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ABSTRACT

he recruitment of neutrophils from the microvasculature to the

site of injury or infection represents a key event in the inflamma-

tory response. Vitronectin (VN) is a multifunctional macromole-
cule abundantly present in blood and extracellular matrix. The role of
this glycoprotein in the extravasation process of circulating neutrophils
remains elusive. Employing advanced in vivo/ex vivo imaging techniques
in different mouse models as well as in vitro methods, we uncovered a
previously unrecognized function of VN in the transition of dynamic to
static intravascular interactions of neutrophils with microvascular
endothelial cells. These distinct properties of VN require the heteromer-
ization of this glycoprotein with plasminogen activator inhibitor-1 (PAI-
1) on the activated venular endothelium and subsequent interactions of
this protein complex with the scavenger receptor low-density lipopro-
tein receptor-related protein-1 on intravascularly adhering neutrophils.
This induces p38 mitogen-activated protein kinases-dependent intracel-
lular signaling events which, in turn, regulates the proper clustering of
the B2 integrin lymphocyte function associated antigen-1 on the surface
of these immune cells. As a consequence of this molecular interplay,
neutrophils become able to stabilize their adhesion to the microvascular
endothelium and, subsequently, to extravasate to the perivascular tis-
sue. Hence, endothelial-bound VN-PAI-1 heteromers stabilize intravas-
cular adhesion of neutrophils by coordinating 2 integrin clustering on
the surface of these immune cells, thereby effectively controlling neu-
trophil trafficking to inflamed tissue. Targeting this protein complex
might be beneficial for the prevention and treatment of inflammatory
pathologies.

Introduction

Vitronectin (VN) is a multidomain macromolecule synthesized by the liver and
found in platelets.' Upon release into the extracellular space,” VN becomes capable
of establishing interactions with different proteins involved in diverse biological
processes: engaging its somatomedin B domain, VN acts as a ligand for the (soluble)
urokinase-type plasminogen activator (uPA) receptor or binds to plasminogen acti-
vator inhibitor-1 (PAI-1), thereby extending the half life of this protease inhibitor in
fibrinolysis. Through its tripeptide arginine, glycine, and aspartate (RGD) sequence,
VN can interact with avp3, avp5, allbp3, and avf1 integrins which are expressed
on the surface of leukocytes and platelets. In addition, several other molecules (e.g.,
proteoglycans, heparin, collagens, or kininogen) serve as binding partners of VN
immobilizing this glycoprotein in the extracellular matrix (ECM), ultimately regu-
lating cell adhesion and migration.** Accordingly, enhanced levels of VN have been
detected in various inflammatory pathologies including atherosclerosis, glomeru-
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lonephritis, or theumatic disease.”" The functional role of
VN under these pathological conditions, however,
remains largely unclear.

The recruitment of white blood cells (leukocytes) from
the microvasculature to the site of inflammation is a fun-
damental process in the immune response."™ In
inflamed tissue, circulating leukocytes become captured
and start to roll on the microvascular endothelium in a
selectin-dependent manner.” This triggers the intermedi-
ate affinity conformation of B2 integrins on the surface
of rolling leukocytes which allows them to further slow
down in the bloodstream.'*” Subsequently, interactions
of chemokines presented on the microvascular endothe-
lium with their cognate chemokine receptors on rolling
leukocytes as well as of endothelial E-selectin/CD62E
with leukocyte P-selectin glycoprotein ligand-1 (PSGL-
1/CD168) are supposed to initiate the full activation of
leukocyte integrins ultimately facilitating intravascular
adhesion of these immune cells to the endothelial sur-
face.”'® After stabilizing their adhesion, leukocytes
intravascularly crawl to sites of adherent platelets, from
where they finally extravasate to the perivascular tissue
and migrate to their target destination.” Whereas a vari-
ety of adhesion and signaling molecules have been char-
acterized to control distinct steps of this highly complex
process, the mechanisms underlying the stabilization of
leukocyte adhesion to the microvascular endothelium
are still poorly understood.

Fibrinolysis is an elementary biological process that
maintains blood perfusion by preventing clot formation
in the vasculature. Plasmin is the principal effector pro-
tease in the fibrinolytic system, which is activated by tis-
sue-plasminogen activator (tPA) and — to a lesser degree
— by urokinase-type plasminogen activator (uPA). The
activity of these serine proteases is tightly controlled by
plasminogen activator inhibitor-1 (PAI-1). Besides these
well-known fibrinolytic properties, it has become evi-
dent that the components of the fibrinolytic system also
considerably contribute to different biological processes
such as immune cell trafficking.”* With respect to the
distinct interactive properties of VN and the substantial
involvement of the various binding partners of this gly-
coprotein in immune cell responses, we hypothesize that
VN is critical for leukocyte recruitment to the site of
inflammation.

Methods

A detailed description of the methods employed in this study
is included in the Online Supplementary Appendix.

All experiments were performed according to German legis-
lation for the protection of animals and approved by the local
government authorities (Regierung von Oberbayern).

Six hours after intra-peritoneal injection of the chemokines
CXCL1 or CCL2, leukocyte recruitment to the peritoneal cavity
was studied by flow cytometry in wild-type (WT) or VN-defi-
cient mice. The single steps of the neutrophil (visualized by flu-
orescence-labeled anti-Ly-6G monoclonal antibodies) extrava-
sation process were analyzed by in vivo microscopy in the cre-
master muscle of anesthetized mice deficient for distinct pro-
teins or receiving different inhibitors/blocking antibodies.
Integrin activation/trafficking was assessed in neutrophils from
WT mice by flow cytometry and spinning disc confocal
microscopy.

Results

Distribution of vitronectin in inflamed tissue

Under a variety of inflammatory conditions, enhanced
tissue levels of VN have been observed.”’ The exact dis-
tribution patterns of this glycoprotein in inflamed tissue,
however, remained unclear. Employing immunostaining
and confocal laser scanning microscopy on tissue whole
mounts of the mouse cremaster muscle, VN was barely
detected in unstimulated tissue (Figure 1A). In the acute
inflammatory response upon sterile (ischemia-reperfu-
sion [I/R]; 30/120 minutes [min]) injury, however, VN was
found to be deposited on the luminal surface of postcap-
illary venules. This microvascular deposition of VN was
nearly absent upon enzymatic degradation of gly-
cosaminoglycans (GAG).

Role of vitronectin for myeloid leukocyte trafficking

In order to characterize the role of VN for myeloid
leukocyte recruitment to the site of inflammation, we ini-
tially used a peritoneal leukocyte trafficking assay. As
identified by multi-channel flow cytometry analyses of
the peritoneal lavage fluid, 6 hours of intraperitoneal
stimulation with the chemokines CXCL1/KC or
CCL2/MCP-1 induced a significant increase in numbers
of neutrophils (CD45* CD11b* Gr-1"¢* CD115"") and clas-
sical/inflammatory monocytes (CD45* CD11b* Gr-1"¢
CD115"# Figure 1B), but not of non-classical monocytes
(CD45* CD11b* Gr-1°v CD115"¢, data not shown) recruit-
ed to the peritoneal cavity of WT mice as compared to
unstimulated controls. This increase in numbers of neu-
trophils was almost completely abolished in VN or VN'
" mice, whereas the recruitment of classical/inflammatory
monocytes remained unaffected by VN deficiency. In this
context, we found that expression of the low density
lipoprotein-related receptor protein-1 (LRP-1), which
serves as a receptor for the VN binding partner PAI-1,”%
was higher on the surface of activated murine neutrophils
(mean fluorescence intensity 1,023.0+231.4) than on acti-
vated classical monocytes (mean fluorescence intensity
473.0+128.8). Moreover, LRP-1 was identified to be
expressed heterogeneously in murine neutrophils (Online
Supplementary Figure S1).

Role of vitronectin for intravascular interactions
of neutrophils

In order to further decipher the role of VN in the
extravasation process of neutrophils, we performed
multi-channel i vivo microscopy on the mouse cremaster
muscle. In these experiments, we observed that Ly-6G*
neutrophils in VN mice are unable to stabilize their
adhesion to the endothelial surface of postcapillary
venules in inflamed tissue, whereas neutrophils in WT
mice properly adhered to the microvascular endothelium
(Figure 2A; Online Supplemtary Videos S1 and S2).
Accordingly, the quantitative analysis of these events
revealed no significant differences in the numbers of
rolling neutrophils or in the rolling velocity of neutrophils
between WT and VN” mice animals upon I/R (30/120
min) or after 6 hours of intrascrotal stimulation with
CXCL1/KC or CCL2/MCP-1 (Figure 2A). In contrast, the
average number of neutrophils adhering to the vessel wall
of postcapillary venules for more than 30 seconds (s) was
significantly lower in VN’ mice than in WT controls,
whereas the average number of neutrophils adhering for



less than 30 s was significantly higher in VN” mice than
in WT controls. Consequently, the average adhesion time
of a neutrophil to the microvascular endothelium was sig-
nificantly shorter in VN” mice than in WT controls. This
defect of neutrophils in VN mice to stabilize intravascu-
lar adhesion resulted in a significantly reduced number of
extravasated neutrophils. Noteworthy, a minority of neu-
trophils in VN mice was still able to stabilize their adher-
ence to the microvascular endothelium, which might be
explained by the heterogeneous expression levels of the
VN receptor LRP-1 (Ownline Supplementary Figure S1)
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and/or compensatory mechanisms in a subset of these
immune cells. Such alternative mechanisms (which might
even include cumulative factors) controlling the stabiliza-
tion of neutrophil adherence are still unclear and subject
of future investigations.

In order to exclude neutrophil-intrinsic effects of VN
deficiency on the stabilization of intravascular adhesion
of these immune cells, we conducted bone marrow cell
transfer experiments (Figure 2B). In the postischemic
mouse cremaster muscle (I/R 30/120 min), the number of
accumulated fluorescence-labeled neutrophils isolated
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Figure 1. Role of vitronectin for leukocyte trafficking to inflamed tissue. (A) Using confocal laser scanning microscopy on tissue whole mounts of the cremaster muscle
of wil-type (WT) mice, deposition of vitronectin (VN) (green) in the PECAM-1/CD31" microvasculature (blue) was analyzed, representative images are shown (scale bar:
20 um). Panels show quantitative results from relative fluorescence intensity measurements for VN in sham-operated WT mice as well as in WT mice undergoing
ischemia-reperfusion (I/R) (30/120 min) and intravenous application of glycosaminoglycans digesting enzymes or vehicle (meanzstandard error of the mean [SEM]
for n=4 animals per group; #P<0.05 vs. sham; *P<0.05 vs. vehicle). (B) Employing multi-channel flow cytometry, the recruitment of neutrophils and classical monocytes
to the peritoneal cavity was analyzed 6 hours after intraperitoneal (i.p.) injection of CXCL1 or CCL2, the gating strategy is shown. Panels show results for lipopolysac-
charide-treated WT control mice as well as for WT, VN*, or VN7 mice receiving an i.p. injection of CXCL1 or CCL2 (mean+SEM for n=4 animals per group; #P<0.05 vs.
control; *P<0.05 vs. WT). cMO: classical monocytes; ncMO: nonclassical monocytes; N: neutrophils; SSC: side scatter.
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Figure 2. Role of vitronectin for interactions of neutrophils and endothelial cells. (A) Using multi-channel in vivo microscopy on the inflamed mouse cremaster mus-
cle, interactions of Ly-6G* neutrophils (red) with endothelial cells were analyzed in postcapillary venules, representative still images are shown (scale bar: 20 um).
Panels show quantitative results for rolling flux, rolling velocity, short adhesion, firm adherence, adhesion time, and transmigration of neutrophils in wild-type (WT),
vitronectin (VN)”, or VN** mice (meantstandard error of the mean [SEM] for n=4 animals per group; *P<0.05 vs. WT). See also Online Supplementary Table S1. (B)
Accumulation of calcein AM-labeled bone marrow (BM) leukocytes were quantified in the postischemic cremaster muscle using multi-channel in vivo fluorescence
microscopy. Panel shows results for WT recipient mice receiving leukocytes from WT or VN-deficient donors as well as for VN-deficient recipient mice receiving leuko-
cytes from WT donors (mean+SEM for n=5 animals per group; *P<0.05 vs. WT). n: number; s: seconds; HPF: hydroxyphenyl fluorescein; I/R: ischemia-reperfusion.
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WT recipient mice. Thus, a neutrophil-intrinsic effect of integrins are expressed on the surface of platelets and serve
VN deficiency was not evident. as binding partners of VN, this glycoprotein might stabilize
intravascular adhesion of neutrophils by mediating interac-
Role of integrin interaction partners of vitronectin tions of these cell populations. Using i vivo microscopy on
for neutrophil trafficking the postischemic mouse cremaster muscle, however,
Platelets are known to play a critical role in the extrava- intravascular firm adherence of platelets or interactions of
sation process of leukocytes."™* Since avp3 and allbf3 intravascularly adherent platelets and neutrophils did not
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Figure 3. Role of platelets and integrins for the stabilization of intravascular adhesion of neutrophils. (A) Interactions of Ly-6G* neutrophils (red) and GP-Ibp* platelets
(green) were analyzed in postcapillary venules (perfused by FITC dextran; grey) of the postischemic mouse cremaster muscle of wild-type (WT) or vitronectin (VN)-defi-
cient mice by multi-channel in vivo microscopy, representative images from a WT mouse are shown (scale bar: 10 um). Panels show quantitative results for intravas-
cular adherence of neutrophils or platelets as well as for the colocalization of these two cell populations (meanzstandard error of the mean [SEM] for n=3 animals per
group; *P<0.05 vs. WT). Further panels show quantitative results for rolling flux, rolling velocity, short adhesion, firm adherence, adhesion time, and transmigration of
neutrophils in WT mice receiving platelet-depleting antibodies, blocking antibodies directed against the 32 integrins LFA-1/CD11a and Mac-1/CD11b (B), or ICAM-
1/CD54 (C), or blocking antibodies directed against CD51 integrins and allb3/CD41/CD61 integrins (D; mean+SEM for n=4 animals per group; *P<0.05 vs. isotype
control). See also Online Supplementary Table S1. n: numbers, s: seconds; min: minutes; I/R: ischemia-reperfusion; mAb: monoclonal antibody.
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significantly vary between WT and VN" mice (Figure 3A).
In contrast, intravascular firm adherence of neutrophils
was significantly diminished in VN-/- mice animals as
compared to WT animals (Figure 3A). Conversely, anti-
body-mediated depletion of platelets (by >95%) signifi-
cantly reduced the number of intravascularly adherent
(>30 s) and transmigrated neutrophils in the field of view,
but did not significantly change intravascular adhesion
times of these immune cells in the microvasculature of
postischemic tissue (Figure 3B). These data confirm previ-
ous observations documenting that intravascularly adher-
ent neutrophils do not stop crawling in the microvascula-
ture and start their transmigration (which results in less
firmly adhered and transmigrated leukocytes quantified in
the field of view) until they are captured by intravascularly
adherent platelets.”

In addition to avp3 and allbf3 integrins, VN is able to
interact with avf5, avfl, «p2/LFA-1/CD11a, and
o.p2/Mac-1/CD11b integrins.*® In further in vivo
microscopy experiments, we therefore sought to evaluate
the effect of these binding partners of VN on the stabi-
lization of neutrophil intravascular adhesion. In the
postischemic mouse cremaster muscle, antibody block-
ade of av or allbp3 integrins did not significantly alter
intravascular adhesion of neutrophils to the endothelium.
Although antibody blockade of o.2/LFA-1/CD11a or of
a.f2/Mac-1/CD11b as well as of the endothelial 2 inter-
action partner ICAM-1/CD54 (Figure 3C) significantly
reduced numbers of intravascularly firmly adhered (>30 s)
neutrophils, average adhesion times of neutrophils in the
microvasculature were not significantly changed (Figure
3D). These data indicate that B2 integrins and ICAM-
1/CD54 are already involved in the induction of neu-
trophil intravascular adherence.

Effect of heteromerization of vitronectin with PAI-1
on neutrophil trafficking

PAI-1 is another binding partner of VN that is also
involved in neutrophil trafficking.”*** We here confirm that
murine PAI-1 (Online Supplementary Figure S2) binds to VN,
but not to fibronectin (FN) (Online Supplementary Figure
S34), ultimately forming VN-PAI-1 heteromers (Online
Supplementary Figure S3B) as evidenced by (sandwich)
enzyme-linked immunosorbent assay (ELISA) analyses.
Moreover, VN-PAI-1 heteromers were found in the periph-
eral blood of unstimulated mice whose levels slightly
increased upon induction of systemic inflammation (Online
Supplementary Figure S4). This increase in circulating VN-
PAI-1 heteromers might be due to the release of VN and
PAI-1 from the liver, of PAI-1 by the microvascular
endothelium, as well as of VN, PAI-1, and pre-formed com-
plexes of the single proteins by activated platelets™ in the
acute phase of the inflammatory response.
Immunostaining and confocal laser scanning microscopy
on cremasteric tissue whole mounts further revealed that
VN, PAI-1, and adherent neutrophils co-localize on the
postischemic venular endothelium (Figure 4A). In order to
evaluate the role of complex formation of VN with PAI-1
for the stabilization of neutrophil intravascular adhesion,
we performed in vivo microscopy experiments in the
postischemic cremaster muscle of PAI-1-deficient mice
which received different PAI-1 mutant proteins (Figure 4B).
Substitution of PAI-1-deficient mice with active stable PAI-
1 (CPAI) or a PAI-1 mutant protein lacking anti-protease
activity (PAI-RR) resulted in significantly higher numbers
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of intravascularly firmly adherent (>30 s) neutrophils, sig-
nificantly lower numbers of intravascularly shortly
adhered (<30 s) neutrophils as well as higher average adhe-
sion times of adherent neutrophils as compared to PAI-1-
deficient mice substituted by a PAI-1 mutant protein lack-
ing its VN binding domain (PAI-QR). In this context, sub-
stitution of PAI-deficient mice with PAI-QR induced short
adhesion, but not of firm adherence of neutrophils to the
microvascular endothelium as compared to vehicle-treated
PAI-1-deficient animals (which might be due to PAI-1 bind-
ing to its receptor LRP-1% without prior interaction of PAI-
1 and VN). Further, substitution of VN" mice with VN-PAI-
1 protein rescued the adhesion defect arising from VN defi-
ciency (Omnline Supplementary Figure S5). These results
strengthen our concept that the interaction of VN and PAI-
1 is critical for the stabilization of intravascular adhesion of
neutrophils.

In autoperfused flow chambers coated with CD62E/E-
selectin and ICAM-1/CD54, an additional coating with VN-
PAI-1 (Online Supplementary Figure S3) did not significantly
alter rolling and adherence of neutrophils, whereas an addi-
tional coating with the chemokine CXCL1/KC induced a
significant elevation in numbers of adherent neutrophils
(Online Supplementary Figure S4C). These data suggest that
chemokines, but not VN-PAI-1 heteromers, are critical for
the induction of intravascular adherence of neutrophils.

Effect of vitronectin-plasminogen activator inhibitor-1
heteromers on activation of 2 integrins
in neutrophils

In inflamed tissue, intravascular firm adherence of neu-
trophils to the microvascular endothelium is facilitated by
interactions of endothelial members of the immunoglobu-
lin superfamily (e.g., ICAM-1/CD54) and neutrophil p2
integrins in higher affinity conformation.”*” Employing
multi-channel flow cytometry, exposure to VN-PAI-1, but
not to VN, uPA, PAI-1, or VN-uPA significantly enhanced
the fluorescence signal for the 2 integrins CD11a/LFA-1
and — to a lesser degree — CD11b/Mac-1 on the surface of
neutrophils as compared to unstimulated controls (Online
Supplementary Figures S5A and S6).

As a measure of conformational changes of B2 integrins,
binding of their interaction partner ICAM-1/CD54 to neu-
trophils was analyzed in a next step. Similarly to our pre-
vious results for expression of B2 integrins, binding of
ICAM-1/CD54 to neutrophils was significantly increased
upon exposure to VN-PAI-1, but not upon exposure to VN,
uPA, PAI-1, or VN-uPA, as compared to unstimulated con-
trols (Figure 5B). Application of receptor associated protein
(RAP; blocking members of the LDL receptor family),
application of blocking anti-LRP-1 antibodies, or inhibitors
of p38 (but not of JNK or ERK1/2) mitogen-activated pro-
tein kinases (MAPK) almost completely abolished VN-PAI-
1-elicited ICAM-1/CD54 binding.

In order to specifically evaluate the effect of VN-PAI-1
on conformational changes of 2 integrins, conformation-
specific antibodies for the detection of the intermediate
(KIM127) or high-affinity conformation (mAb 24) of $2
integrins (which are only available for human integrins)
were used (Figure 5C). Upon exposure of VN-PAI-1 to
human neutrophils, however, binding of ‘KIM127’ and
‘mAb 24’ was not significantly altered as compared to
basal antibody binding in unstimulated controls whereas
exposure to the chemokine CXCL1/KC significantly
increased ‘KIM127” and ‘mAb 24’ binding. Collectively,

haematologica | 2021; 106(10)




these data suggest that the increased ICAM-1/CD54
binding to neutrophils upon exposure to VN-PAI-1
(Figure 5B) is rather due to enhanced/optimized presenta-
tion of B2 integrins on the surface of these immune cells
(Figure 5A; Figure 6) than to conformational changes in
these adhesion and signaling molecules.

Since integrin clustering is thought to be particularly
important in postadhesion strengthening of leukocyte-
endothelial cell interactions, we employed spinning disc
confocal microscopy to study the effect of VN-PAI-1 het-
eromers on the cell membrane trafficking dynamics of 2
integrins in neutrophils (Figure 6A to C). In these experi-
ments, we found that additional exposure of neutrophils
isolated from the peripheral blood of WT mice to VN-

PAI-1 heteromers significantly increased the clustering of
the B2 integrin CD11a/LFA-1 as compared to exposure to
the chemokine CXCL1/KC alone, or to phosphate
buffered saline (PBS).

Systemic leukocyte counts and microhemodynamic
parameters

In order to assure intergroup comparability in our in
vivo microscopy experiments, systemic leukocyte counts
and microhemodynamic parameters including blood flow
velocity, inner vessel diameter, and wall shear rate were
determined in each experiment. No significant differences
were detected among experimental groups (Online
Supplementary Table S1).
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Discussion endothelial cells and have previously been reported to
interact with VN through its core polypeptide,® we
The trafficking of circulating leukocytes from the venular  hypothesized that these carboanhydrates serve as bind-
microvasculature to the site of injury or infection is a key  ing partner for VN on the inner vessel wall. Confirming
event in the pathogenesis of inflammatory diseases."™ The  this assumption, enzymatic degradation of GAG almost
role of the matricellular protein VN in this fundamental —completely abrogated the deposition of VN on the acti-
biological process is still unclear. Under homeostatic con-  vated microvascular endothelium, thus suggesting that
ditions, VN predominantly circulates in the blood as a VN is immobilized in inflamed tissue on the surface of
monomer. In the acute inflammatory response, however, microvascular endothelial cells by endothelial GAG.
the binding of activated PAI-1 to VN monomers induces In order to evaluate the functional relevance of VN for
conformational changes in this macromolecule that effec-  leukocyte migration to the site of inflammation, we
tively promote its multimerization. This allows multi- employed a peritoneal leukocyte trafficking assay. In
meric VN to specifically bind to the surface of endothelial  these experiments, neutrophil extravasation to the peri-
cells and, in turn, to unfold previously cryptic binding toneal cavity was severely compromised in VN" mice as
sites as evidenced by different in vitro studies.**® compared to WT controls. Notably, this impairment in
Accordingly, we found VN to be deposited on the luminal  neutrophil recruitment reached similar levels in heterozy-
surface of the venular microvasculature in inflamed tis- gous and homozygous VN mice suggesting that compar-
sue. Since GAG cover the luminal aspect of microvascular  atively large amounts of endothelially deposited VN are
[ unstimulated Figure 5. Effect of vitronectin and plasminogen activator inhibitor-1 heteromers on activa-
A '-g‘ . W stimulated tion of neutrophil $2 integrins. (A) Using multi-channel flow cytometry, expression of the 2
= ] # integrins LFA-1/CD11a and Mac-1/CD11b was analyzed on the surface of neutrophils iso-
8 S lated from the peripheral blood of wild-type (WT) mice undergoing exposure to vitronectin
g E (VN), plasminogen activator inhibitor-1 (PAI-1), uPA, VN-PAI-1, or VN-uPA, panels show quan-
[ *g 1.04 titative results (meantstandard error of the mean [SEM] for n=4 per group; #P<0.05 vs.
a5 unstimulated). (B) Binding of ICAM-1/CD54-Fc to neutrophils isolated from the peripheral
x
o 4 blood of WT mice was analyzed upon exposure to VN, PAI-1, uPA, VN-PAI-1, or VN-uPA, pan-
E © els show quantitative results (mean+SEM for n=6 per group; #P<0.05 vs. unstimulated).
8’ % 0.5 VN-PAI-1-elicited binding of ICAM-1/CD54 to neutrophils isolated from the peripheral blood
_*é‘ o of WT mice was analyzed after application of receptor associated protein (RAP; blocking
~ E receptors of the LDL receptor family), blocking anti-LRP-1 antibodies, or different MAPK
° 5 inhibitors (mean+SEM for n=4-6 per group; #P<0.05 vs. unstimulated). Binding of confor-
o oo N mation-specific antibodies ,KIM127° (intermediate and high affinity conformations of 2
- @bf \'\gvvg §Y. integrins) or ,mAB 24" (high affinity conformation of 2 integrins) to human neutrophils was
§7’ <ZY~ %‘,2 & analyzed after application of human VN-PAI-1 (mean+SEM for n=3 per group). MFI: mean
é\\@ AN ) fluorescent intensity.
N
Il vehicle
B _ [ unstimulated = H vehicle = Il vehicle 5 E ggggg?gg
:553 s, 1N stimulated o 4= RAP o 44 [ anti-LRP-1 ab o 4 [ FR180204
~5X ; 583 353 582
& 2 (=2 o5 o5
_E’%_E 3 E%é 3 s%é 34 E%-g 3
S 0B 2002 2Q0a 20%@
[ = o ¢ £ 58 ¢ =g &
585 s%5 5 &2 o8 g
= n
fFel ¥ U(:-)c> 2 £c> 2 L > 2
= JE LT % =)
199 t & ® - L 88 L8
=283 =20 4 =23 14 =20 4 *
<e5 M S=5 IE 5 SE5
On 8 Qa £ Qo ¢ O £
Tag 5 €5 g
3z ol 5 0 2 o S 0
£ £ =
S PSIEEF VN-PAI-1 VN-PAI-1 VN-PAI-1
Sy Q¢RI
N
C 2.5 2.0+ 1.0
6 #
# <
N 2.0 - N Ao 0:81
I~ N ) ~ 1.54 Q
N o s ©
= ] = E—= o6
= 4 E— 154 Y= wir o
Y = u— LL - L o
~ T s 5S 1.0 OE
b= =
°c = o= )] < 0.4
o= £ 1.0 £ ]
s 2 2 o5 -
S — B Ko} 4
2 3 0.5 = 0.2
e}
, oo 0.0 0.0 -
. S B (O I BN
> o X & N
\‘?’b %0 9 é) ¢ & g 4,2?'
g N LN N S
> o & o S & S
o —\9 S & &
& & s $

haematologica | 2021; 106(10)




Vitronectin stabilizes leukocyte adhesion -

A B
CD62E, CD54 CD62E, CD54  CDG62E, CD54 ®

CXCL1 CXCL1, VN-PAI-1

control

o
)

5| ®
OloE
A Q[0

actin colocalization
[intensity/area]

shear stress [dyne/cm?]

LFA-1 colocalization
[intensity/area]

CXCL1

ﬁ

I
I
1
I c
' | 5T
© ©
4 I | N O
I g O
I 8=
I I 3£
@ I I SE
= £
| | @
|

10

LFA-1 colocalization
[intensity/area]

20

cXcu
+ VN-PAI-1

©
Q@0

30

actin colocalization
[intensity/area]

LFA-1 colocalization
[intensity/area]

40

Ly
9
o

C 45000 =
< 40000 5 = . . . .
S 35000 5
S o
N
S5 30000
o >
82 25000
8 g 20000
£ £ 15000
s =
© 10000
5,000
0
shear stress
0.5 1 2 4 10 20 30 40 [dyne/cm?]
70000 -
c * *
S 60000 * * =
© © *
N 0O 50000
38
S 2 40000
82
- g 30000
< =
L 20000
-l
10000
0
shear stress
0.5 1 2 4 10 20 30 40

[dyne/cm?]

Figure 6. Effect of vitronectin and plasminogen activator inhibitor-1 heteromers on clustering of neutrophil $2 integrins. (A) Representative images of LFA-1/CD11a
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required for the induction of neutrophil responses.
Moreover, we found that extravasation of
classical/inflammatory monocytes remained unaffected
by VN deficiency collectively indicating that VN particu-
larly mediates the trafficking of neutrophils to inflamed
tissue. This might be explained by higher expression of
the scavenger receptor LRP-1 (which serves as a receptor
of the VN binding partner PAI-1) on activated neutrophils
as compared to activated classical monocytes, hence
extending previous observations on the involvement of
VN in leukocyte recruitment under inflammatory condi-
tions.***

With respect to the deposition of VN on the surface of
postcapillary venules in inflamed tissue, we hypothesized
that this glycoprotein contributes to the regulation of
intravascular interactions of neutrophils in the extravasa-
tion process of these immune cells. Here, we show that
VN deficiency does not alter the rolling behavior of neu-
trophils in inflamed postcapillary venules, suggesting that
VN does not influence the ,selectin-dependent phase’ of
the neutrophil extravasation process. Most interestingly,
however, the average adherence time of a neutrophil to
the endothelial surface was significantly lower in VN”
mice than in WT controls. Furthermore, adoptively trans-
ferred neutrophils from WT donor mice accumulated less
efficiently in the inflamed tissue of VN recipient mice as
compared to neutrophils isolated from VN* or WT donor
mice transferred into WT recipient animals. Hence, our
findings clearly demonstrate that endothelially deposited
VN stabilizes intravascular adherence of neutrophils on
the microvascular endothelium in inflamed tissue. To our
knowledge, this is the first description of a protein specif-
ically regulating this critical step in the extravasation cas-
cade of neutrophils. Further, our observations indicate
that stable intravascular adherence of neutrophils is pre-
requisite for (and does not interfere with) the subsequent
transmigration of these immune cells into the perivascu-
lar space, a process that is facilitated by sequential het-
erophilic (e.g, between neutrophil LFA-1/CD11a and
endothelial [ICAM-2/CD102 or JAM-A as well as between
neutrophil Mac-1/CD11b and ICAM-2/CD102 or JAM-C)
and homophilic (between neutrophil and endothelial
PECAM-1/CD31 or CD99) molecular interactions
between neutrophils and endothelial cells as well as by
endothelial molecules such as VE-cadherin, ESAM, or
CD99L2 .1

In addition to interactions with endothelial cells, the
interplay between leukocytes and platelets considerably
contributes to the extravasation of leukocytes.”* In this
context, platelets have recently been demonstrated to
guide intravascularly crawling neutrophils and mono-
cytes to their site of transmigration into the interstitial tis-
sue.” Since VN is able to bind to platelets through avp3
and ollbp3 integrins via its RGD motif** these cellular
blood components might also participate in VN-depen-
dent neutrophil trafficking. In further experiments, how-
ever, VN deficiency neither altered intravascular adher-
ence of platelets nor interactions of intravascularly adher-
ent platelets and neutrophils. In line with these observa-
tions, platelet depletion did also not significantly change
intravascular adhesion times of neutrophils in inflamed
tissue collectively indicating that platelets do not con-
tribute to the stabilization of neutrophil adherence in the
microvasculature.

Besides platelet integrins, integrins expressed on the sur-
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face of leukocytes including avp3, avps, avpl, o2, and
o.fp2 represent potential interaction partners of VN.*®
Similar to our results for platelet integrins, however,
blockade of these integrins did not significantly alter the
average time of neutrophils resting on the endothelial sur-
face of postcapillary venules in the inflamed mouse cre-
master muscle.

Beyond their established role in fibrinolysis, the com-
ponents of the fibrinolytic system are increasingly recog-
nized as mediators of immune cell migration.””** Recently,
PAI-1 has been implicated in leukocyte trafficking to the
site of inflammation by regulating intravascular adher-
ence and (subsequent) transmigration of these immune
cells.” Since VN is capable of binding to PAI-1 via its
somatomedin B domain (thereby extending the half-life
of this protease inhibitor in fibrinolysis,**) heteromeriza-
tion of VN with PAI-1 might promote intravascular adher-
ence of neutrophils to the endothelium in inflamed tissue.
In order to prove this hypothesis, we reconstituted PAI-1-
deficient animals with different PAI-1 mutant proteins.
Substitution with active stable PAI-1 or a PAI-1 mutant
protein lacking anti-protease activity completely rescued
the adhesion and extravasation defect of neutrophils
observed in PAI-1-deficient mice. Substitution of PAI-1-
deficient animals with a PAI-1 mutant protein lacking its
VN binding domain, however, significantly diminished
the average intravascular adhesion time of neutrophils as
compared to active stable PAI-1-substituted mice resem-
bling our observations in VN-deficient animals.
Conversely, substitution of PAI-1-deficient mice with this
non-VN-binding PAI-1 mutant protein induced short, but
not firm adherence of neutrophils to the inflamed vessel
wall which might be due to VN-independent binding of
PAI-1 to its receptor LRP-1.” Finally, substitution of VN-
deficient animals with VN-PAI-1 heteromer protein com-
pletely rescued the adhesion defect of neutrophils
observed in animals lacking VN. Consequently, complex
formation of VN with PAI-1 is needed for the stabiliza-
tion of intravascular adherence of neutrophils in the acute
inflammatory response.

Intravascular firm adherence of leukocytes to microvas-
cular endothelial cells is facilitated by interactions
between endothelially expressed members of the
immunoglobulin superfamily (e.g,, ICAM-1/CD54,
VCAM-1/CD106) and leukocyte B2 integrins in higher
affinity conformations." We therefore proposed that
VN-PAI-1 heteromers stabilize intravascular adhesion of
neutrophils in the inflamed microvasculature by activat-
ing neutrophil B2 integrins. In our experiments, endothe-
lial-bound VN and PAI-1 were identified to co-localize
with intravascularly adherent neutrophils pointing to
interactions of complexes of VN and PAI-1 with adhering
neutrophils in the inflamed venular microvasculature.
Importantly, however, exposure of neutrophils to the VN-
PAI-1 complex (but not to VN, PAI-1, and uPA alone or to
the VN-uPA complex) induced a significant increase in the
expression of CD11a/LFA-1 and - to a lesser degree — of
CD11b/Mac-1 on their cell surface, but did not further
promote affinity changes in these B2 integrins. Although
the induction of conformational changes in integrins
enhances their affinity for their individual binding part-
ners, the formation of multiple bonds to multivalent sub-
strates in a process termed ‘integrin clustering’ is thought
to be prerequisite for sustained cell adhesion. In leuko-
cyte adhesion, integrins initially form transient microclus-
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ters on the surface of these immune cells that confluent
into large focal adhesions. This leads to the establishment
of complex clusters of adhesion and signaling molecules
that trigger outside-in signaling, thus representing a criti-
cal event in post-adhesion strengthening.”* Here, we
demonstrate that VN-PAI-1 heteromers substantially reg-
ulate the clustering of B2 integrins on the surface of neu-
trophils. With respect to our i vivo microscopy observa-
tions, these findings conversely suggest that the stabiliza-
tion of neutrophil intravascular adherence particularly
requires integrin clustering on these immune cells rather
than the induction of conformational changes of inte-
grins. Inactive integrins exhibit a bent-closed conforma-
tion, not extended (E°) and not high affinity (H"), and are
thus unable to bind a ligand. In contrast, fully activated
integrins (E'H") bind to ICAM-1/CD54 expressed on
opposing cells in trans (e.g., supporting neutrophil arrest).
Integrins transitioning from the resting (E'H) to the fully
activated (E'H*) conformation through E‘H™ or EH* con-
formations, however, bind to ICAM-1/CD54 on the same
cell in ¢is. In (intravascularly rolling) neutrophils, this tran-
sition process prohibits the arrest of these immune cells
on the microvascular endothelium.” Recently, not only
E*H* integrins, but already EH* and E‘H integrins were
found to form clusters on the surface of neutrophils dur-
ing cell activation.” Since endothelially presented VN-
PAI-1 heteromers specifically mediate the stabilization of
neutrophil adherence on the microvascular endothelium,
these protein complexes are thought to promote the bind-
ing of clustering integrins in trans.

Importantly, however, we are not able to exclude that
binding of VN to PAI-1 concomitantly interferes with the
inhibitory action of PAI-1 on tissue plasminogen activa-
tor (tPA), a proteolytic enzyme that has also been
demonstrated to promote leukocyte trafficking to the
site of inflammation.” Furthermore, previous in vitro
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studies proposed a mechanism in which uPA cleaves the
RGD motif of VN thereby reducing pro-adhesive proper-
ties of VN in an uPAR-dependent manner. Binding of
PAI-1 to uPA in this protein complex effectively inter-
feres with these events and subsequently restores the
pro-adhesive properties of VN.*' In addition, binding of
VN to uPAR has been shown to induce integrin signaling
in cells by transmitting a mechanical stimulus to the inte-
grin through the plasma membrane ultimately facilitat-
ing cell adhesion.” Since uPAR has recently been demon-
strated to be dispensable for the extravasation of neu-
trophils in the acute inflammatory response (at least in
the model systems employed in the present study),” we
cannot clearly state to which extent these uPAR-depen-
dent mechanisms contribute to VN-dependent stabiliza-
tion of intravascular adherence of neutrophils in the
inflamed microvasculature. Along the same line,
fibrin(ogen) has been described to facilitate interactions
between leukocyte integrins and endothelial ICAM-
1/CD54.* In this context, however, fibrin(ogen) has been
identified to specifically promote the transmigration of
neutrophils to postischemic tissue.*

In order to restore homeostasis, VN-PAI-1 heteromers
are cleared from circulation through the scavenger recep-
tor LRP-1.”% Recently, we have demonstrated that PAI-
1-dependent leukocyte responses in sterile injury are
mediated via this receptor protein and subsequent
MAPK-dependent intracellular signaling events.” VN-
PAI-1 heteromer-dependent activation of neutrophil 2
integrins might therefore also rely on such molecular
processes. In line with this hypothesis, we show that
VN-PAI-1 heteromer-elicited surface trafficking of (2
integrins in neutrophils requires LRP-1 and p38 (but not
JNK or ERK1/2) MAPK-dependent signaling events.
Noteworthy, also selectin- and integrin-triggered signals
contribute to the activation of p38 MAPK® collectively

Y4-
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e » ICAM-1
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Figure 7. Graphical synopsis. In inflamed tissue, heteromers of vitronectin (VN) and plasminogen activator inhibitor-1 (PAI-1) are deposited on the activated venular
endothelium via glycosaminoglycans (GAG). Subsequently, this protein complex interacts with LRP-1 on intravascularly adhering neutrophils and induces p38 MAPK-
dependent intracellular signaling pathways. As a consequence of these events, 32 integrins form clusters on the surface neutrophils ultimately allowing these

immune cells to stabilize their adhesion via endothelial ICAM-1/CD54 in trans.
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suggesting that these selectin- and integrin-mediated
molecular events (already occurring at the initial stages

Disclosures

of the leukocyte recruitment process) are not sufficient

for the stabilization of intravascular adhesion of neu-
trophils, but might prepare this critical step in the
extravasation cascade of these immune cells.

In conclusion, our experimental data indicate that the

Contributions

heteromerization of VN with PAI-1 on the microvascular

endothelium of inflamed tissue represents a critical event
for the extravasation process of neutrophils that substan-
tially controls the transition of dynamic to static endothe-
lial interactions of these immune cells. To this end, VN-

thesis of MR.

PAI-1 heteromers promote the surface clustering of p2

integrins on adhering neutrophils, thus enabling effective
neutrophil responses (Figure 7). Targeting this process
might be beneficial for the prevention and treatment of

inflammatory diseases.
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