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VASP regulates leukocyte infiltration, polarization,
and vascular repair after ischemia
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Sabrina Bothur?, Susanne Wingert®, Rolf Bremer®®, Michael A. Rieger®, Bernhard Briine*®, Ralf P. Brandes?*, Ingrid Fleming™?@®, and

Peter M. Benz"2@®

Inischemic vascular diseases, leukocyte recruitment and polarization are crucial for revascularization and tissue repair. We
investigated the role of vasodilator-stimulated phosphoprotein (VASP) in vascular repair. After hindlimb ischemia induction,
blood flow recovery, angiogenesis, arteriogenesis, and leukocyte infiltration into ischemic muscles in VASP-/- mice were
accelerated. VASP deficiency also elevated the polarization of the macrophages through increased signal transducer and
activator of transcription (STAT) signaling, which augmented the release of chemokines, cytokines, and growth factors to
promote leukocyte recruitment and vascular repair. Importantly, VASP deletion in bone marrow-derived cells was sufficient
to mimic the increased blood flow recovery of global VASP~/~ mice. In chemotaxis experiments, VASP~/- neutrophils/
monocytes were significantly more responsive to M1-related chemokines than wild-type controls. Mechanistically, VASP
formed complexes with the chemokine receptor CCR2 and B-arrestin-2, and CCR2 receptor internalization was significantly
reduced in VASP~/- leukocytes. Our data indicate that VASP is a major regulator of leukocyte recruitment and polarization in
postischemic revascularization and support a novel role of VASP in chemokine receptor trafficking.

Introduction

Ischemic vascular diseases remain a major treatment challenge
(Limbourg et al., 2009). After vessel occlusion, two different
responses contribute to vascular repair and tissue regeneration:
angiogenesis and arteriogenesis. Angiogenesis (capillary sprout-
ing from preexisting vasculature) is mainly initiated by hypox-
ia-driven VEGF release in the ischemic tissue distal to the occlu-
sion. Arteriogenesis (enlargement/remodeling of preexisting
collateral arteries into conductance vessels), on the other hand,
is mainly driven by an increase of blood flow and hemodynamic
changes in the collaterals proximal to and around the occlusion
(Shireman, 2007; Limbourg et al., 2009). Vascular regeneration
after ischemia requires complex interactions between endothe-
lial cells, smooth muscle cells, and leukocytes. The attraction
of leukocytes to the injured and hypoxic tissue by chemokines
and adhesion molecules, expressed by the ischemic vascula-
ture, plays an important role in arteriogenesis, angiogenesis,
and tissue regeneration (Shireman, 2007; Griffith et al., 2014).
Indeed, hindlimb ischemia studies in mice with deficient leuko-
cyte recruitment revealed impaired angiogenesis, arteriogene-
sis, and restoration of blood perfusion (Scholz et al., 2000; Heil

et al., 2004; Shireman, 2007). Once in the extravascular space,
leukocytes themselves release a range of chemokines to initi-
ate a positive feedback loop of leukocyte recruitment (Griffith
et al., 2014). In addition to recruitment, macrophage polariza-
tion is also important for postischemic vascular remodeling. The
term polarization refers to the functional skewing of the mac-
rophage phenotype from a nonactivated state to a multitude of
activated phenotypes. A classically activated or proinflammatory
(M1) phenotype that occurs initially during inflammation can
be reproduced in vitro using Toll-like receptor (TLR) ligands,
including pathogen-associated molecular patterns such as LPS,
and IFNYy. However, TLR signaling can also be activated in the
absence of microbes by damage-associated molecular patterns
and endogenous ligands, which are released during tissue injury
and matrix degradation (Anders and Schaefer, 2014). Skewing
of macrophage function toward the M1 phenotype via STAT1 is
characterized by high expression levels of inducible nitric oxide
synthase (iNOS), TNF-a, IL-1B, VEGF, CD80, and other proteins
(Sica and Mantovani, 2012). Later in the inflammation process,
macrophage gene expression changes and the expression of
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proteins attributed to wound-healing actions increases, a phe-
nomenon that goes hand-in-hand with the resolution of inflam-
mation. This macrophage subtype is referred to as alternatively
activated or wound-healing (M2) macrophage and can be simu-
lated in vitro using IL-4 (Sica and Mantovani, 2012; Tugal et al.,
2013). Skewing macrophage function toward the M2 phenotype
via STAT®6 is characterized by high expression levels of IL-10,
arginase 1, Yml, resistin-like molecule-a (Fizz1), and CD206,
among others. Considering the broad spectrum of macrophage
plasticity in vivo, the M1/M2 classification of macrophages is now
considered an oversimplified approach. However, with regard to
ischemic vascular diseases, previous studies have indicated a role
of Mi-like macrophages in initiation of angiogenesis, whereas
M2-like macrophages promote vessel maturation and support
arteriogenesis (Fung and Helisch, 2012; Spiller et al., 2014).

The extravasation of monocytes into inflamed tissue is a
well-orchestrated process that depends on transvascular chemo-
kine gradients and adhesion molecule expression as well as leu-
kocyte actin dynamics (Perri et al., 2007; Griffith et al., 2014).
Vasodilator-stimulated phosphoprotein (VASP) is an important
mediator of actin dynamics and migration of several cell types
including fibroblasts and cancer cells (Krause and Gautreau,
2014). In macrophages, VASP is required for efficient phago-
cytosis (Coppolino et al., 2001), and Ena, a Drosophila homo-
logue of VASP, regulates invasive migration of macrophage-like
hemocytes in vivo (Tucker etal., 2011). Recently, the nitric oxide-
VASP signaling cascade was shown to participate in activation
of Kupffer cells (liver macrophages) and hepatic inflammation
(Lee et al., 2015). However, whether or not VASP is required for
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Figure 1. Improved blood flow recovery in VASP~/~ mice
after ischemia. WT (+/+) and VASP~/~ (-/-) mice under-

250 went femoral artery excision, and blood flow recovery was
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150 g (A) Representative laser Doppler images. (B) Time course
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O  nonligated hindlimb; n = 10 animals per group; error bars,
50 o SEM; % P < 0.05; **, P < 0.01 (two-way ANOVA/Bonferroni).
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postischemic vascular remodeling is currently unknown. The
aim of the present study was to assess the role of VASP in the
regulation of vascular repair in the mouse hindlimb ischemia
model and determine the mechanisms involved.

Results

Improved vascular repair in VASP-/- mice after ischemia

To study the role of VASP in vascular repair, we compared vas-
cular regeneration after ischemia in WT and VASP~/~ mice. Laser
Doppler imaging revealed that the recovery of hindlimb perfu-
sion after femoral artery excision was accelerated in VASP-/~
mice compared with their WT littermates (Fig. 1). A trend
toward improved perfusion was already evident 3 d after surgery,
reached significance at 7 d, and remained elevated until the end
of the observation period (21 d).

Because laser Doppler measurements are restricted to the
superficial skin blood flow, micro-computed tomography (uCT)
studies were performed to assess arteriogenesis in the thigh mus-
cles of WT mice and VASP~/~ littermates. In ischemic hindlimbs
from WT mice, 21 d after the induction of ischemia, collaterals
were clearly remodeled and developed their typical “corkscrew”
morphology (Limbourg et al., 2009). The magnitude of arterio-
genesis, however, was much more pronounced in thigh muscles
from VASP~/~ mice (Fig. 2 A and Videos 1 and 2). The increased
number and diameter of collaterals in the VASP~/~ mice was also
evident in transverse uCT sections (Fig. 2 B) and reflected in an
increase in blood vessel volume in the ligated limbs (Fig. 2 C).
Importantly, blood vessel volumes in the nonligated, contralateral
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Figure 2. Increased arteriogenesis and angiogenesis in VASP~/~ mice after ischemia. (A) uCT images of collateral vessel formation in the thigh muscle
of WT (+/+) and VASP~/~ (~/-) mice. In the righthand panels, arrows indicate the excision sites and arrowheads highlight the remodeled collaterals. Bars: (left
panels) 2.5 mm; (magnified views) 1.25 mm. (B) Density of collateral vessels in the transverse section of the thigh muscle. Bars, 2.5 mm. (C) Total blood vessel
volumes quantified from the pCT images of the ischemic and nonischemic control limb (CTL); n = 5 different animals per group. (D) Immunohistochemistry
showing the capillarization (CD31, green) of the calf muscle 7 d after ischemia induction. Bars, 50 um. (E) Capillary densities quantified from the immuno-
histochemistry images of the ischemic and nonischemic (CTL) calf muscles 7 d after ischemia induction; n = 5 different animals per group. Error bars, SEM;

*, P <0.05 ** P<0.01; *** P < 0.001 (two-way ANOVA/Bonferroni).

limbs of WT and VASP~/~ mice were not different. Consistent with
the blood flow and uCT data, capillary density (taken as angio-
genesis index) in ischemic calf muscles was significantly higher
in VASP~/~ than WT mice 7 d after surgery (Fig. 2 D). Capillary
densities in the nonligated limbs of WT and VASP~/~ mice were
again not different, indicating that the increased angiogenesis in
VASP~/~ mice is hypoxia dependent (Fig. 2 E).

Increased leukocyte infiltration in VASP-/- mice after ischemia
When we analyzed the ischemic thigh muscles from WT and
VASP~/- mice in more detail, we observed the accumulation
of leukocytes around collateral vessels in both groups. How-
ever, leukocyte numbers were significantly greater in samples
from VASP~/~ mice (Fig. 3 A). More detailed analysis of leuko-
cyte infiltration by FACS (Fig. S1, A and B) revealed that VASP
deficiency altered both the kinetics and magnitude of leuko-
cyte infiltration. Although neutrophil numbers in ischemic
thigh muscles from WT mice were elevated 3 d after ligation
but returned to almost preischemic levels by day 7, neutrophil
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numbers remained elevated in muscles from VASP~/~ mice
(Fig. 3 B). A similar trend was observed for infiltrating mono-
cytes (Fig. 3 C). Using CD80 and CD206 to identify proinflam-
matory (Ml-related) versus alternatively activated (M2-related)
macrophages, it was evident that VASP deletion predominantly
affected classically activated macrophages in the thigh muscle
(Fig. 3, Dand E).

Leukocyte numbers were also increased in the calf muscles
from VASP~/~ mice (Fig. 3, F-J); however, there were two major
differences. First, the overall number of infiltrated CD11b* leu-
kocytes per gram of ischemic tissue was approximately twofold
higher than in the thigh muscle. However, neutrophil and mono-
cyte numbers had already returned to baseline 7 d after surgery
irrespective of the genotype, indicating that the hypoxia in the
calf muscle is a stronger but more transient trigger for leukocyte
recruitment (Fig. 3, G and H). Second, numbers of M2 polarized
macrophages were significantly greater in ischemic muscles
from VASP~/~ mice 7 d after surgery, potentially supporting cap-
illary maturation (Fig. 3, Iand J).
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VASP expression in mouse leukocytes
To obtain first insight into a potential role of VASP in leukocyte
transmigration, we isolated bone marrow (BM)-derived leuko-
cytes by FACS (Fig. S1C) and detected VASP protein expression in
monocytes and neutrophils from WT but not from VASP~/~ mice
(Fig. 4 A). VASP expression was maintained after the differenti-
ation of monocytes to macrophages. Although incubation with
LPS and IFNy increased VASP expression by almost threefold,
alternative macrophage activation induced by IL-4 significantly
decreased VASP mRNA levels (Fig. 4 B). The Ml-related increase
in VASP mRNA was biphasic, peaking at 6 h after stimulation but
remaining elevated over control levels for up to 60 h (Fig. 4 C).
The increase in VASP mRNA expression in M1 polarized macro-
phages was reflected in increased protein expression as well as
VASP phosphorylation on Serl57 (Fig. 4 D). The latter observation
is consistent with the M1-associated increase in iNOS expression,
which leads to the protein kinase G-mediated phosphorylation of
the protein and the associated mobility shift in SDS-PAGE (Benz
etal., 2009).

We also analyzed VASP expression in infiltrated leukocytes,
3 d after femoral artery excision. Similar to the sorted BM cells,
FACS analyses revealed distinct VASP protein levels in neutro-
phils and monocytes from WT but not VASP~/~ mice (Fig. 4 E).
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VASP expression was also maintained in infiltrated macrophages
and appeared more robust in M1-like macrophages (Fig. 4 F).

Increased leukocyte polarization in VASP-/-

mice after ischemia

Owing to the expression of VASP in monocytes/macrophages, we
nextinvestigated the impact of VASP on leukocyte polarization in
vivo. 3 d after ischemia, proinflammatory genes, including TNF-a
and IL-1B were significantly increased in leukocytes from thigh
and the calf muscles of VASP~/~ mice, whereas iNOS expression
was elevated only in the hypoxic calf muscles (Fig. 5 A). Surpris-
ingly, several anti-inflammatory genes were also up-regulated in
VASP~/~ leukocytes, including Ym1 in the thigh muscle, arginase
1 in the calf muscle, and a trend toward IL-10 in both muscles
(Fig. 5 B). The hypoxia-inducible factors HIF-1a and HIF-2a play
a role in regulating macrophage polarization, with HIF-1a con-
trolling iNOS and VEGF expression and the Mi-related state,
and HIF-2a regulating arginase 1 expression and the M2-related
phenotype (Takeda et al., 2010). Consistent with increased iNOS,
arginase 1 and VEGF levels in the hypoxic calf muscles, HIF-1a
and HIF-2a levels were significantly up-regulated in leukocytes
from this tissue (Fig. 5 C). However, only HIF-2a was elevated in
VASP~/~ leukocytes from the thigh muscle, likely reflecting the
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Figure 4. VASP expression in mouse leukocytes and polarized macrophages. (A) Western blots of VASP expression in BM-derived neutrophils and
monocytes isolated by FACS from WT (+/+) and VASP~/~ (-/-) mice. Myosin served as loading control. One representative experiment of a series of four is
shown. (B) VASP mRNA levels in mouse BM-derived CTL macrophages, as well as after M1 (10 ng/ml LPS and 1 ng/ml IFNy, 24 h) or M2 (25 ng/ml IL-4, 24 h)
stimulation; n = 9 animals per group. (C) Time course of changes in VASP mRNA levels after M1 or M2 polarization; n = 4 animals per group. (D) Effect of
macrophage polarization (6 or 24 h) on VASP protein levels and phosphorylation. iNOS expression is shown as a control for M1 polarization. (E and F) FACS
analysis of VASP protein levels in leukocytes infiltrated into the hindlimb 3 d after femoral artery excision. n = 5-8 animals per group; error bars, SEM; *, P <

0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).

more pronounced hypoxia in the calf muscle. Given that VASP
deficiency affects leukocyte populations in the ischemic hind-
limb, we verified the role of VASP in macrophage polarization in
vitro. Very similar to the in vivo situation, VASP deletion signifi-
cantly increased the mRNA levels of pro- and anti-inflammatory
genes in pure M1 and M2 macrophage populations, respectively
(Fig. S2, A-I). Next, we quantified the protein levels of TNFa in
the ischemic calf muscle and iNOS in in vitro polarized macro-
phages. Consistent with the mRNA levels, VASP deletion signifi-
cantly increased both proteins (Fig. S2, ] and K).

Increased STAT signaling in VASP-/- macrophages in vitro

STAT1 and STAT6 are activated downstream of IFNy/TLR4 or
IL-4 signaling to skew macrophage function toward the M- or
M2-related phenotype, respectively (Sica and Mantovani, 2012).

Laban et al.
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Consistent with the increased levels of proinflammatory genes,
such as TNFa and iNOS, in VASP~~ M1 macrophages in vitro
(Fig. S2, A-F), STATI1 expression was significantly up-regulated
in these leukocytes compared with WT controls (Fig. 6 A). Prein-
cubation with the STAT1 inhibitor fludarabine (Frank et al., 1999)
completely blunted the increased expression of TNFa and iNOS
in VASP~/~ M1 macrophages and expression levels of the genes
were indistinguishable between WT and VASP~/~ cells (Fig. 6, B
and C). This indicates that elevated STATI signaling is likely the
cause for the increased M1 polarization of VASP~/~ macrophages.

Consistent with the increased arginase and Fizzl levels in
VASP~- M2 macrophages in vitro (Fig. S2, G and H), STAT6
phosphorylation was significantly increased in these leukocytes
compared with WT controls (Fig. 6 D). However, preincubation
with the specific STAT6 inhibitor AS1517499 (Chiba et al., 2009)
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Figure 5. Increased polarization of VASP-/~ leukocytes in vivo. qPCR
analysis of infiltrated leukocytes, isolated from the ischemic thigh and calf
muscles from WT (+/+) and VASP~/- (-/-) mice 3 d after femoral artery exci-
sion. (A) Expression of the proinflammatory genes iNOS, TNF-q, and IL-1B.
(B) Expression of the anti-inflammatory genes IL-10, arginase 1, and Ym1.
(C) Expression of the hypoxia-related genes HIFla, HIF2a, and VEGF. n = 5
animals per group, error bars, SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001
(Student’s t test).

fully blocked the increased expression of the anti-inflammatory
macrophage marker genes, suggesting that increased STAT6 sig-
naling is (at least partially) the reason underlying the increased
M2 polarization in VASP~/~ macrophages (Fig. 6, E and F).

VASP-/- BM-derived cells improve blood flow

recovery after ischemia

Vascular regeneration after ischemia requires complex inter-
actions between endothelial cells, smooth muscle cells, and leu-
kocytes. Therefore, we determined whether VASP deficiency
specifically within the BM lineage (including neutrophils and
monocytes/macrophages) is sufficient to increase vascular
repair after ischemia. WT or VASP~/~ BM was transplanted into
sublethally irradiated WT and VASP~/~ mice. After a recovery
period of 10 wk, transplanted animals underwent hindlimb
ischemia, and successful engraftment was confirmed by geno-
typing of blood-derived leukocytes (Fig. 7 A). Similar to global
VASP~/~mice (Fig. 1), VASP~/~ mice transplanted with VASP~/- BM
displayed a significantly improved blood flow recovery compared
with WT mice transplanted with WT BM (Fig. 7 B). More impor-
tantly, reconstitution of WT mice with VASP~/~ BM significantly

Laban et al.
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accelerated the recovery of hindlimb perfusion, albeit a signifi-
cant difference was observed only starting at day 14 after surgery
(Fig. 7 C). Conversely, reconstitution of VASP~/~ mice with WT
BM significantly delayed blood flow recovery (Fig. 7 D). Nota-
bly, there was no difference in blood perfusion between WT and
VASP~/~ mice that both received WT BM (Fig. 7 E). As summa-
rized in Fig. 7 F, our data demonstrate that the deletion of VASP
in BM-derived cells is sufficient to mimic the phenotype seen in
the global VASP~/~ mice.

Impact of VASP deletion on chemokine release and

leukocyte responsiveness

In vivo, macrophage activation leads to production of a wide
range of chemokines including CXCL1 and CCL2, which initiate
the recruitment and transendothelial migration of neutrophils
and monocytes into the inflamed tissue via CXCR2 and CCR2
chemokine receptors, respectively (Shireman, 2007; Souto etal.,
2011; Griffith et al., 2014). Given that leukocyte numbers were
increased in ischemic muscles of VASP~/~ mice, we analyzed
whether VASP deficiency affects chemokine release by macro-
phages and/or leukocyte responsiveness during chemotaxis.

We studied chemokine release in ischemic calf muscles 3 d
after femoral artery excision, because changes in leukocyte
recruitment between WT and VASP~/~ mice were most pro-
nounced at this point in time. Protein and mRNA levels of CXCL1
and CCL2 were both significantly up-regulated in ischemic mus-
cles from VASP~/~ mice (Fig. 8, A and B; and Fig. S3 A). Impor-
tantly, CXCL1 and CCL2 mRNA levels were also significantly
increased in VASP~/~ M1 macrophages in vitro (Fig. 8, C and D),
indicating that elevated chemokine levels in the ischemic muscles
of VASP~/~ mice were at least partially caused by the increased
activation of VASP~/~ macrophages.

Next, the impact of VASP deletion on leukocyte responsive-
ness (chemotaxis) through Transwell filters was assessed in
vitro, and migrated leukocytes were identified by FACS (Fig. S1
D). To mimic the in vivo situation, we used conditioned medium
from WT nonpolarized (control) or M1 or M2 macrophages as
chemoattractant. Only few neutrophils/monocytes migrated in
response to the conditioned medium from nonpolarized macro-
phages, and there was no difference between WT and VASP~/~
leukocyte chemotaxis (Fig. 8, E and F). Conditioned medium from
M1 macrophages increased the number of migrating neutrophils
(Fig. 8 E) and monocytes (Fig. 8 F) in both groups, with migration
capacity being significantly greater in cells from VASP~/~ mice,
especially in monocytes. Similar results were obtained when
CCL2 (the classic ligand of CCR2) was used as chemoattractant
(Fig. S3 B). M2 conditioned medium had no impact on neutro-
phil chemotaxis but markedly elevated the number of migrated
monocytes. There was no difference, however, in the migration
of WT and VASP~/~ monocytes. Together, these findings indicate
that VASP deficiency specifically modifies leukocyte chemotaxis
in response to M1-related chemokines.

Given their role in leukocyte migration and infiltration,
we next compared the surface expression of CXCR2 and CCR2
chemokine receptors in WT and VASP~/~ cells. Under basal
conditions, there was no difference in CXCR2 or CCR2 sur-
face expression in neutrophils and monocytes from WT and
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VASP~/~ mice (Fig. S3, C-F), and stimulation with conditioned
medium from control or M2 macrophages did not significantly
change the surface levels of the chemokine receptors (Fig. S3,
G and H). Stimulation with M1 conditioned medium, however,
which contains high levels of the CXCR2 ligand CXCLI (Fig.
S3 1), rapidly decreased CXCR2 surface expression in neutro-
phils (Fig. 8 G), whereas changes in CXCR2 levels in monocytes
after stimulation were comparatively small (Fig. 8 H). We did
not observe significant changes in CXCR2 surface expression
between WT and VASP-/~ leukocytes under these conditions
(Fig. 8, G and H).

Stimulation with M1 conditioned medium, which contains
high levels of the primary CCR2 ligand CCL2 (Fig. S3]), continu-
ously decreased CCR2 surface expression in leukocytes from WT
mice (Fig. 8, I and J), which likely reflects the desensitization
and internalization of the receptor. In VASP~/~ monocytes, how-
ever, the decrease in CCR2 surface expression was significantly
delayed and was even preceded by an increase in CCR2 surface
expression in VASP~/~ neutrophils (Fig. 8, IandJ).

Together, our data indicate that VASP deficiency elevates both
the chemokine release by macrophages and the responsiveness
of circulating leukocytes, and thereby synergistically increases
leukocyte recruitment into the inflamed tissue.
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Impact of Racl activity and actin dynamics on

CCR2 surface levels

Next, we aimed to determine how VASP may be implicated
in CCR2 receptor internalization. Previously, VASP has been
shown to modulate the activity of the small GTPase Raclin a cell
type- and context-dependent manner (Schlegel and Waschke,
2009; Jennissen et al., 2012). Little is known about a role of Racl
in CCR2 receptor internalization, but chemokine-induced Racl
activation promotes lamellipodia protrusions and directed cell
migration (Maghazachi, 2000). Consistently, Racl inhibition
blocked CCL2-induced monocyte chemotaxis in our Transwell
experiments (Fig. S4 A). However, neither activation nor inhi-
bition of Racl had a significant impact on CCR2 surface levels in
the same cells (Fig. S4 B), suggesting that VASP-dependent Racl
activation is most likely not causative for changes in CCR2 recep-
tor trafficking in VASP~/~ monocytes.

Actin polymerization participates in receptor-mediated
endocytosis in mammalian cells, but underlying mechanisms
and affected receptors are not well understood (Kaksonen et al.,
2006; Mooren etal., 2012). Given that VASP is an important regu-
lator of actin dynamics, we analyzed whether inhibition of actin
dynamics affects CCR2 receptor internalization. Preincubation
of monocytes with latrunculin B (5 uM) significantly changed
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Figure 7. VASP-/- BM-derived cells improve

blood flow recovery after ischemia. Four

*kk groups of BM transplanted animals, WT-BM—>WT

% (WT BM transplanted into WT mice), WT-BM—KO
(WT BM transplanted into VASP~/~ mice),
KO-BM—WT (VASP-/~ BM transplanted into
WT mice), and KO-BM—KO (VASP~/~ BM trans-
planted into VASP~/~ mice) underwent hindlimb
ischemia and laser Doppler imaging to assess
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CCR2 receptor internalization (Fig. S4, C and D). Although this
pharmacologic approach supports a role of actin in CCR2 recep-
tor trafficking, further experiments are required to address a
potential role of VASP in this process.

VASP forms complexes with CCR2 and B-arrestin

2 in leukocytes

The CCR2 chemokine receptor follows the canonical G protein-
coupled receptor (GPCR) trafficking pathway. After receptor
activation, the cytoplasmic tail of the receptor is rapidly phos-
phorylated, which prevents further activation. Phosphorylated
receptors interact with one of the B-arrestins, which target the
receptor for internalization, leading to a permanent or transient
loss of cell surface receptors caused by degradation or recycling,
respectively (Bennett et al., 2011). Interestingly, we observed a
physical association between VASP and CCR2 in BM-derived
leukocytes from WT mice under basal conditions and after stim-
ulation with Mi-conditioned medium (Fig. 9 A). Similarly, anti-
bodies directed against -arrestin 2 immunoprecipitated VASP
from lysates of leukocytes under basal conditions and pretreated
with Ml-conditioned medium (Fig. 9 B). The interaction of VASP
and B-arrestin 2 was further confirmed by coimmunoprecip-
itation experiments in HEK293 cells (Fig. 9 C) as well as pull-
down experiments with purified recombinant GST-B-arrestin
2 and VASP (Fig. 9 D), which indicated a direct interaction of
the proteins in vitro. Under basal conditions, CCR2, B-arrestin
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2, and VASP colocalized mainly at the plasma membrane of BM-
derived leukocytes, whereas after CCL2 stimulation (to induce
CCR2 receptor internalization) the three proteins colocalized in
a subset of vesicle-like structures (Fig. 9, E and F). In addition
to its role in receptor internalization, B-arrestin 2 is required
for LPS-induced extracellular signal-regulated kinase (ERK) 1/2
activation in macrophages (Fan et al., 2007). Although B-arres-
tin 2 protein levels were significantly up-regulated in VASP~/
M1 macrophages (Fig. S5, A and B), ERK1/2 phosphorylation
was significantly impaired in these cells (Fig. 9 G). Together,
the data show that VASP, CCR2, and B-arrestin 2 form com-
plexes in leukocytes and suggest that VASP deficiency impairs
B-arrestin 2 signaling.

CCR2 inhibition blocks the increased leukocyte infiltration in
VASP-/- mice after ischemia

Our results suggest that changes in CCR2 receptor internaliza-
tion contribute to the increased responsiveness and infiltration
of VASP-/~ leukocytes. To test this hypothesis in vivo, we com-
pared the leukocyte infiltration between WT and VASP~/~ mice
after hindlimb ischemia induction without or with application
of the specific CCR2 inhibitor RS504393 (Kitagawa et al., 2004;
Fig. 10 A). Leukocyte numbers were significantly increased in
ischemic calf muscles of vehicle-treated VASP~/~ mice versus
WT controls. Strikingly, however, the increased leukocyte infil-
tration in VASP~/~ mice was blunted in the presence of the CCR2
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inhibitor, and neutrophil, monocyte, and M1-like macrophage
numbers were indistinguishable from WT controls (Fig. 10, B-D).
This finding was further confirmed in a second, independent in
vivo model, thioglycollate-induced peritonitis. Very similar to the
hindlimb ischemia model, increased leukocyte infiltration into
the peritoneal cavity of VASP~~ mice could be blocked by CCR2
inhibition (Fig. S5, C-E), supporting that the chemokine receptor
CCR2 is (at least partially) responsible for the elevated leukocyte
infiltration into the inflamed tissue in VASP~/~ mice.

Discussion
The present study indicates that VASP is a major regulator of leu-
kocyte function in vivo. In the absence of VASP, the infiltration/
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30 60
minutes M1-CM

polarization of leukocytes was increased to contribute to accel-
erated angiogenesis in the calf muscle (e.g., by increased pro-
duction of cytokines and growth factors, such as VEGF) and
arteriogenesis in the thigh muscle, and improved after isch-
emic blood perfusion. The mechanisms involved seem related
to changes in STAT signaling, chemokine release, and leukocyte
responsiveness.

A sequential cascade of gene regulation follows the inflamma-
tory activation of leukocytes (Wells et al., 2005). Early response
genes, such as TNFa, which elicit inflammation and leukocyte
recruitment, peak between 2 and 7 h after stimulation and then
decline rapidly. This is followed by a second (late) wave of tran-
scriptional activation that results in the increased expression
of genes such as arginase-1 or IL-10 (Fig. S5 F). The latter can
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Figure9. VASP forms complexes with CCR2 and B-arrestin 2 in leukocytes. (A and B) Immunoprecipitation (IP) of VASP from BM-derived leukocytes under
basal conditions and after incubated with M1 conditioned medium (M1-CM) using antibodies directed against CCR2 (A) or B-arrestin 2 (3-Ar2, B). Aand B show
different regions of the same blot; separations are indicated. (C) HEK cells were transfected with B-Ar2 with or without VASP. After IP of VASP, the precipitated
material was probed with B-Ar2 antibodies. (D) Purified recombinant VASP was pulled down with GST (negative control), GST-B-Ar2, or GST-Spectrin-SH3 (pos-
itive control), and the precipitated material was probed with VASP-specific antibodies. (E and F) Colocalization of VASP (green) with CCR2 (red) and B-arrestin
2 (blue) in BM-derived monocytes under basal conditions (E) and after stimulation with mouse CCL2 (150 nmol/liter; F). Bars, 4 pm. The panels on the right are
higher magnifications of the areas marked by the boxes. Bars, 1 um. Comparable results of A-E were obtained in four additional experiments. (G) Analysis of ERK
(also termed p42/p44 MAPK) phosphorylation in WT (+/+) and VASP~/~ (~/-) CTL macrophages and macrophages after 6 or 24 h of M1 polarization (10 ng/ml
LPS and 1 ng/ml IFNy). Myosin served as loading control. n = 8 animals per group; error bars, SEM; *, P < 0.05; ***, P < 0.001 (two-way ANOVA/Bonferroni).

remain elevated for at least 24 h and are considered inflamma-
tion suppressor genes because they prevent additional leukocyte
recruitment and activation (Wells et al., 2005). VASP expres-
sion was rapidly but also persistently elevated in Ml-activated
macrophages, indicating a dual role for VASP in pro- as well as
anti-inflammatory leukocyte signaling (Wells et al., 2005). Such
a dual role in inflammation/resolution has been described for
iNOS, which is induced by TLR ligands and IFNy. Clearly, iNOS is
important for host defense, but at the same time, myeloid iNOS
expression suppresses M1 macrophage polarization (Lu et al.,
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2015). Increased iNOS expression in M1 macrophages correlated
with VASP phosphorylation, but whether VASP phosphorylation
contributes to host defense is currently unclear. Consistent with
arole as an anti-inflammatory mediator, however, VASP deletion
caused a pronounced inflammatory phenotype, likely induced
by increased STAT1 signaling. Persistent or excessive inflamma-
tion can delay tissue repair or even exaggerate tissue damage by
generation of oxidative stress (Shireman, 2007). However, anti-
inflammatory genes and M2-like macrophage numbers were
also increased in the ischemic tissue of VASP~/~ mice, suggesting
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that M2 polarization, macrophage reeducation, and resolution
of inflammation are not impaired in the absence of VASP. Con-
sistent with our data, TNFa and iNOS levels were increased in
Kupffer cells from VASP~/- animals. In contrast to our studies,
however, stimulation of VASP~/~ macrophages with IL-4 was
associated with the decreased expression of Yml, arginase, and
mannose receptor (Lee et al., 2015).

In addition to leukocytes, VASP is expressed in endothelial
and smooth muscle cells (Miinzel et al., 2003; Benz et al., 2008a).
Currently, we cannot rule out that VASP deficiency in these cells
affects vascular repair after ischemia, especially at early points
in time after surgery. However, VASP deletion in BM-derived
cells was sufficient to mimic the increased blood flow recovery
of global VASP~/~ mice, highlighting the fundamental role of
VASP in leukocytes.

VASP (or its homologue Mena) regulates the actin-based
motility of various cell types (Sechi and Wehland, 2004; Trichet
et al., 2008; Krause and Gautreau, 2014), but there is consid-
erable controversy about whether VASP is a positive (Moeller
et al., 2004) or negative (Bear et al., 2000) regulator of cell
migration. This is not particularly surprising given that cell
movement is a complex and cell type-dependent process and
that VASP is involved in many actin-dependent processes (Bear
and Gertler, 2009). In contrast to random cell migration, little is
known about the role of VASP in chemotaxis, and most studies
were conducted either in slime mold (Han et al., 2002; Lin et
al., 2010) or in cell lines overexpressing chemokine receptors
(Neel et al., 2009).

Monocyte trafficking from the blood to the inflamed tissue
is mainly mediated by CCL2/CCR2 interactions (Griffith et al.,
2014). In ischemic muscles from VASP~/~ mice, monocyte infiltra-
tion was significantly increased, and our data indicate that VASP
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deficiency elevates both CCL2 release by macrophages and the
responsiveness of circulating monocytes and thereby synergis-
tically increases leukocyte recruitment into the inflamed tissue.
Assuming that the decrease in surface CCR2 expression reflects
receptor internalization before desensitization and inactivation
of signaling, our results suggest that VASP plays a role in the reg-
ulation of receptor trafficking.

Neutrophils express CCR2 at low levels compared with mono-
cytes (Fujimura et al., 2015), but inflammatory stimuli increase
neutrophil CCR2 levels, which is essential for neutrophil infil-
tration in inflammatory diseases (Souto et al., 2011; Talbot et al.,
2015). Thus, we speculate that VASP-dependent CCR2 traffick-
ing is also important for neutrophil infiltration into the inflamed
hindlimb after ischemia. Consistently, CCR2 inhibition blocked
both monocyte and neutrophil infiltration in the inflamed tis-
sue of VASP~/~ mice. Currently, however, we cannot rule out that
VASP deficiency also affects the signaling of other chemokine
receptors important for neutrophil or monocyte infiltration. A
role for VASP in GPCR trafficking is so far unknown, but VASP
was previously identified as a CXCR2-interacting protein (Neel
et al., 2009). However, VASP knockdown in HL-60 cells with
stable overexpression of CXCR2 was associated with impaired
chemotaxis (Neel et al., 2009), and unlike with CCR2, we did
not observe significant changes in CXCR2 surface expression
between WT and VASP~/~ cells.

VASP formed complexes with CCR2 and B-arrestin 2 in vesi-
cle-like structures after leukocyte stimulation with CCL2, possi-
bly reflecting receptor internalization. Such a phenomenon could
well explain the apparent increase in CCL2-initiated signaling in
VASP~/~ leukocytes, and several known B-arrestin binding pro-
teins that are involved in actin dynamics are also VASP-interact-
ing proteins: zyxin, all-spectrin, WASp, and components of the

Journal of Cell Biology
https://doi.org/10.1083/jcb.201702048

1513



Arp2/3 complex (Ball et al., 2000; Castellano et al., 2001; Skoble
etal., 2001; Xiao et al., 2007, 2010; Benz et al., 2008a).

Consistent with the role of VASP in CCR2 trafficking, knock-
down of Mena impaired clathrin-mediated endocytosis of the
EGF receptor in HeLa cells, which explains the implication of
Mena in EGF-dependent breast cancer invasion and metasta-
sis (Philippar et al., 2008; Vehlow et al., 2013). However, there
is also evidence that VASP is involved in receptor recycling, as
VASP regulates the Rabll-dependent plasma membrane tar-
geting of TGF-P receptors (Tu et al., 2015). How exactly VASP
regulates these apparently opposing processes and which
receptor classes and subclasses are affected, potentially in a cell
type-specific manner, is currently unclear. Our results indicate
that the underlying mechanism is independent of Racl, which
likely operates downstream of CCR2 receptor activation but may
involve actin dynamics. In mammalian cells, the contribution of
actin to progression and execution of endocytosis is still debated
(Kaksonen et al., 2006; Mooren et al., 2012). Although our plain
pharmacology approach suggests that actin dynamics may affect
CCR2 receptor trafficking in monocytes, further experiments
are required to analyze whether VASP-driven actin dynamics
participate in the formation of membrane invaginations, fis-
sion of vesicles from the membrane, cytoplasmic vesicle move-
ment, and/or recycling to the membrane. Currently, however,
we cannot rule out that complex formation of VASP with CCR2
and -arrestin may regulate CCR2 internalization in an actin-in-
dependent manner.

In addition to CCR2 receptor internalization, P-arrestin-
VASP binding may be relevant for the regulation of inflam-
matory cytokine expression and activity. Indeed, B-arrestins
inhibit TLR4 signaling and may have a direct role in regulating
TLR sensitization/internalization, thereby suppressing inflam-
matory cytokine production (Jiang et al., 2013). Therefore, it
is tempting to speculate that impaired B-arrestin 2 signaling
alone or combined with reduced TLR4 internalization after
LPS stimulation may contribute to the increased inflammatory
cytokine expression in VASP~/~ macrophages. Consistently, LPS-
induced ERK1/2 phosphorylation, which requires B-arrestin 2
signaling, was significantly impaired in LPS- and IFNy-treated
VASP~/~ macrophages.

Together, our data indicate that VASP is major regulator of
leukocyte trafficking and polarization and suggest that transient
VASP inhibition may be beneficial for the treatment of ischemic
vascular diseases. However, it has to be considered that both in
vivo models used in this study, hindlimb ischemia and thiogly-
collate-induced peritonitis, reflect sterile forms of inflammation.
Given the role of VASP in macrophage phagocytosis (Coppolino
etal., 2001; our own unpublished observations), further studies,
such as cecal ligation and puncture, are required to investigate
potential adverse effects of VASP inhibition, especially with
regard to antibacterial host defense. However, at least two addi-
tional pathological conditions may be associated with detrimen-
tal aspects of VASP deletion in leukocytes: atherosclerosis and
cancer. Both conditions are heavily associated with the recruit-
ment and polarization of monocytes/macrophages, and it needs
tobe determined how VASP deletion would affect the progression
of these diseases.
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Materials and methods

Materials

DMEM-F12, RPMI 1640, FCS, nonessential amino acids, sodium
pyruvate, MEM vitamins, penicillin/streptomycin, and cell cul-
ture-grade BSA were from Invitrogen; collagenase I from Worth-
ington; and M-CSF, GM-CSF, IFNY, IL-4, and CCL2 from Peprotech.
Antibodies were as follows: anti-CD45-VioBlue (rat, 130-102-430)
from Miltenyi Biotec; anti-Ly6G-APC-Cy7 (rat, 127624), CD11b
A647 (rat, 101220), CD11b BV421 (rat, 101251), Ly6G PE (rat,
127607), anti-F4/80-PE-Cy7 (rat, 123114), anti-CD206-FITC (rat,
141704), anti-B220-FITC (rat, 103205) or -APC (rat, 103211), anti-
CD192 (CCR2)-PE (rat, 150610), anti-CD11b BV605 (rat, 100742)
from BioLegend; anti-Ly6C-PerCP-Cy5.5 (rat, 560525), anti-CD3-
PE-CF594 (Armenian hamster, 562286), anti-CD31 (rat, 550274),
anti-CD80-APC (Armenian hamster, 560016) from BD Bioscience;
anti-CD31-PE-Cy7 (rat, 25-0311-82) from eBioscience; monoclo-
nal and polyclonal anti-VASP antibodies (Benz et al., 2008b),
anti-phospho-Tyr701-STAT (goat, SC-7988), anti-STAT6 (mouse,
SC-374021), anti-phospho-Tyr641 STAT 6 (goat, SC-11762), mono-
clonal anti-VASP (mouse, SC-46668), monoclonal/polyclonal
anti-B-arrestin 2 (mouse, SC-13140; goat, SC-6387) from Santa
Cruz Biotechnology; anti-iNOS (rabbit, ALX-210-515) from Alexis;
anti-CCR2 (goat, GTX45788) from Genetex; anti-STAT-1 (rabbit,
9172), anti-total ERK 1/2 (rabbit, 9102), anti-phospho-(Thr202/
Tyr204, Thr185/Tyr187) Erk1/2 (rabbit, 4376) from Cell Signal-
ing Technologies; anti-HA-tag (rabbit, ab6908) from Sigma-
Aldrich; and anti-nonmuscle myosin (rabbit, ab75590) from
Abcam. Peroxidase-conjugated antibodies were from Merck
Millipore (anti-mouse, 401253; anti-rat, 401416; anti-rabbit,
401393; and anti-goat, 401515); Alexa Fluor-conjugated second-
ary antibodies were from Invitrogen (donkey anti-rabbit 488,
A21206; donkey anti-goat 546, A11056; donkey anti-mouse 647,
A31571; donkey anti-rat 594, A21209; and donkey anti-mouse
647, A31571). Plasmids encoding HA-tagged B-arrestin 2 and
GST-B-arrestin 2 were gifts from R. Lefkowitz (Duke University,
Durham, NC; Luttrell et al., 1999; Xiao et al., 2004); plasmids for
mammalian and bacterial expression of His,-tagged VASP were
described previously (Benz etal., 2009). All other materials were
obtained from Sigma-Aldrich or Applichem.

Animals

VASP~/~ mice (Hauser et al., 1999) and their respective WT lit-
termates were bred at the Goethe University Hospital animal
facility. All animals were housed in conditions that conform to
the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (publication 85-23). Both
the University Animal Care Committee and the Federal Author-
ity for Animal Research at the Regierungspréisidium Darmstadt
(Hessen, Germany) approved the study protocol (#FU-1110). For
the isolation of organs, mice were killed using 4% isoflurane in
air and subsequent exsanguination or decapitation.

Hindlimb ischemia

Arteriogenic and angiogenic capacity was investigated in amouse
model of hindlimb ischemia as described previously (Abdel Malik
et al., 2017). In brief, the deep femoral artery was ligated using
an electric coagulator (Erbotom ICC50; Erbe), and the superficial
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femoral artery and vein were completely excised. The overlying
skin was closed with three surgical staples. Relative blood flow was
determined by laser Doppler imaging (Laser Doppler Perfusion
Imager System; Wilmington) at regular intervals for up to 21 d after
surgery. The perfusion of the ischemic and nonischemiclimb was
calculated on the basis of colored histogram pixels. To minimize
variables including ambient light and temperature and maintain
a constant body temperature, mice were kept on a warming plate
for10 min before laser Doppler scans. Perfusion was expressed as
the ratio of the ischemic to the nonischemic hindlimb.

Thioglycollate-induced peritonitis

Animals were injected with 3% thioglycollate medium to induce
peritonitis. After 3 d, peritoneal fluid was collected, and leuko-
cytes were suspended in 0.5% BSA-PBS for FACS staining. Sam-
ples were acquired with a LSRII/Fortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo software Vx (Treestar).
Leukocytes were defined as neutrophils (CD11b*, Ly6G*), mono-
cytes (CD11b*, Ly6G-, Ly6Cheb), macrophages (CD11b*, Ly6G-,
Ly6Clo¥, F4/80"), Ml1-like macrophages (CD80Me?, CD206°"), or
M2-like macrophages (CD80"Y, CD206hih),

CCR2 antagonist injection during peritonitis/hindlimb
ischemia induction

The specific CCR2 inhibitor RS504393 (Sigma-Aldrich) was dis-
solved in DMSO to prepare a 10-mM stock solution. Before injec-
tion, the CCR2 stock solution was diluted in 0.9% NaCl containing
0.5% methylcellulose, 0.5% benzyl alcohol, and 0.1% Tween 20
(Kitagawa et al., 2004; Yang et al., 2010). The RS504393 suspen-
sion was injected daily i.p. at a final concentration of 4 mg/kg
body weight per day, from 2 d before until 2 d after the induction
of peritonitis/femoral artery excision.

p-CT analyses

21 d after hindlimb ischemia induction, mice were killed and
perfused with vasodilation buffer (DPBS; containing papaverine
4 mg/liter, adenosine 1 g/liter) followed by intravascular 1% PFA
fixation. A mixture of 80% Neoprene latex (Neoprene Latex Dis-
persion 671 A; Dupont) and barium sulfate (3 g/ml; MicrOpaque
oral solution; Guerbet) was used as contrast agent, and formic
acid was used to polymerize the mixture. Mice were stored
overnight in 4% PFA at 4°C and another two nights in 50% for-
mic acid, then scanned in the micro-CT (Skyscan 1176; Bruker).
Volumetric data were reconstructed with NRecon/InstaRecon
CBR Server, premium software (Skyscan/InstaRecon). Image
analysis, segmentation, and quantification were performed with
Imalytics Preclinical software (Gremse-IT). The densities of the
contrast medium and muscles were used as references. Quanti-
fication was expressed as total volume of ischemic/nonischemic
hindlimb vessels.

BM transplantation

Groups of WT and VASP-KO mice were irradiated with two
doses of 5 Gy using a BioBeam 2000 (Gamma-Service Medical).
The next day, BM from femora and tibiae of WT and VASP~/~
mice was collected, and mononuclear cells were isolated using
Histopaque 1083 (Sigma-Aldrich). Four groups of mice were
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transplanted via caudal veins with BM mononuclear cells (2 x
10 cells/100 pl NaCl solution) as follows: WT BM transplanted
into WT mice (WT-BM—WT), WT BM transplanted into VASP~/-
mice (WT-BM—KO), VASP~~ BM transplanted into WT mice
(KO-BM—WT), and VASP~/- BM transplanted into VASP~/~ mice
(KO-BM—KO). Treated mice were allowed to recover for 10 wk
and subjected to hindlimb ischemia, followed by laser Doppler
imaging measurements.

Macrophage differentiation and polarization

BM-derived leukocytes were cultured in basal RPMI medium
(RPMI-1640 with nonessential amino acids, sodium pyruvate,
MEM vitamins, and penicillin/streptomycin) supplemented
with 10% FCS, 15 ng/ml M-CSF, and 15 ng/ml GM-CSF. After 7d
in culture, differentiated macrophages were polarized to proin-
flammatory M1 macrophages (10 ng/ml LPS and 1 ng/ml IFNy
for 6 or 24 h) or alternative M2 macrophage (25 ng/mlIL-4 for 24
or 48 h). For STATI inhibition studies, BM-derived macrophages
were preincubated with 50 uM fludarabine (Selleckchem) for1h
before M1 polarization. For STAT6 inhibition studies, BM-derived
macrophages were preincubated with 2 uM AS1517499 (Axon-
medchem) for 1 h before M2 polarization.

Cytometric bead array

Quantification of CXCL1 and CCL2 in cell culture supernatants
and muscle lysates was performed by use of cytometric bead
array flex sets (BD Biosciences). In brief, BM-derived mac-
rophages from WT mice were polarized to M1 (10 ng/ml LPS
+1ng/ml IFNy) or M2 (25 ng/ml IL-4) or left untreated (control;
CTL). 24 h later, the conditioned media were collected, and 25 ul
of each sample was incubated with 25 ul CXCL1/CCL2-specific
beads followed by CXCL1/CCL2-specific PE-labeled antibodies.
After washing, samples were resuspended in 250 ul FACS Flow,
measured on a LSRII/Fortessa flow cytometer, and evaluated
with BD Bioscience FCAP software v.3.0.

Quantitative real-time PCR

After total RNA isolation (RNeasy; Qiagen), cDNA synthesis
was performed with random hexamer primers (SuperScript
III; Invitrogen). Reverse-transcription quantitative real-time
PCR (RT-qPCR) was performed using SYBR Green Master Mix
(Thermo Fisher Scientific) and appropriate primers in a MX3000
multiplex quantitative PCR system (Agilent Technologies). The
relative RNA amounts were calculated using the 242¢T method
with 18S RNA as a reference. RT-qPCR primer sequences were
as follows: 18S rRNA forward, 5-CTTTGGTCGCTCGCTCCTC-3/,
and reverse, 5'-CTGACCGGGTTGGTTTTGAT-3"; iNOS forward,
5'-GTGGTGACAAGCACATTTGG-3’, and reverse, 5'-GTTCGTCCC
CTTCTCCTGTT-3'; IL-1B forward, 5'-CAGGCAGGCAGTATCACT
CA-3’, and reverse, 5'-AGCTCATATGGGTCCGACAG-3'; YM-1 for-
ward, 5-CTGGAATTGGTGCCCCTACAA-3', and reverse, 5-CTG
GTTGTCAGGGGAGTGTT-3'; IL-10 forward, 5'-CCAAGCCTTATC
GGAAATGA-3', and reverse, 5-TTTTCACAGGGGAGAAATCG-3;
TNF-a forward, 5'-CCCGACTACGTGCTCCTCACC-3’, and reverse,
5'-CTCCAGCTGGAAGACTCCTCCCAG-3'; VEGF forward, 5-GCA
CTGGACCCTGGCTTTACTGCTGTA-3', and reverse, 5'-GAACTT
GATCACTTCATGGGACTTCTGCTC-3'; HIFla forward, 5'-GAAATG
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GCCCAGTGAGAAAA-3',and reverse, 5-CTTCCACGTTGCTGACTT
GA-3’; HIF2a forward, 5-CTAAGTGGCCTGTGGGTGAT-3', and
reverse, 5'-GTGTCTTGGAAGGCTTGCTC-3’; VASP QT01059828
QuantiTect Primer (Qiagen); Mm-CXCL1 QT00115647 QuantiTect
Primer (Qiagen); Mm-CCL2 forward, 5'-GCTGTAGTTTTTGTC
ACCAAGC-3, and reverse, 5-GACCTTAGGGCAGATGCAGT-3'.

FACS isolation of BM-derived leukocytes

After 7-amino actinomycin D (eBioscience) exclusion to identify
live cells, BM-derived leukocytes, isolated from WT (+/+) and
VASP-KO (-/-) animals, were sorted into subsets of monocytes
(B220-, CD3-, CD11b*, Ly6G-) and granulocytes (B220-, CD3",
CD11b*, Ly6G*) using FACS Aria III (BD Biosciences).

FACS analyses of leukocytes infiltration into ischemic muscles
After perfusion with PBS/heparin/vasodilation buffer, muscles
from ischemic or control limbs were digested with collagenase
I in DMEM-F12 medium (300 units/ml) at 37°C. Collected cells
were suspended in 0.5% BSA-PBS, stained for flow cytometry
with a LSRII/Fortessa flow cytometer (BD Biosciences), and
analyzed using Flow]Jo software Vx (Flow]Jo). Myeloid cells were
defined as CD45* and CD11b*, with neutrophils (Ly6G*), mono-
cytes (Ly6G-, Ly6Chigh), macrophages (Ly6G-, Ly6C'o", F4/80"),
Ml-related macrophages (CD80Ms", CD206!°"), and M2-related
macrophages (CD80°", CD206"ieh).

RT-qPCR analyses of leukocyte infiltration into the hindlimb
After perfusion with PBS/heparin/vasodilation buffer, muscles
from WT and VASP~/~ limbs were digested with collagenase IT in
DMEMS-F12 medium (300 units/ml) at 37°C. Collected cells were
plated for 30 min onto tissue culture plates, extensively washed
to enrich macrophage populations, and processed for RT-qPCR as
outlined in Quantitative real-time PCR.

Transwell migration assay

Conditioned basal RPMI medium (750 pl) was collected from WT
macrophages 24 h after M1 or M2 polarization or from nonpo-
larized controls and added to the lower compartment of Tran-
swell filters (3.0-pm cell culture inserts from Greiner Bio-one).
Optionally, 50 ng/ml CCL2 was used as chemoattractant in some
assays. BM-derived leukocytes isolated from WT and VASP-KO (5
x 10° cells/350 pl basal RPMI medium containing 0.1% BSA) were
added into the upper chamber of Transwell filters and allowed to
migrate for 2 h toward the chemoattractant.

To investigate the impact of Racl, cells were preincubated
with 10 uM of the specific Racl inhibitor Ehop-016 (Montalvo-
Ortiz et al., 2012) for 1 h before migration. Migrated leukocytes
were collected and identified by FACS using a LSRII/Fortessa
flow cytometer, and results were evaluated with FCAP software
v.3.0 (BD Biosciences). Neutrophils were defined as CD3- CD11b*
Ly6Ghigh LyeClow cells, and monocytes as CD3~ CD11b* Ly6GlY,
Ly6Chigh cells.

CCR2 chemokine receptor internalization

BM-derived leukocytes (106 cells) were stimulated with M1 con-
ditioned medium for 5, 30, and 60 min; 50 ng/ml CCL2 for 5 min;
or left untreated as control. To investigate the impact of Racl on
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CCR2 surface levels, BM-derived leukocytes were preincubated
with 10 uM of the specific Racl inhibitor Ehop-016 (Montalvo-
Ortiz etal., 2012) or 1 pg/ml of the Racl activator CN04 (Cytoskel-
eton) for 1 h before stimulation. To address the impact of actin
dynamics on CCR2 surface levels, BM-derived leukocytes were
preincubated without or with cytochalasin D (2.5, 10, or 15 pM),
latrunculin A (0.5 uM), or latrunculin B (0.25, 0.5, or 5 uM) for 30
min before stimulation with M1 conditioned medium or 50 nM
CCL2. Cells were collected by centrifugation at 2000 g for 1 min
at 4°C and stained for FACS analysis. Mean fluorescence intensity
of CCR2 in neutrophil and monocyte populations was measured
by FACS using a LSRII/Fortessa flow cytometer. Neutrophils were
defined as CD11b* Ly6Ghigh Ly6Cit cells, and monocytes as CD11b*
Ly6G-, Ly6Chigh cells.

Immunofluorescence microscopy

Hindlimbs

After perfusion with vasodilation buffer and zinc fixative solution,
semimembranosus (thigh) and gastrocnemius (calf) muscles were
fixed overnight at 4°C, embedded in TissueTek OCT Compound
(Sakura), and immediately frozen on dry ice. Transverse cryosec-
tions (10 um) were blocked/permeabilized with 5% goat serum
(GeneTex) in PBS containing 0.2% Triton X-100 (PBS-T), followed
by incubation with anti-CD31 antibodies overnight at 4°C. After
extensive washing and exposure to Alexa Fluor secondary anti-
bodies (2 h at room temperature), sections were washed, mounted
with 50% glycerol in PBS containing 5% DABCO, and analyzed
using a confocal microscope (SP8; Leica) equipped with a 40-fold
oil-immersion objective. Images were acquired and prepared for
presentation using LAS AF software (v.1.1.0.12420; Leica).

BM cells

BM was extracted from femora and tibiae of WT mice, washed
in PBS, resuspended in basal RPMI medium, and seeded on poly-
L-lysine (Biochrom)-coated p-slides (Ibidi). Cells were stimu-
lated with 150 nmol/liter CCL2 for 30 min, fixed with 4% for-
malin (Roth), washed with PBS, and incubated with mouse Fc
Block (553142; BD Bioscience). After blocking/permeabilization
with 5% normal donkey serum (GeneTex) in PBS-T, cells were
incubated with diluted primary antibodies in the same solu-
tion, washed in PBS, incubated with Alexa Fluor 488/546/7647-
conjugated secondary antibodies, washed again, and mounted
with 50% glycerol in PBS containing 5% DABCO as an antifading
agent. Cells were investigated at room temperature using a con-
focal laser scanning microscope (LSM 780; Zeiss) equipped witha
63-fold oil-immersion objective. Images were acquired, cropped,
and prepared for presentation using ZEN software (v.2.1, black,
64 bit; Zeiss). Specificity of the stainings was confirmed by sec-
ondary-antibody-only controls that were imaged and processed
with the same parameters as in the main figures. VASP-specific
antibodies were validated with WT and VASP~/~ leukocytes in
immunofluorescent stainings and by FACS analyses.

Immunoprecipitations and GST pull-down assays

For immunoprecipitation, basal or M1 conditioned medium-
stimulated mouse BM-derived leukocytes were lysed in buffer
A:40 mM Hepes-NaOH, pH 7.5, 100 mM NaCl, 1% Igepal CA-630,
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and protease/phosphatase inhibitor cocktail. Lysates were clari-
fied by centrifugation for 10 min at 20,000 gat 4°C and CCR2 or
B-arrestin 2 were subjected to immunoprecipitation using either
protein-specific antibodies or isotype control antibodies, fol-
lowed by incubation with protein G-conjugated Sepharose beads
(GE-Healthcare). After extensive washing with the lysis buffer,
the precipitated material was analyzed by Western blotting using
anti-VASP antibodies. For immunoprecipitations with tagged
proteins, HEK cells were transfected with HA-tagged B-arrestin
2 (Luttrell et al., 1999) with or without Hise-tagged VASP (Benz
et al., 2009) using Lipofectamine 2000 (Invitrogen). Cells were
lysed and immunoprecipitated as detailed above, using anti-Hise-
epitope tag affinity matrix (BioLegend), followed by Western
blotting with anti-HA antibodies.

GST pull-down assays were performed as described (Benz et
al., 2016). In brief, 500 ng purified His,-VASP (Benz et al., 2009)
was incubated with 5 ug GST-B-arrestin 2 (Xiao et al., 2004),
equimolar amounts of GST alone (negative control), or GST-
Spectrin-SH3 (positive control; Benz et al., 2013) coupled to glu-
tathione Sepharose (GE-Healthcare) in buffer A supplemented
with 25 ng/ul BSA to block unspecific interactions. After exten-
sive washing, precipitated material was analyzed by Western
blotting with anti-VASP antibodies.

Immunoblotting

Cells were lysed in TBS buffer (50 mM Tris-HCl and 150 mM
NaCl, pH 7.4) containing 1% Triton X-100 and protease/phos-
phatase inhibitor cocktails. Lysates were clarified by centrifu-
gation, and protein concentrations were measured by Bradford
assay. 40 pg total protein was separated by standard 8-10% SDS-
PAGE, blotted, and blocked in TBS supplemented with 3% BSA
and 0.3% Tween-20. After overnight incubation with primary
antibodies at 4°C, extensive washing, and incubation with per-
oxidase-conjugated secondary antibodies, proteins were visual-
ized by enhanced chemiluminescence on a Fusion Solo imager
(Vilber Lourmat).

Statistical analyses

Data are expressed as mean + SEM. Statistical evaluation was
performed using Student’s t test for unpaired data, one-way
ANOVA with Tukey posttest, or two-way ANOVA with Bonferroni
posttest where appropriate. Values of P < 0.05 were considered
statistically significant. Data distribution was assumed to be nor-
mal, but this was not formally tested.

Online supplemental material

Fig. S1shows the gating strategy for flow cytometry analyses. Fig. S2
shows that VASP deletion increases M1 and M2 macrophage polar-
ization in vitro. Fig. S3 shows expression levels of chemokines and
chemokine receptors. Fig. S4 shows the impact of Racl and actin
dynamics on CCR2 internalization. Fig. S5 shows that VASP deletion
increases B-arrestin 2 protein levels; that CCR2 inhibition blocks the
increased leukocyte infiltration into the peritoneal cavity of VASP~/~
mice; and expression levels of early and late response genes after
induction of M1 polarization. Video 1 shows collateral vessel forma-
tion in the thigh muscle of a WT mouse. Video 2 shows collateral
vessel formation in the thigh muscle of a VASP-KO mouse.
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