclear stiffness increases with lamin A/C content, increased
lamin A abundance impedes nuclear remodeling under mechanical
stress (48), and lamin A/C phosphorylation precedes its turnover
and nuclear softening in mesenchymal stromal cells (49). Further-
more, increased amounts of lamin A substantially reduced the
ability of neutrophil-like HL-60 cells to pass through micrometer-
scale constrictions (4) and prevent their motility through collagen I
matrices (7). However, in comparison with that of HL-60 cells, the
nuclear envelope of human blood neutrophil contains low-to-neg-
ligible amounts of several nuclear envelope proteins, including
lamin A/C (28). Chromatin organization also plays a key role in cel-
lular responses and adaptation to external mechanical cues. Studies
of single, isolated nuclei showed that chromatin and lamins deter-
mine two different mechanical response regimes of the cell nucleus,
such that lamin A/C abundance controls nuclear strain stiffening at
large extensions, whereas chromatin governs the response to small
extensions (50). Functionally, the efficient migration of B16-F1 mel-
anoma cells (51), as well as the 3D migration of Jurkat cells (29),
requires chromatin condensation. Specifically, the nuclei of
mature mouse neutrophils show increased amounts of chromatin
condensation markers (30). Here, we showed that the CXCL12-
ACKR3-PKA axis induced changes in chromatin, promoting
H4K20 dimethylation and nuclear compaction to sustain 3D cellu-
lar migration. The H4K20me2 mark is found throughout the
nucleus and affects chromatin conformation and the DNA
damage response. H4K20me?2 is required for the efficient recruit-
ment of XPA and 53BP1 to sites of DNA damage to repair
double-strand breaks. Studies of HL-60 cells showed that confined
cellular migration through a 5-um pore induces transcriptional
changes, which mainly affect the organization of inactive chromatin
to protect active chromatin from disruption during squeezing (52).
Therefore, it is likely that chemokine signals provide migratory ad-
vantages through complex environments by also protecting chro-
matin during 3D cellular migration.

In mammals, H4K20 methylation depends on three known
enzymes: PR-Set7 (Set8) is responsible for generating H4K20mel,
Suv420H]1 catalyzes the generation of H4K20me2, and Suv420H2
catalyzes the generation of H4K20me3. Furthermore, although
some enzymes involved in histone methylation are targets of PKA
activity (53), whether Suv420H1 is directly phosphorylated by PKA
needs further investigation. The discovery that chemokines can de-
termine cell migration in dense microenvironments by regulating
nuclear compaction might have multiple consequences in other re-
search areas. CXCR4 and ACKR3 are expressed in T lymphocytes
and in some metastatic tumor cells. Therefore, this research may
pave the way to developing alternative strategies to control inflam-
mation, facilitate leukocyte infiltration inside tumors, or limit
cancer cell migration.
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MATERIALS AND METHODS

Neutrophil purification

Mouse neutrophils were isolated from the bone marrow of healthy
8- to 12-week-old C57Bl6/] or LifeAct-GFP mice (13) using the
Neutrophil Isolation Kit (Miltenyi Biotec) according to the manu-
facturer's instructions. Neutrophil purity was checked for every ex-
periment by flow cytometry analysis of Ly6G-PE (phycoerythrin)
(clonelA8; BD Pharmingen) and CD11b-PerCP Cy5.5 (clone M1/
70; BD Pharmingen) with a FACSCanto II flow cytometer (BD Bio-
sciences). The cell population obtained was routinely 90 to 95%
pure neutrophils. C57BL/6] mice were purchased from Charles
River Laboratories (Calco, Italy) and maintained under a 12-
hour:12-hour light-dark cycle with food and water available ad
libitum under specific pathogen—free conditions. LifeAct-GFP
mice were a gift from A. M. Lennon-Dumenil (Institut Curie,
Paris, France) and the laboratory of F. Sepulveda (Institut
Imagine, Paris, France). All experiments were approved and com-
pliant with ethical regulations regarding animal research. The pro-
tocol was approved on 26 October 2016 by the Italian Ministry of
Health (protocol no. 1045/2016-PR). Human granulocytes were
isolated from the buffy coats of healthy volunteers by Ficoll-
Paque gradient, which was followed by dextran sedimentation and
hypotonic lysis of erythrocytes under endotoxin-free conditions.
Purity was assessed by flow cytometry analysis of CD11b-PerCP
Cy5.5 (clone M1/70; BD Pharmingen), CD15 (clone W6D3; BD
Pharmingen), CD14 (clone M5E2; BD Pharmingen), and CD16
(clone 3G8, BD Pharmingen). Samples were acquired with a FACS-
Canto II flow cytometer (BD Biosciences) and analyzed with Flow]o
software.

Cell migration through 3D collagen gels

Freshly purified mouse neutrophils were mixed at 4°C with rat tail
collagen type I (4 mg/ml at basic pH; Corning) and loaded in a
custom-made chamber in PDMS. The samples were incubated at
37°C for 20 min to allow gel polymerization before 2 ml of RPMI
(EuroClone) supplemented with 10% fetal bovine serum (FBS;
Euroclone) and granulocyte-macrophage colony-stimulating
factor (GM-CSF; 50 ng/ml; Miltenyi Biotech) and containing
CXCL12 (40 ng/ml; R&D Systems) was added to the dish. Where
indicated in the figure legends, cells were preincubated for 1 hour
with AMD3100 (10 pg/ml; Sigma-Aldrich), 100 nM CCX771 (Che-
mocentryx), PTx (100 ng/ml; Sigma-Aldrich), 1 uM myr-PKI (Enzo
Life Sciences), or 14 pM A-196 (Sigma-Aldrich) before chemokine
was added, and these compounds were maintained or not in the
medium during cell migration. Cells were imaged for 5 hours
with a DMi8 inverted microscope (Leica) at 37°C with a 5% CO,
atmosphere and a 10x dry objective lens (numerical aperture 0.40
phase). Trajectories of cells moving for 1 hour after CXCL12 was
added were obtained upon tracking with Imaris software. Tracks
of objects that moved <5 um in length or for <5 min were
removed from the analysis to avoid artifacts. Computational analy-
ses of these trajectories were performed using in-house Python al-
gorithms. Instantaneous speed was computed for each time point
and for each cell during the duration of the movie. To quantitatively
describe cell motility, we computed the MSD, which is an estab-
lished indicator of the spatial extent of a set of trajectories. The
MSD is defined as the average over all the trajectories of the
squared distance traveled during a certain time lag, t. To illustrate
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cell displacement, we show a random sample of trajectories of du-
ration t together with a circle of radius that equals the square root of
the MSD at time ¢ (noted as r). Directionality was defined as the
proportion of the velocity (v) directed toward the chemokine
source; that is, if x is an axis directed toward the chemokine
source, then the directionality will be (vx/v). By this definition, di-
rectionality also coincides with the cosine of the angle between cell
speed and the chemokine gradient.

Analysis of cell size and nuclear size in collagen gels
Suspensions of purified LifeAct-GFP neutrophils (1 x 10 cells/ml)
were serum starved for 30 min at 37°C with a 5% CO, in RPMI
(EuroClone) supplemented with 0.1% FBS (Euroclone), before un-
dergoing stimulation with CXCL12 (40 ng/ml; R&D Systems) and
counterstaining with Hoechst (200 ng/ml; Life Technologies) at
37°C for 30 min. Mixes of carboxytetramethylrhodamine
(TAMRA)-fluorescent rat tail collagen type I (BD Biosciences)
and RPMI-0.1% FBS medium were prepared with collagen at a
final concentration of 4 mg/ml. Neutrophils were added to the col-
lagen mixtures, which were deposited in custom-made PDMS-
based collagen chambers and incubated at 37°C for 20 min to
enable collagen polymerization. Neutrophils were then left to
adapt and migrate within the 3D environment at 37°C for 2
hours. After undergoing a wash with phosphate-buffered saline
(PBS; Euroclone), the cells were fixed for 1 hour with 4% parafor-
maldehyde (PFA). Confocal images were acquired with a spinning
disk microscope (Leica DMi8 equipped with a CSU-X1 Confocal
Scanner Unit) with a 40x dry objective. Relative cell and nuclear
sizes were estimated with the Fiji 3D Object Counter plugin to
measure volume. Data were normalized relative to untreated neu-
trophils (set at 100%). To calculate the pore size of the collagen
meshwork, we corrected images by local background subtraction
with a rolling ball algorithm (48-pixel radius). A median filter
(noise despeckle) was then applied for random noise removal.
The resulting images were binarized with a threshold segmentation
based on the triangle algorithm. All pixels corresponding to the col-
lagen fibers were set to 1 and the remainder was set to 0 (fluid
phase). From there, a Euclidean distance map (EDM) was
derived, specifying for every fluid pixel its distance to the nearest
collagen pixel. The average distance between a fluid pixel and col-
lagen pixel was extracted from the EDM distribution and then mul-
tiplied by 2 to obtain the pore size.

Gene expression analysis

Microarray gene expression data were generated by the Immunolog-
ical Genome Project (31), requested on 12 January 2019 from its
website. Neutrophils and classical monocytes corresponded to
myeloid cells sorted according to their immunophenotype. Classi-
cal monocytes from bone marrow are B220"CD43~CD115"Ly-
6C*MHCII™; classical monocytes from blood are B220"CD3~"
CD115"Ly-6C*MHCII™; neutrophils from bone marrow are
CD11b*Gr1+7/4hi; neutrophils from blood are CD11b*Ly6-G™.
Data analysis and visualization were performed with an in-house
code in Python 3 with the libraries panda, matplotlib, and
seaborn. Each gene expression value could be retrieved with the
online data browser Gene Skyline of Immgen (www.immgen.org).
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Cell migration in microchannels and through
microconstrictions

PDMS (GE Silicones) was used to prepare 8 x 5 um microchannels
with 1-pm side constrictions from a custom-made mold. The PDMS
chamber and a 35-mm glass-bottom dish (FD35-100, WPI) were
plasma activated before being bound to each other. The binding
was left to strengthen in a 65°C oven for 1 hour. The microchannels
were then plasma cleaned, coated with fibronectin (10 pg/ml;
Sigma-Aldrich) at room temperature for 1 hour, and then washed
three times with PBS before cell loading (14). Purified neutrophil
suspensions (1 x 10° cells/ml) were serum starved for 30 min at
37°C with 5% CO, in RPMI (EuroClone) supplemented with
0.1% bovine serum albumin (BSA) before being incubated with
CXCL12 (40 ng/ml; R&D Systems) and undergoing Hoechst coun-
terstaining (200 ng/ml; Life Technologies) at 37°C for 30 min. The
cells were then washed and resuspended in RPMI medium supple-
mented with 10% FBS and GM-CSF (50 ng/ml; Miltenyi Biotech) to
be deposited in the chamber entry pores. Where indicated in the
figure legends, neutrophils were treated with AMD3100 (10 pg/ml
for 30 min; Sigma-Aldrich), CCX771 (100 nM for 10 min; Chemo-
centryx), or myr-PKI (1 pM for 30 min; Enzo Life Sciences) both
before incubation with CXCL12 and during the recording. Migrat-
ing neutrophils were imaged for 6 hours on an epifluorescence mi-
croscope (Leica DMi8, Leica Microsystems) equipped with a cooled
charge-coupled device camera (HQ2, Photometrics) with a 10x ob-
jective. We focused on the passing of the first constriction encoun-
tered by the cell. Analysis of the velocity of neutrophil migration was
performed with a custom-made, semiautomatized ImageJ macro
(14). The percentage of passage through microconstrictions was cal-
culated as the ratio between the number of cells that passed a con-
striction and the number of cells that encountered a constriction.
PDMS-based 3 x 4 um microchannels were used to visualize the
actin cytoskeleton during confined migration of LifeAct-GFP neu-
trophils. Analysis of cell speed, nuclear aspect ratio, and circularity
was performed with Image] software. The amount of actin behind
the nucleus in migratory cells was calculated as previously described
(15). Briefly, the nucleus was contained in the first third of each cell.
Thus, we calculated the amount of LifeAct-GFP signal in the last
66% of the cell, which was divided by the amount of actin in the
first 33% (nuclear area). This provided a back:front ratio per cell,
which was indicative of the overall distribution of the actin cytoskel-
eton per cell under each condition.

Micropillar fabrication

Custom-made PDMS (Sylgard 184, Dow-Corning, Midland, MI)
microstructured substrates were fabricated through a replica-
molding process. As the first step, the negative pattern was prepared
through standard photolithography technique: Si wafers were pho-
topatterned with an AZ-1518 negative photoresist (MicroChemi-
cals, Germany). The obtained microstructured Si wafers were
subsequently silanized to facilitate PDMS removal during the
replica-molding step. PDMS elastomer was thoroughly mixed
with the silicone elastomer curing agent in a 10:1 ratio, poured
over the microstructured Si master, cured at 80°C for 1 hour, and
subsequently peeled off the Si wafers. The height of the microstruc-
tures was fixed at about 7 pm. Micropillar substrates were punched
with a 5-mm-diameter biopsy punch and sterilized in an autoclave.
Substrates were plasma treated for 2 min and positioned in a 96
multiwell and then covered with 50 ul of sterile poly-1-lysine (50
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pug/ml; Sigma-Aldrich) and fibronectin (10 pg/ml; Sigma-
Aldrich) (17).

Nuclear deformability assay

Purified C57Bl6/] mouse neutrophil suspensions (1 x 10° cells/ml)
were serum starved for 30 min at 37°C with 5% CO, in RPMI (Euro-
Clone) supplemented with 0.1% BSA, before stimulation with
CXCL12 (40 ng/ml; R&D Systems) at 37°C for 30 min. Where in-
dicated in the figure legends, cells were pretreated before CXCL12
exposure with the following compounds for the specified incuba-
tion times: AMD3100 (10 pg/ml for 30 min; Sigma-Aldrich),
CCX771 (100 nM for 10 min; Chemocentryx), PTx (100 ng/ml
for 30 min; Sigma-Aldrich), or myr-PKI (1 uM for 30 min; Enzo
Life Sciences). Cells were then left unexposed or were exposed to
chemokines for 30 min at 37°C and then seeded on fibronectin-
coated, custom-made pillar substrates (10 pg/ml; Sigma-Aldrich)
and cultured for 1 hour in a humidified incubator at 37°C with
5% CO,. CXCL12 (R&D Systems), CXCL11_12 chimera (25), and
CXCLI11 (R&D Systems) were used at a final concentration of 40 ng/
ml, whereas cells were treated with 10 uM forskolin (Sigma-Aldrich)
for 30 min. Micropillar samples were then fixed with 4% PFA for 30
min and stained for F-actin with Phalloidin—Alexa Fluor 488 (Life
Technologies). Neutrophil nuclei were counterstained with Hoechst
33342 (Life Technologies) and mounted on glass slides with
Prolong antifade reagent (Life Technologies). Cells were visualized
with a 40x oil immersion objective on a laser-scanning confocal mi-
croscope (Leica TCS-SP5, Leica Microsystems). Images were ana-
lyzed with an algorithm developed in the laboratory using the
MATLAB platform. The algorithm counts the number of nuclear
pixels between the medians and the maximal values of intensity
range of each image stack. The nuclear volume distribution along
the vertical axis of micropillars was calculated as the percentage of
the Hoechst-positive pixels at the top and bottom of the micropil-
lars. We considered the percentage of nuclear content embedded at
the bottom of the micropillars as an index of nuclear deformability.

RNA extraction and real-time PCR

Total RNA was extracted from freshly purified neutrophils or neu-
trophils kept in culture for 3 hours in RPMI and 10% FBS with
TRIzol reagent (Thermo Fisher Scientific). Complementary DNA
was synthetized from 100 to 200 ng of RNA with the High-Capacity
RT Kit (Applied Biosystems) according to the manufacturer's in-
structions. Real-time PCR was performed with SYBR Green I
(Applied Biosystems) on a 7900HT Fast Real-Time PCR System
(Applied Biosystems) with the following primers: Cxcr4 (forward:

5'-TCAGTGGCTGACCTCCTCTT-3'; reverse: 5'-
CTTGGCCTTTGACTGTTGGT-3"), Ackr3 (forward: 5'-
CTTGGCCTTTGACTGTTGGT-3; reverse: 5'-

GTGCCGGTGAAGTAGGTGAT-3'), and Gapdh (forward: 5'-
GCAAAGTGGAGATTGTTGCCA-3; reverse: 5'-
CCTTGACTGTGCCGTTGAATTT-3"). The expression of a gene
of interest was normalized to that of Gapdh.

Flow cytometry

Neutrophils isolated from the bone marrow of healthy 8- to 12-
week-old C57Bl6/] mice with the Neutrophil Isolation Kit (Miltenyi
Biotec) were stained with anti-Ly6G Pacific Blue (clone 1A8; BD
Pharmingen) and CD11b-PerCP Cy5.5 (clone M1/70; BD Pharmin-
gen). Intracellular staining for ACKR3 was performed with the BD
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Cytofix/Cytoperm Kit and PE-conjugated anti-human/mouse
CXCR?7 antibody (clone 8F11-M16, BioLegend). Samples were an-
alyzed with a Cytoflex flow cytometer equipped with 405-, 488-, and
638-nm lasers (Beckman Coulter Inc., CA, USA) and analyzed with
Flow]Jo software.

Immunogold and transmission electron microscopy

Purified C57Bl6/] neutrophil suspensions were fixed with PBS and
4% PFA, dehydrated, embedded in LR White Resin, and polymer-
ized at 58°C. Ultrathin sections were placed on formvar-coated
nickel grids and used the next day for immunogold labeling. For
electron immunostaining of sections for electron microscopy, the
postembedding immunogold method was applied. Ultrathin sec-
tions were first treated with blocking solution (0.5% BSA, 0.1%
Triton X, and 1x PBS) and then incubated with PE-conjugated
anti-human/mouse CXCR7 antibody (diluted 1:4; clone 8F11-
M16, BioLegend) overnight at 4°C. Antibody binding was detected
with anti-mouse immunoglobulin G (diluted 1:100; Sigma-Aldrich,
G7402) coupled to gold particles of 10 nm diameter. Sections were
analyzed with a FEI Tecnai G12 transmission electron microscope
operating at 100 kV. The images were captured with a Veleta digital
camera (Olympus Soft Imaging System). For control samples,
primary antibody was omitted.

cAMP measurement

Neutrophils purified from bone marrow were preincubated with
AMD3100 (10 pg/ml; Sigma-Aldrich) for 30 min at 37°C with 5%
CO,. Subsequently, 3 x 10 cells were left untreated or were treated
with CXCL12 (40 ng/ml) for 5 min. The phosphodiesterase inhib-
itor 3-isobutyl-1-methylxanthine (IBMX; 100 uM; Sigma-Aldrich)
and the adenylyl cyclase stimulant forskolin (10 uM; Sigma-
Aldrich) were used as positive controls. Cells were then washed
and centrifuged at 300g for 10 min at room temperature. The super-
natants were removed, and the cells were lysed in 330 ul of 0.1 M
HCI by sonication for 10 min. To measure the concentration of in-
tracellular cAMP, we used a cAMP Complete ELISA (enzyme-
linked immunosorbent assay) Kit (KA0320, Abnova) was used ac-
cording to the manufacturer’s instructions. Data were normalized
to the amount of protein of the cell lysate, which was quantified
with the Quantum Protein Assay Kit (EuroClone).

Immunofluorescence microscopy

Neutrophils purified from bone marrow were seeded on Cell
Culture Slides (Falcon) in RPMI-0.1% FBS for 30 min before che-
mokine stimulation. Cells were stimulated with CXCL12 (40 ng/
ml), CXCL11_12 (40 ng/ml), and forskolin (10 uM) for 30 min
and then fixed with 4% PFA for 10 min at room temperature.
Cells were permeabilized with 0.1% Triton X for 10 min and
stained with anti-H4K20me2 antibody (Abcam) overnight at 4°C.
After washing, the appropriate anti-rabbit secondary antibody
was used (Life Technologies). Samples were stained with Phalloidi-
n—Alexa Fluor 488 (Life Technologies) for actin and with Hoechst
33342 for nuclear counterstaining and then mounted with ProLong
(Invitrogen). Images were acquired with a laser-scanning confocal
microscope (Leica TCS-SP5, Leica Microsystems) using a 63x oil
objective. Analysis of fluorescence intensity and surface areas was
performed using Image] software.
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Chemotaxis assay

Neutrophils purified from bone marrow (1 x 10° cells/ml) were
serum starved for 30 min at 37°C with 5% CO, in RPMI (Euro-
Clone) supplemented with 0.1% BSA before preincubation with
AMD3100 (10 pug/ml for 30 min; Sigma-Aldrich), CCX771 (100
nM for 10 min; Chemocentryx), or myr-PKI (1 uM for 30 min;
Enzo Life Sciences). The neutrophils were then seeded in the
upper chamber of a 3-um-pore size Transwell plate (Corning).
The lower chambers were filled with medium alone or medium con-
taining CXCL12 (40 ng/ml) or fMLP (1 puM; Sigma-Aldrich). After
1 hour of incubation at 37°C, the number of cells that had migrated
into the lower chamber was estimated with a FACSCanto II flow cy-
tometer (BD Biosciences).

TEM assay

TEM assays were performed with 24-well plates with microporous
(3-um) Transwell membrane inserts (Corning; Costar) coated with
SVEC4-10 cells [American Type Culture Collection (ATCC) #CRL-
2181, Manassas, VA], an endothelial cell line from murine axillary
lymph nodes. SVEC4-10 cells were cultured in Dulbecco’s modified
Eagle's medium (ATCC 30-2002, Manassas, VA) supplemented
with 10% FBS (Gibco), penicillin, and streptomycin in a humidified
incubator at 37°C with 5% CO,. SVEC4-10 cells (1 x 10°) were
seeded in the top chamber of the transwell inserts and incubated
overnight at 37°C. SVEC4-10 monolayers were then activated
with tumor necrosis factor-a (50 ng/ml; Peprotech) for 4 hours. Pu-
rified neutrophils (1 x 10° cells/ml) were serum starved for 30 min
at 37°C with 5% CO, in RPMI (EuroClone) supplemented with
0.1% BSA before preincubation with AMD3100 (10 pg/ml for 30
min; Sigma-Aldrich), CCX771 (100 nM for 10 min; Chemocen-
tryx), myr-PKI (1 uM for 30 min; Enzo Life Sciences), or A-196
(14 pM; Sigma-Aldrich). Neutrophils (2 x 10° cells) were added
on top of the transwells, whereas assay medium (600 pl) with or
without 1 uM fMLP (Sigma-Aldrich) was added to the bottom
chambers. After 1 hour of incubation at 37°C, transmigration was
assessed by counting the number of cells in the bottom chambers
with a FACSCanto II flow cytometer (BD Biosciences).

Static adhesion assay

Neutrophils purified from bone marrow were suspended at a
density of 5 x 10%/ml in standard adhesion buffer [PBS, 10% FBS,
1 mM CaCl,, and 1 mM MgCl, (pH 7.2)]. Adhesion assays were
performed on 18-well glass slides coated with murine ICAM-1 (1
pg/ml) in PBS. Cell suspension (20 ul) was added to the well and
incubated at 37°C for 3 min with 5 pl of CXCL12 (2 pug/ml). After
washing, the adherent cells were fixed in 1.5% glutaraldehyde in ice-
cold PBS and counted by computer-assisted enumeration.

Western blotting

Freshly purified bone marrow mouse neutrophils or mouse bone
marrow—derived dendritic cells (1 x 10° cells) were lysed in Cell Ex-
traction Buffer (FNNO0O011, Thermo Fisher Scientific) containing
protease and phosphatase inhibitor cocktail (Halt Protease and
Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific) at 4°C
for 20 min. Proteins were resuspended in Laemmli sample buffer,
separated by electrophoresis on a 4 to 12% precast Bis-Tris Protein
Gel (Thermo Fisher Scientific), and transferred onto nitrocellulose
membranes (Thermo Fisher Scientific). Blots were incubated with
primary antibodies against lamin A (1:1000; 4C11, Cell Signaling
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Technology), lamin B1 [1:1000; EPR8985(B), Abcam], histone H4
(1:1000; Abcam), and Suv420H1 (1:500; Abcam) overnight at 4°C
and then were incubated with the appropriate peroxidase-conjugat-
ed secondary antibodies (Bio-Rad). Blots were developed with
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific) on the ChemiDoc MP System (Bio-Rad).

Statistical analysis

All of the images shown in the figures correspond to representative
experiments in which the number of cells analyzed is indicated by
“n" in the legends. Each experiment was repeated N times, as spec-
ified in the figure legends. There were no preestablished criteria for
sample exclusion, except evident technical damage in microfabri-
cated devices. Investigators were mostly blinded to sample alloca-
tion during experiments. Data were analyzed with Prism Software
(GraphPad, La Jolla, CA, USA). In general, statistical comparison
between two groups was performed with the Mann-Whitney test.
For multiple comparisons, the Kruskal-Wallis test was performed.
Results with P < 0.05 were considered to be statistically significant.
In figures, asterisks are used as follows: *P < 0.05, **P < 0.01,
**P < 0.001, and ****P < 0.0001.
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Squeezing nuclei and neutrophils through the gap

Neutrophils are innate immune cells that are among the first responders to infection. Chemoattractant molecules called
chemokines recruit neutrophils from the circulation to target sites in tissues. Given their large size and relative stiffness,
nuclei are the main source of friction as neutrophils squeeze through the confines of the interstitial space. Cali et al.
found that the chemokine CXCL12, which was previously implicated in stimulating neutrophil migration, increased the
deformability of nuclei in primary mouse neutrophils. CXCL12 acted through the atypical receptor ACKR3, leading to
PKA-dependent chromatin compaction, thereby facilitating neutrophil movement through restricted microenvironments
in vitro—JFF.
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