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During an infection, neutrophils are

the first immune cells to arrive
armed to clear the invading pathogen.
In order to do so, neutrophils need to
transmigrate from the peripheral blood
through the endothelial layer toward the
site of inflammation. This process is in
most cases dependent on integrins, adhe-
sion molecules present on all immune
cells. These molecules are functionally
regulated by “inside-out” signaling,
where stimulus-induced signaling path-
ways act on the intracellular integrin tail
to regulate the activity of the receptor
on the outside. Both a change in confor-
mation (affinity) and clustering (avid-
ity/valency) of the receptors occurs and
many factors have been linked to regula-
tion of integrins on neutrophils. Control
of integrin conformation and clustering
is of pivotal importance for proper cell
adhesion, migration, and bacterial clear-
ance. Recently, gelsolin was found to
be involved in B, -integrin affinity regu-
lation and cell adhesion. Here, I sum-
marize the role of neutrophil integrin
regulation in the essential steps to reach
the site of inflammation and clearance of
bacterial pathogens.

Integrin Affinity Regulation

The ability of leukocyte to adhere,
migrate toward a site of inflammation,
or phagocytose opsonized pathogens is
largely dependent on cell surface adhe-
sion molecules called integrins. Integrins
are a family of 26 proteins that are com-
posed of non-covalently linked o and
B subunits. Until now, eight different 8
subunits and 18 different a subunits have
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been described on human cells that form
24 known a-f3 heterodimers.! Neutrophils
mainly express B,-integrins, including

Lo, (also CD18/CD11b, complement
receptor [CR]3, or macrophage-1 antigen
[MAC-1)), B0, (also CDI18/CDIlla or
lymphocyte function-associated antigen
1 [LFA-1]), and B,a, (also CD18/CDllc,
CR4, or gp150/95).

Integrins on non-activated circulat-
ing immune cells are in an inactive state,
being unable to bind their ligand. Signals
induced by extracellular stimuli, such as
chemokines and cytokines, converge at the
intracellular integrin tail and lead to activa-
tion of the integrin, a process also known as
inside-out control. Activation of integrin’s
ligand binding capacity is determined by
two processes, a change in conformation
(affinity) and/or clustering of integrins
on the cell membrane (avidity/valency),?
as depicted in Figure 1. Subsequently,
extracellular ligand binding to integrins
induces outside-in signaling, which regu-
late cell spreading, gene expression, cell
proliferation, differentiation, and apop-
tosis.> Although the list of signaling and
adaptor proteins involved in these pro-
cesses are increasing, the precise mecha-
nism by which all these proteins interplay
at the intracellular integrin tail is still not
completely understood.*

Integrin regulation is a very complex
and dynamic process and over 150 pro-
teins have been identified to be adhesion-
associated.’” The linkage of integrins to
the cytoskeleton through talin-1 and
kindlin-3 are essential in the regulation
of integrin affinity.®” Talin-1 binds with
its head domain to the intracellular tail
of B, B,, and B, integrin. The talin-1 rtail
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Figure 1. Schematic representation of neutrophil affinity and avidity regulation. On restingimmune
cells, integrins are in an inactive state with their ligand binding domains facing the cell membrane.
Upon activation, a- and 3-integrin transmembrane domains separate and the extracellular ligand
binding domains are unfolded and accessible for ligand binding (change in affinity). Additionally,
integrins can cluster together on the cell membrane (change in avidity). The proteins involved in
the molecular mechanisms responsible for integrin affinity and avidity regulation include, among
many others, talin-1, kindlin-3, a-actinin, vinculin, arp2/3, gelsolin, and actin.

domain can also weakly bind to the inte-
grin’s intracellular tail,® but is also known
to bind vinculin and actin.’ In turn, vin-
culin binds «-actinin and actin,'® and
can recruit arp2/3," which induces actin
polymerization. More recently, kindlin-3
was shown to be essential in the regula-
tion of 3,-, B,-, and B,-integrins on blood
platelets and leukocytes.®'> Kindlin-3 also
binds to the B-integrin tail, but to a more
distal site than talin-1, which enables
simultaneous binding of both proteins.®
For neutrophils, deletion of either talin-1
or kindlin-3 results in severe defects in
firm endothelial adhesion,'*"?
ing the major role these proteins have in

emphasiz-

the regulation of integrin affinity.
Although talin-1 and kindlin-3 are
the two most studied integrin regula-
tors, many other proteins have shown to
modulate the integrin affinity or avidity,
including many cytoskeletal proteins such
as vinculin, paxillin, and a-actinin that
directly link the integrin intracellular tail
1416 Recently, it
was shown that the protein level of gel-

to the actin cytoskeleton.

solin, an actin severing and capping pro-
tein, affects B,-integrin affinity and cell
adhesion in the lymphocytic leukemia
cell line L1210 and histiocytic lymphoma
cell line U937.7718 As detected by 2D-gel
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electrophoresis, adherent growing L1210
cells (L1210-A) with active B -integrins
contained an almost 4-fold increase in
gelsolin protein level compared with sus-
pension growing L1210 cells (L1210-S)
with inactive B -integrins." Further evi-
dence that gelsolin protein levels were
related to B,-integrin affinity regulation
was obtained by modulating the protein
levels in L1210 cells. Knockdown of gelso-
lin in L1210-A cells or ectopic overexpres-
sion of gelsolin in L1210-S cells decreased
or increased high affinity {3 -integrins,
respectively.”

The severing and capping activity of
gelsolin is controlled by binding of Ca**
and PI(4,5)P2.” Since gelsolin protein
levels by itself affect ,-integrin affinity,
without the need to stimulate the cells, it
was hypothesized that gelsolin has basal
activity, which accounts for the neces-
sary actin severing and capping activity
in resting cells. This was supported by
the use of jasplakinolide in L1210-A cells
with high gelsolin protein expression
and active [-integrins. Jasplakinolide
increased actin polymerization, thereby
counteracting the effects of gelsolin,
which decreased the presence of active
B,-integrins on L1210-A cells. It is there-
fore tempting to speculate that the actin
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severing and capping activity of gelsolin
in L1210 cells decreases the cytoskeletal
constraints, and thereby, enables activa-
tion of B,-integrins.

The concept that cytoskeletal con-
straints affect integrin affinity has been
described before. For example, treatment
of platelets with jasplakinolide decreased
fibrinogen binding to integrin B, .*°
Also, for neutrophils, jasplakinolide pre-
vented the ability of neutrophils to firmly
adhere to immobilized platelets upon
stimulation with fMLF in in vitro flow
experiments.”’ Not only integrin affin-
ity is affected by cytoskeletal constraints,
but also integrin avidity. Treatment of
lymphocytes with cytochalasin D, which
decreased actin polymerization, increased
clustering of integrin B, or Ba,.>*
Whether gesolin affects integrin avidity
has not been investigated.

Integrin Regulation
and Neutrophil Adhesion,
Migration, and Phagocytosis

Proper integrin activation is essential
for neutrophils to transmigrate from the
vasculature into the tissue where these
cells battle with invading pathogens
(Fig. 2). Neutrophil migration is medi-
ated by chemokines such as leukotriene
B4 (LTB4), interleukin (IL)-8, or H,O,
produced by the inflamed tissue or by
inflammatory cells present at the site
of inflammation.”** Most neutrophils
transmigrate in the post-capillary venules
were blood shear force is rather low. First,
neutrophils start rolling via P-selectin
glycoprotein ligand-1 (PSGL-1) binding
to P-selectin or E-selectin on the vascu-
lar endothelium, which slows their speed
significantly. Subsequently, extracellu-
lar stimuli, mostly activating G-protein
coupled receptor (GPCR) on the neutro-
phil, initiate B, -integrin inside-out sig-
naling, shifting integrins into an active
state. These active B,-integrins subse-
quently bind to their ligand, for CR3
(B,o,,) intercellular adhesion molecule 1
(ICAM-1), which enables neutrophils to
stop rolling and adhere to the vessel wall.
Finally, neutrophils crawl over the vessel
endothelium in the search for a suitable
location to transmigrate, either paracel-
lularly or in rare cases transcellularly,
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Figure 2. Schematic representation of the role of selectins and integrins in neutrophil rolling, adhesion, and migration from the vasculature into the
tissues and back. Neutrophils start rolling via P-selectin glycoprotein ligand-1 (PSGL-1) that bind selectins on the vascular endothelium. Subsequently,
extracellular stimuli activate G-protein coupled receptor (GPCR) on the neutrophil, which activates integrins, enabling them to bind intercellular adhe-
sion molecule 1 (ICAM-1). Adhered neutrophils crawl over the vessel endothelium in the search for a suitable site to transmigrate into the underlying
tissues. Subsequently, neutrophils battle invading pathogens, after which they can migrate back toward the vasculature.

into the underlying tissues.?® Once in the
tissues, neutrophil can migrate in an inte-
grin-independent manner, by squeezing
themselves through the matrix.?” Here,
neutrophils employ their anti-microbial
activity by mechanisms that include (1)
a powerful oxidative burst, (2) the release
of proteolytic enzymes stored in granules,
(3) phagocytic capacity, and (4) the for-
mation of neutrophil extracellular traps
(NETs).?®

CR3 (B,a,,) is not only a cell adhe-
sion receptor, it also functions as an
opsonophagocytosis receptor trough the
recognition of iC3b-opsonized bacteria.
iC3b is a peptide from C3b generated in
the complement activation cascade when
factor I, in the presence of co-factor H,
cleaves the a-chain of the C3b molecule.
Phagocytosis of iC3b-coated bacteria is
further enhanced when coated with IgG,
which is recognized by Fcy-receptors such

as FcyRIII (CD16), FcyRITA (CD32), or
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FcyRI (CD64) present on the surface of
human neutrophils. Binding and cross-
linking of FeyR by IgG opsonized par-
ticles triggers phosphorylation of tyrosine
residues in so-called immunoreceptor
tyrosine-based activation motif (ITAM)
present in the associated y-chain (FcyRI
and FcyRIII) or FcyRIIA itself. This
phosphorylation is dependent on protein
tyrosine kinases such as Src and Syk ini-
tiating downstream signaling needed for
efficient phagocytosis.”” FcyR-mediated
phagocytosis seems to be largely inde-
pendent of CR3, since patients with
leukocyte adhesion deficiency (LAD) as
discussed in further detail below, show
unaltered phagocytosis of Ig-coated red
blood cells.*

FcyR and CR3 facilitate phagocytosis
of opsonized particles by themselves, but
involvement of both increases their effi-
ciency significantly. It was shown that

blocking CR3 with antibodies reduced
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FcyR-mediated  phagocytosis  without
impairing FcyR-mediated binding of IgG
for monocytes.®® Also, binding of IgG
to FcyR increased CR3 function on the
mouse macrophage cell line RAW264.7
by inducing the lateral movement of CR3
to FcyR-containing  phagocytic  cups,
enhancing iC3b binding.** Although it is
clear that cross talk occurs between both
receptors, the underlying mechanisms
remain largely unclear.

It was thought that, once in the tis-
sues, battling invading pathogens, neu-
trophils had a single final fate: death,
after which they were cleared by mac-
rophages. However, in the last decade,
it has been appreciated that neutrophils
can also reverse migrate from the tissue
back into the bloodstream.’*** In vitro
reverse migrated neutrophils presented
a unique phenotype with high ICAM-1
and low CXCR1, a subset of neutrophils
that is increased in the peripheral blood
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of patients with rheumatoid arthritis and
atherosclerosis.**

Most of the observations on reverse
migration have been obtained from in
vitro experiments, or with in vivo zebraf-
ish models. Since this process is not easily
visualized in mammals, definitive proof
of its importance is scarce. Recently, con-
focal intravital microscopy showed that
approximately 10% of the transendothe-
lial migration events were reverse migrat-
ing neutrophils in mice.** However, this
is substantially different from in vivo
zebrafish experiments, where almost all
wound responsive neutrophils reverse
migrate.” This discrepancy —might
depend on the differences in age, differ-
ences in tissue, or type of inflammation
in these two in vivo systems.

The precise

migrating neutrophils in the inflamma-

function of reverse
tory response has yet to be determined.
It appears that reverse migrating neu-
trophils have an important role in the
resolution of inflammation, a process
that turns down the pro-inflammatory
response and prevents unnecessary tissue
damage. Recently, it was found that neu-
trophils can inhibit lymphocyte prolifer-
ation via direct interaction dependent on
CR3 and PD-L1, thereby modulating the
adaptive immune response.’*?® Another
possible function for reverse migrating
neutrophils is antigen presentation, since
neutrophils in mice that had been immu-
nized against ova peptide transported
FITC-labeled ova peptide from the
site of injection to local lymph nodes.”
Although the roles for reverse migrat-
ing neutrophils are far from elucidated,
is becomes clear that neutrophils are not
the standard short-lived cells with only
an anti-microbial function.

Integrin Function
in Health and Disease

The process of integrin-dependent
adhesion and transmigration of neu-
trophils is crucial in the inflammatory
response because impaired integrin func-
tion leads to recurrent bacterial infections,
as observed in patients with a rare auto-
somal recessive disorder LAD. Three dif-
ferent forms of LAD have been described
to date. In LAD-I, B, -integrins are not
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present or expressed in low quantities on
the cell surface.’® Patients with LAD-II
have a defect in post-translational fucosyl-
ation leading to impaired leukocyte roll-
ing,* and patients with LAD-IIT show
impaired affinity regulation of B -, B,-,
and B,-integrins due to the functional loss
of the essential integrin adaptor molecule
kindlin-3.404!

LAD-I is the most common and most
studied leukocyte adhesion deficiency,
affecting B,-integrin function on leu-
kocytes, particularly neutrophils. The
molecular basis underlying LAD-I are
mutations in exons 5 to 9 in the /7TGB2
gene coding for the B -integrin protein.*?
These mutations either lead to a total
absence of B,-integrins, or to a truncated
form of the protein that usually results in
low surface expression. LAD-I patients
suffer from recurrent, life-threatening
bacterial infections due to limited or no
recruitment of neutrophils to the site of
inflammation.

Most studies on LAD-I are focused
on neutophils integrin regulation, adhe-
sion, and migration, as these processes are
essential for neutrophil to reach the site of
inflammation. Neutrophils isolated from
LAD-I patients are able to roll normally
via selectins, but are unable to arrest in a
B,-integrin-dependent manner. It should
be noted that neutrophil transmigration
into the lungs during pneumonia seems to
be unaffected in LAD-I patients,*® which
is in line with data that this type of migra-
tion is 3 -integrin independent, at least in
rabbits* and mice.” These data show that,
at least for B -integrins, there is tissue-spe-
cific dependency on B,-integrin function
for neutrophil transmigration.

Not only the presence of B, -integrins is
indispensable for proper neutrophil adhe-
sion and migration, but also regulation of
B,-integrin affinity is essential. Patients
with LAD-IIT have defects in kind-
lin-3, a protein important in -, B,-, and
B,-integrin affinity regulation.*'* Patients
with LAD-III suffer from a rather mild
LAD-I-like immunodeficiency with recur-
rent bacterial and fungal infections without
pus formation despite a marked leuko-
cytosis. Unlike for patients with LAD-I,
patients with LAD-III express normal lev-
els of 3,-integrins, but are not able to switch
from inactive to active ligand-binding
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B,-integrins, as was also observed in kind-
lin-37" mice.®'>4%4! In addition, LAD-III
patients suffer from a severe bleeding ten-
dency due to defective B o, -integrins,
essential for proper platelet function.
Whereas substantial data are pres-
ent regarding integrin deficiencies and
the effects on neutrophil adhesion and
migration, much less is known for their
effects on direct binding and phagocy-
tosis of opsonized invading pathogens.
Neutrophils from LAD-I patients were
defective in phagocytosing C3-opsonized
bacteria, whereas uptake of IgG opso-
nized pathogens was largely unaffected.
Stimulation of neutrophils enhances their
phagocytic capacity, which was largely
dependent on switching B,-integrins into
an active confirmation, a mechanism
known to be defective for neutrophils
from patients with LAD-1. It is expected
that neutrophils from LAD-III patients
are impaired for iC3b-mediated phagocy-
tosis. However, it appears that the ques-
tion whether phagocytosis by neutrophils
from patients with LAD-III is affected has

not been addressed to date.

Conclusions

It is clear that integrins, and espe-
cially B,-integrins, are essential for proper
adhesion, migration, and phagocytosis
by neutrophils. Studies with neutrophils
from patients with LAD sheds light on
the essential role of integrins and integrin
affinity regulation in cell adhesion, migra-
tion, and phagocytosis. Together with
animal models such as talin-1 and kind-
lin-3-knockout mice, enormous steps have
been made in understanding the general
mechanisms underlying these processes,
although many questions still remain
unanswered.

Recently, it was shown that gelsolin
affect B,-integrin function via mecha-
nisms that appear to be related to its actin-
severing activity. Whether gelsolin affects
integrins on primary human leukocytes or
whether gelsolin might affect the affinity
of other integrins such as B -integrins on
neutrophils has to be determined.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

479

Do not distribute.

I0Science.

©2012 Landes B



Acknowledgments

I thank Prof Jeffrey Weiser for criti-

cally reading the manuscript. This work

is supported by a Dutch Lung Foundation

3.2

long-term  fellowship ~grant number
.12.126FE.
References
Humphries JD, Byron A, Humphries M]. Integrin

480

ligands at a glance. J Cell Sci 2006; 119:3901-
3;  PMID:16988024; http://dx.doi.org/10.1242/
jcs.03098

Carman CV, Springer TA. Integrin avidity regula-
tion: are changes in affinity and conformation under-
emphasized? Curr Opin Cell Biol 2003; 15:547-56;
PMID:14519389; http://dx.doi.org/10.1016/j.
ceb.2003.08.003

Hogg N, Patzak I, Willenbrock F. The insider’s guide
to leukocyte integrin signalling and function. Nat
Rev Immunol 2011; 11:416-26; PMID:21597477;
htep://dx.doi.org/10.1038/nri2986

Kinashi T. Intracellular signalling controlling inte-
grin activation in lymphocytes. Nat Rev Immunol
2005; 5:546-59; PMID:15965491; http://dx.doi.
org/10.1038/nri1646

Zaidel-Bar R, Geiger B. The switchable integrin adhe-
some. J Cell Sci 20105 123:1385-8; PMID:20410370;
htep://dx.doi.org/10.1242/jcs.066183

Moser M, Nieswandt B, Ussar S, Pozgajova M,
Fissler R. Kindlin-3 is essential for integrin activa-
tion and platelet aggregation. Nat Med 2008; 14:325-
30; PMID:18278053; http://dx.doi.org/10.1038/
nml722

Calderwood DA, Zent R, Grant R, Rees DJ, Hynes
RO, Ginsberg MH. The Talin head domain binds to
integrin beta subunit cytoplasmic tails and regulates
integrin activation. ] Biol Chem 1999; 274:28071-
4;  PMID:10497155;  http://dx.doi.org/10.1074/
jbc.274.40.28071

Yan B, Calderwood DA, Yaspan B, Ginsberg MH.
Calpain cleavage promotes talin binding to the beta
3 integrin cytoplasmic domain. J Biol Chem 2001;
276:28164-70;  PMID:11382782;  http://dx.doi.
org/10.1074/jbc.M104161200

Hemmings L, Rees DJ, Ohanian V, Bolton §]J,
Gilmore AP, Patel B, Priddle H, Trevithick JE, Hynes
RO, Critchley DR. Talin contains three actin-binding
sites each of which is adjacent to a vinculin-binding
site. ] Cell Sci 19965 109:2715-26; PMID:8937989
Gilmore AP, Burridge K. Regulation of vin-
culin binding to talin and actin by phospha-
tidyl-inositol-4-5-bisphosphate. ~ Nature ~ 1996;
381:531-5; PMID:8632828; htep://dx.doi.
org/10.1038/381531a0

DeMali KA, Barlow CA, Burridge K. Recruitment
of the Arp2/3 complex to vinculin: coupling mem-
brane protrusion to matrix adhesion. ] Cell Biol
2002; 159:881-91; PMID:12473693; http://dx.doi.
0rg/10.1083/jcb.200206043

Moser M, Bauer M, Schmid S, Ruppert R, Schmidt S,
Sixt M, Wang HV, Sperandio M, Fissler R. Kindlin-3
is required for beta2 integrin-mediated leukocyte
adhesion to endothelial cells. Nat Med 2009; 15:300-
5;  PMID:19234461;  http://dx.doi.org/10.1038/
nm.1921

Lefort CT, Rossaint J, Moser M, Petrich BG, Zarbock
A, Monkley SJ, Critchley DR, Ginsberg MH, Fiissler
R, Ley K. Distinct roles for talin-1 and kindlin-3
in LFA-1 extension and affinity regulation. Blood
2012; 119:4275-82; PMID:22431571; hetp://dx.doi.
org/10.1182/blood-2011-08-373118

20.

21.

22.

23.

24.

25.

26.

27.

Ziegler WH, Gingras AR, Critchley DR, Emsley J.
Integrin connections to the cytoskeleton through
talin and vinculin. Biochem Soc Trans 2008; 36:235-
9;  PMID:18363566;  http://dx.doi.org/10.1042/
BST0360235

Liu S, Thomas SM, Woodside DG, Rose DM, Kiosses
WB, Pfaff M, Ginsberg MH. Binding of paxillin
to alpha4 integrins modifies integrin-dependent
biological responses. Nature 1999; 402:676-81;
PMID:10604475; http://dx.doi.org/10.1038/45264
Sampath R, Gallagher PJ, Pavalko FM. Cytoskeletal
interactions with the leukocyte integrin beta2 cyto-
plasmic tail. Activation-dependent regulation of asso-
ciations with talin and alpha-actinin. J Biol Chem
19985 273:33588-94; PMID:9837942; http://dx.doi.
org/10.1074/jbc.273.50.33588

Langereis JD, Koenderman L, Huttenlocher A,
Ulfman LH. Gelsolin expression increases p1 -inte-
grin affinity and L1210 cell adhesion. Cytoskeleton
(Hoboken) 2013; 70:385-93; PMID:23595955;
htep://dx.doi.org/10.1002/cm.21112

Langereis JD, Prinsen BH, de Sain-van der Velden
MG, Coppens CJ, Koenderman L, Ulfman LH. A
2D-DIGE approach to identify proteins involved
in inside-out control of integrins. J Proteome Res
2009; 8:3824-33; PMID:19505086; http://dx.doi.
org/10.1021/pr8010815

Janmey PA, Stossel TP. Modulation of gelsolin
function by phosphatidylinositol 4,5-bisphosphate.
Nature 1987; 325:362-4; PMID:3027569; htep://
dx.doi.org/10.1038/325362a0

Bennett JS, Zigmond S, Vilaire G, Cunningham
ME, Bednar B. The platelet cytoskeleton regu-
lates the affinity of the integrin alpha(IIb)beta(3)
for fibrinogen. J Biol Chem 1999; 274:25301-7;
PMID:10464255; http://dx.doi.org/10.1074/
jbc.274.36.25301

Sheikh S, Gratzer WB, Pinder JC, Nash GB. Actin
polymerisation regulates integrin-mediated adhesion
as well as rigidity of neutrophils. Biochem Biophys
Res Commun 1997; 238:910-5; PMID:9325191;
http://dx.doi.org/10.1006/bbrc.1997.7407

van Kooyk Y, van Vliet SJ, Figdor CG. The actin
cytoskeleton regulates LFA-1 ligand binding through
avidity rather than affinity changes. J Biol Chem
1999; 274:26869-77; PMID:10480895; http://
dx.doi.org/10.1074/jbc.274.38.26869

Yauch RL, Felsenfeld DP, Kraeft SK, Chen LB,
Sheetz MP, Hemler ME. Mutational evidence for
control of cell adhesion through integrin diffusion/
clustering, independent of ligand binding. J Exp Med
1997; 186:1347-55; PMID:9334374; htep://dx.doi.
org/10.1084/jem.186.8.1347

Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F,
Bazzoni F, Cassatella MA. The neutrophil as a cel-
lular source of chemokines. Immunol Rev 2000;
177:195-203;  PMID:11138776;  http://dx.doi.
0rg/10.1034/j.1600-065X.2000.17706.x
Niethammer P, Grabher C, Look AT, Mitchison T7J.
A tissue-scale gradient of hydrogen peroxide medi-
ates rapid wound detection in zebrafish. Nature
2009; 459:996-9; PMID:19494811; hetp://dx.doi.
org/10.1038/nature08119

Woodfin A, Voisin MB, Beyrau M, Colom B, Caille
D, Diapouli FM, Nash GB, Chavakis T, Albelda
SM, Rainger GE, et al. The junctional adhesion
molecule JAM-C regulates polarized transendothe-
lial migration of neutrophils in vivo. Nat Immunol
2011; 12:761-9; PMID:21706006; http://dx.doi.
0rg/10.1038/ni.2062

Limmermann T, Bader BL, Monkley SJ, Worbs T,
Wedlich-S6ldner R, Hirsch K, Keller M, Forster R,
Critchley DR, Fissler R, et al. Rapid leukocyte migra-
tion by integrin-independent flowing and squeezing.
Nature 2008; 453:51-5; PMID:18451854; http://
dx.doi.org/10.1038/nature06887

Cell Adhesion & Migration

29.

30.

31.

34.

35.

36.

37.

38.

39.

40.

Kolaczkowska E, Kubes P. Neutrophil recruitment
and function in health and inflammation. Nat Rev
Immunol 2013; 13:159-75; PMID:23435331; http://
dx.doi.org/10.1038/nri3399

Strzelecka A, Kwiatkowska K, Sobota A. Tyrosine
phosphorylation and Fcgamma receptor-medi-
ated phagocytosis. FEBS Lett 1997; 400:11-4;
PMID:9000504; http://dx.doi.org/10.1016/
S0014-5793(96)01359-2

Majima T, Minegishi N, Nagatomi R, Ohashi
Y, Tsuchiya S, Kobayashi K, Konno T. Unusual
expression of IgG Fc receptors on peripheral granu-
locytes from patients with leukocyte adhesion defi-
ciency (CD11/CDI8 deficiency). ] Immunol 1990;
145:1694-9; PMID:2167908

Brown EJ, Bohnsack JF, Gresham HD. Mechanism
of inhibition of immunoglobulin G-mediated
phagocytosis by monoclonal antibodies that recog-
nize the Mac-1 antigen. J Clin Invest 1988; 81:365-
75;  PMID:2963020;  http://dx.doi.org/10.1172/
JCI113328

Jongstra-Bilen J, Harrison R, Grinstein S. Fcgamma-
receptors induce Mac-1 (CD11b/CD18) mobilization
and accumulation in the phagocytic cup for opti-
mal phagocytosis. ] Biol Chem 2003; 278:45720-9;
PMID:12941957; http://dx.doi.org/10.1074/jbc.
M303704200

Mathias JR, Perrin BJ, Liu TX, Kanki J, Look AT,
Huttenlocher A. Resolution of inflammation by
retrograde chemotaxis of neutrophils in trans-
genic zebrafish. ] Leukoc Biol 2006; 80:1281-8;
PMID:16963624; http://dx.doi.org/10.1189/
jlb.0506346

Buckley CD, Ross EA, McGettrick HM, Osborne
CE, Haworth O, Schmutz C, Stone PC, Salmon M,
Matharu NM, Vohra RK, et al. Identification of a
phenotypically and functionally distinct popula-
tion of long-lived neutrophils in a model of reverse
endothelial migration. ] Leukoc Biol 2006; 79:303-
11;  PMID:16330528; http://dx.doi.org/10.1189/
j1b.0905496

Pillay J, Kamp VM, van Hoffen E, Visser T, Tak T,
Lammers JW, Ulfman LH, Leenen LP, Pickkers P,
Koenderman L. A subset of neutrophils in human
systemic inflammation inhibits T cell responses
through Mac-1. J Clin Invest 2012; 122:327-
36; PMID:22156198; http://dx.doi.org/10.1172/
JCI57990

de Kleijn S, Langereis JD, Leentjens ], Kox M,
Netea MG, Koenderman L, Ferwerda G, Pickkers
P, Hermans PW. IFN-y-Stimulated Neutrophils
Suppress  Lymphocyte  Proliferation  through
Expression of PD-LI. PLoS One 2013; 8:€72249;
PMID:24015224; http://dx.doi.org/10.1371/journal.
pone.0072249

Maletto BA, Ropolo AS, Alignani DO, Liscovsky
MYV, Ranocchia RP, Moron VG, Pistoresi-Palencia
MC. Presence of neutrophil-bearing antigen in
lymphoid organs of immune mice. Blood 2006;
108:3094-102; PMID:16835380;  http://dx.doi.
org/10.1182/blood-2006-04-016659

Crowley CA, Curnutte JT, Rosin RE, André-
Schwartz J, Gallin JI, Klempner M, Snyderman R,
Southwick FS, Stossel TP, Babior BM. An inherited
abnormality of neutrophil adhesion. Its genetic trans-
mission and its association with a missing protein.
N Engl ] Med 1980; 302:1163-8; PMID:7366657;
http://dx.doi.org/10.1056/NEJM198005223022102
Etzioni A, Frydman M, Pollack S, Avidor I, Phillips
ML, Paulson JC, Gershoni-Baruch R. Brief report:
recurrent severe infections caused by a novel leukocyte
adhesion deficiency. N Engl ] Med 1992; 327:1789-
92; PMID:1279426;  http://dx.doi.org/10.1056/
NEJM199212173272505

Mory A, Feigelson SW, Yarali N, Kilic SS, Bayhan GI,
Gershoni-Baruch R, Etzioni A, Alon R. Kindlin-3: a
new gene involved in the pathogenesis of LAD-III.
Blood 2008; 112:2591; PMID:18779414; http://
dx.doi.org/10.1182/blood-2008-06-163162

Volume 7 Issue 6

Do not distribute.

I0Science.

©2012 Landes B



41.

42.

43.

Kuijpers TW, van de Vijver E, Weterman MA, de
Boer M, Tool AT, van den Berg TK, Moser M, Jakobs
ME, Seeger K, Sanal O, et al. LAD-1/variant syn-
drome is caused by mutations in FERMT3. Blood
2009; 113:4740-6; PMID:19064721; http://dx.doi.
org/10.1182/blood-2008-10-182154

van de Vijver E, Maddalena A, Sanal O, Holland
SM, Uzel G, Madkaikar M, de Boer M, van Leeuwen
K, Koker MY, Parvanch N, et al. Hematologically
important mutations: leukocyte adhesion deficiency
(first update). Blood Cells Mol Dis 2012; 48:53-
61; PMID:22134107; http://dx.doi.org/10.1016/j.
bcmd.2011.10.004

Hawkins HK, Heffelfinger SC, Anderson DC.
Leukocyte adhesion  deficiency:  clinical and
postmortem observations. Pediatr Pathol 1992;
12:119-30; PMID:1348581; heep://dx.doi.
org/10.3109/15513819209023288

www.landesbioscience.com

44, Doerschuk CM, Winn RK, Coxson HO, Harlan

45.

JM. CD18-dependent and -independent mechanisms
of neutrophil emigration in the pulmonary and sys-
temic microcirculation of rabbits. J Immunol 1990;
144:2327-33; PMID:1968927

Mizgerd JP, Kubo H, Kutkoski GJ, Bhagwan SD,
Scharffetter-Kochanek K, Beaudet AL, Doerschuk
CM. Neutrophil emigration in the skin, lungs,
and peritoneum: different requirements for CD11/
CD18 revealed by CD18-deficient mice. ] Exp Med
1997; 186:1357-64; PMID:9334375; http://dx.doi.
org/10.1084/jem.186.8.1357

Cell Adhesion & Migration

46.

47.

Anderson DC, Schmalstieg FC, Arnaout MA,
Kohl S, Tosi MF, Dana N, Buffone GJ, Hughes BJ,
Brinkley BR, Dickey WD, et al. Abnormalities of
polymorphonuclear leukocyte function associated
with a heritable deficiency of high molecular weight
surface glycoproteins (GP138): common relation-
ship to diminished cell adherence. J Clin Invest
1984; 74:536-51; PMID:6746906; http://dx.doi.
org/10.1172/JCI111451

Gresham HD, Graham IL, Anderson DC, Brown
EJ. Leukocyte adhesion-deficient neutrophils fail to
amplify phagocytic function in response to stimu-
lation. Evidence for CD11b/CD18-dependent and
-independent mechanisms of phagocytosis. J Clin
Invest 1991; 88:588-97; PMID:1677946; http://
dx.doi.org/10.1172/JCI115343

481

. Do not distribute.

loscience

©2012 Landes B





