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Neutrophils trigger inflammation-induced acute kidney injury (AKI), a frequent and poten-
tially lethal occurrence in humans. Molecular mechanisms underlying neutrophil recruitment
to sites of inflammation have proved elusive. In this study, we demonstrate that SLP-76
(SH2 domain-containing leukocyte phosphoprotein of 76 kD) and ADAP (adhesion and
degranulation promoting adaptor protein) are involved in E-selectin-mediated integrin
activation and slow leukocyte rolling, which promotes ischemia-reperfusion—induced AKI
in mice. By using genetically engineered mice and transduced SIp76~/~ primary leukocytes,
we demonstrate that ADAP as well as two N-terminal-located tyrosines and the SH2
domain of SLP-76 are required for downstream signaling and slow leukocyte rolling. The
Tec family kinase Bruton tyrosine kinase is downstream of SLP-76 and, together with
ADAP, regulates PI3Ky (phosphoinositide 3-kinase—y)- and PLCy2 (phospholipase Cy2)-
dependent pathways. Blocking both pathways completely abolishes integrin affinity and
avidity regulation. Thus, SLP-76 and ADAP are involved in E-selectin-mediated integrin
activation and neutrophil recruitment to inflamed kidneys, which may underlie the
development of life-threatening ischemia-reperfusion—induced AKI in humans.

Efficient leukocyte recruitment is required
for inflammatory responses (Ley et al., 2007).
Neutrophils rapidly migrate into inflamed tissue
and contribute to early inflammatory responses
(Nathan, 2006; O’Shea and Murray, 2008). Their
recruitment into inflamed tissue must be tightly
regulated so that the number of migrated neu-
trophils is sufficient to control infection with-
out injuring the surrounding tissue and leading
to organ dysfunction (Serhan and Savill, 2005;
Eltzschig and Carmeliet, 2011). This is demon-
strated in acute inflammatory insults of the
kidney, where neutrophil-mediated inflamma-
tion causes acute kidney injury (AKI; Bonventre
and Weinberg, 2003; Singbartl and Ley, 2004).
Ischemia-reperfusion injury (IRI) is the leading
cause of AKI, which is associated with high
morbidity and mortality (Thadhani et al., 1996).

Neutrophil recruitment to postischemic tis-
sue has been identified as a hallmark of kidney
injury (Bonventre and Weinberg, 2003). Neu-
trophil emigration into inflamed tissues proceeds
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in a complex sequence of events (Ley et al.,
2007). The first steps of this cascade are me-
diated by endothelial selectins interacting with
their counter receptors on leukocytes (Ley et al.,
2007). During the contact of leukocytes with
the inflamed endothelium, leukocytes are ac-
tivated by different stimuli (Ley et al., 2007;
Zarbock and Ley, 2008). This leads to integrin
activation, arrest, crawling, and subsequent ex-
travasation of leukocytes into the inflamed tis-
sue (Ley et al., 2007).

E-selectin binding to PSGL-1 (P-selectin
glycoprotein ligand-1) on neutrophils activates a
signaling pathway in rolling neutrophils that co-
operates with chemokine-induced signaling to
amplify neutrophil recruitment during inflam-
mation (Smith etal., 2004; Zarbock et al., 2007a).
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The signaling pathway triggered by E-selectin engagement
induces the activation of a receptor-proximal Src family
ITAM (immunoreceptor tyrosine—based activation motif)-
containing adaptor protein—Syk (spleen tyrosine kinase)
signaling pathway, which induces LFA-1 (lymphocyte function—
associated antigen-1)—dependent slow rolling in vitro and
in vivo (Zarbock et al., 2007a, 2008; Kuwano et al., 2010;
Yago et al., 2010). Src family kinase activation after E-selectin
engagement (Zarbock et al., 2008; Yago et al., 2010) induces
phosphorylation of the ITAM-containing adaptor proteins
DAP12 (Tyrobp) and FcRry (Ferg). Thus, phosphorylated DAP12
and FcRy associate and subsequently activate Syk (Zarbock
et al., 2008), which is required for E-selectin—mediated slow
leukocyte rolling (Zarbock et al., 2007a). E-selectin—mediated
phosphorylation of DAP12 and Syk is absent in Fgr~/~ and
Lyn™/~/Hck™'~ neutrophils (Zarbock et al., 2008; Yago et al.,
2010). Similarly, Tyrobp™/~/Ferg™/~ mice display reduced
Syk phosphorylation and abolished slow rolling of neutro-
phils upon E-selectin triggering (Zarbock et al., 2008; Yago
et al., 2010). The Tec family kinase Bruton tyrosine kinase
(Btk) is downstream of Syk (Mueller et al., 2010; Yago et al.,
2010) and regulates two pathways (Mueller et al., 2010). One
pathway is PI3Ky (phosphoinositide 3-kinase—y) dependent
and the other pathway comprises PLCy2 (phospholipase
Cv2), p38 mitogen-activated protein kinase (MAPK), and
Rapla (Ras-related protein 1a; Mueller et al., 2010; Stadtmann
etal., 2011).

SLP-76 (SH2 domain—containing leukocyte phospho-
protein of 76 kD) is an immune cell adaptor (Jordan et al.,
2003), which was originally described as a key regulator
of TCR signaling events (Motto et al., 1996; Yablonski et al.,
1998). SLP-76 was subsequently shown to be involved in
signaling in other hematopoietic lineages, including platelets
(Clements et al., 1999; Judd et al., 2000, 2002), mast cells
(Kettner et al., 2003), and neutrophils (Newbrough et al.,
2003). Elimination of SLP-76 abolishes integrin-mediated
outside-in signaling in neutrophils (Newbrough et al., 2003)
and leads to marked defects in neutrophil-dependent inflam-
mation (Newbrough et al., 2003; Clemens et al., 2007; Lenox
et al., 2009). SLP-76 consists of a C-terminal SH2 domain, a
proline-rich region, a sterile @ motif domain, and an N-terminal
acidic domain containing three tyrosines at positions 112, 128,
and 145. These tyrosines are phosphorylated upon immuno-
receptor and integrin engagement (Bubeck Wardenburg et al.,
1996; Fang et al., 1996; Jordan et al., 2006), and SH2 domain—
containing proteins such as the guanine nucleotide exchange
factor Vav (Y112 and Y128; Raab et al., 1997; Gross et al.,
1999), the adaptor noncatalytic region of tyrosine kinase Nck
(Y112 and Y128), and Btk (Y145) have been identified as
interaction partners of these tyrosines (Bubeck Wardenburg
et al.,, 1998; Su et al., 1999). The C-terminal SH2 domain
of SLP-76 is associated with the immune cell adaptor ADAP
(adhesion and degranulation promoting adaptor protein;
Raab et al., 1997; Myung et al., 2001).

ADAP is expressed in various hematopoietic cell types,
including neutrophils. This protein consists of an EVH1
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(Ena/VASP homology 1) binding domain, two helical SH3-
like domains, several tyrosine-based signaling motifs, and
a central proline-rich region (Krause et al., 2000; Heuer
et al., 2005). Experiments in ADAP-deficient mice revealed
a role of this adaptor protein in TCR-mediated activation
of the integrin LFA-1. ADAP-deficient T cells show defective
TCR-mediated adhesion and LFA-1 clustering (Griffiths et al.,
2001; Peterson et al., 2001). TCR-mediated phosphorylation
of ADAP at the tyrosine-based signaling motifs YDDV
through the Src kinase Fyn mediates the inducible inter-
action with the SH2 domain of SLP-76 (da Silva et al., 1997,
Musci et al., 1997; Geng et al., 1999; Raab et al., 1999;
Veale et al., 1999). Mutation of these YDDV sites of ADAP
disrupts TCR-induced adhesion and LFA-1 clustering, indi-
cating that the inducible interaction between ADAP and
SLP-76 is required for LFA-1 activation (Wang et al., 2004).
Furthermore, ADAP is also involved in adhesion processes
of platelets and basophilic cells (Geng et al., 2001; Kasirer-
Friede et al., 2007). However, the functional role of ADAP
and SLP-76 in neutrophil recruitment has not been investi-
gated so far.

In this study, we specifically address the role of SLP-76
and ADAP in neutrophil-mediated inflammation in mice.
We show that the presence of SLP-76 and ADAP is required
for E-selectin—mediated slow leukocyte rolling and leukocyte
recruitment. Experiments with knockin mice demonstrate
that the two tyrosines Y112 and Y128 of SLP-76 are required
for slow leukocyte rolling and leukocyte recruitment into
inflamed tissue. Moreover, both adaptors modulate neutro-
phil recruitment by regulating integrin affinity and avidity,
which has a potential impact on the outcome of acute in-
flammatory processes.

RESULTS

Deficiency in ADAP or SLP-76 attenuates neutrophil
recruitment and protects mice from AKI

To test whether SLP-76 and ADAP are involved in neutro-
phil recruitment and tissue damage in the context of AKI, we
used a renal ischemia-reperfusion (RIR) model in chimeric
mice reconstituted with BM from Slp76~/~, Slp76Y!* (SM),
Slp76Y112/128 (DM), ADAP~'~, and WT control mice. After
bilateral renal pedicle clamping for 32 min followed by reper-
fusion, WT mice and Slp76Y'* mice showed an elevated
number of neutrophils in the kidney compared with sham
operated mice 24 h after reperfusion (Fig. 1 A). Concomitant
with the neutrophil influx, WT and Slp76Y'% mice that had
undergone 32-min ischemia and reperfusion showed an
increase in creatinine concentration 24 h after reperfusion
(Fig. 1 B). Slp76™/~, Slp76Y112/128 'and ADAP~'~ mice had
a significantly reduced number of neutrophils in the kidney
(Fig. 1 A) and a lower serum creatinine concentration (Fig. 1 B)
compared with WT mice when challenged with 32 min of
ischemia followed by 24 h of reperfusion. RIR produced
great morphological damages in kidneys from WT mice,
including cell recruitment, massive tubular edema, and loss
of tubular epithelial cells (Fig. 1 C). Slp76=/~, Slp76Y112/128,
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Figure 1. Deficiency in ADAP or SLP-76 attenuates neutrophil recruitment and protects mice from AKI. (A and B) Irradiated WT mice were
reconstituted with BM from WT (n = 4), Slp76~/~ (n = 4), SIp76"121128 (DM; n = 4), SIp76'%5 (SM; n = 4), and ADAP~/~ mice (n = 4). 6-8 wk later, mice
were subjected to RIR or sham injury, and the number of neutrophils recruited into the kidney (A) and plasma creatinine were assessed 24 h later (B).
(C) Representative H&E staining of kidney outer medulla from chimeric mice was assessed 24 h after sham operation or renal IRI. Insets show a twofold
magnified image. Bars, 50 um. (D and E) Chimeric mice were pretreated with an IgG control antibody or a blocking anti-E-selectin antibody (Ab) 10 min
after sham or renal IRI. 24 h later, the number of neutrophils in the kidney (D) and creatinine levels in the plasma (E) were determined. Results are pre-
sented as mean + SEM. #, P < 0.05.
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and ADAP~’~ mice revealed medulla hyperemia but reduced
cell recruitment and cellular destruction (Fig. 1 C).

To provide more mechanistic details of downstream sig-
naling events in AKI, we investigated the phosphorylation
of p38 MAPK, a molecule which is involved in the E-selectin—
mediated signaling pathway, in neutrophils from control
kidneys and injured kidneys. WT, Slp76=/~, and ADAP~/~
neutrophils from control kidneys showed a similar degree
of p38 MAPK phosphorylation (not depicted). After IRI, the
phosphorylation of p38 MAPK was significantly reduced in
Slp76~'~ and ADAP~'~ neutrophils compared with WT
neutrophils (not depicted).

Application of a blocking E-selectin antibody (9A9) in
WT and Slp76Y'* mice 10 min after reperfusion significantly
decreased the number of neutrophils in the kidney (Fig. 1 D)
and reduced the creatinine concentration in the plasma
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(Fig. 1 E) compared with WT mice that had undergone isch-
emia and reperfusion and had been treated with a matched
isotype control antibody (Fig. 1, D and E). These data suggest
that E-selectin promotes neutrophil recruitment to sites of
inflammation, which increases tissue damage in inflamed kid-
neys. Injecting a blocking E-selectin antibody in Slp76Y12/128
and ADAP~’~ mice did not further decrease the number
of neutrophils in the kidney (Fig. 1 D) and creatinine con-
centration (Fig. 1 E) 24 h after IRI, suggesting that ADAP
and SLP-76 are crucially involved in E-selectin—mediated
neutrophil recruitment.

SLP-76 and ADAP are involved in controlling leukocyte
rolling velocity and adhesion after IRI

To directly visualize leukocyte rolling and adhesion in the
kidney, we performed intravital microscopy of the kidney
before and after inducing ischemia-
reperfusion—induced AKI. After sham
operation, almost no rolling and ad-
herent leukocytes were observed (not
depicted). 4 h after renal IR, leukocyte
rolling velocity in LysM-GFP mice
was 8.7 + 1.3 um/s in small vessels in
the cortex of the kidney (Fig. 2 A).
Blocking of Mac-1 by an antibody
did not elevate the rolling velocity,
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Figure 2. Leukocyte rolling and adhesion
in kidney or cremaster venules after
ischemia-reperfusion is dependent on

SLP-76 and ADAP. (A and B) Untreated
LysM-GFP mice or LysM-GFP mice pretreated
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body [M1-70], n = 3; anti-LFA-1 antibody
[TIB217], n = 3; and anti-E-selectin antibody
[9A9], n = 3) were subjected to RIR, and the
rolling velocity (A) and the number of adherent
leukocytes (B) in venules of the kidney were
determined. (C) Representative pictures of
cremaster muscle postcapillary venules of
untreated LysM-GFP mice and LysM-GFP
mice pretreated with a blocking anti-
E-selectin antibody (Ab) 4 h after renal

IRI. Bars, 25 um. (D and E) 2 h after RIR, WT
mice were injected i.v. with fluorescently

labeled BM cells from WT (n = 3), Slp76~/~
(n=3), SIp76"1%5 (SM; n = 3), Slp76Y112/128
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later, leukocyte rolling velocity (D) and the
number of adherent cells (E) in venules of the
kidney were determined. (F and G) The cre-
master muscle of WT (n = 3), Slp76 /= (n=3),
Slp76"1%5 (n = 3), Slp76"112/128 (n = 3), and
ADAP~/= (n = 3) mice was subjected to isch-
emia (30 min)/reperfusion (120 min) injury,
and mean rolling velocity (F) and the number
of adherent cells (G) in postcapillary venules of
the cremaster muscle were determined. Re-
sults are presented as means + SEM. #, P < 0.05.
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whereas blocking of LFA-1 significantly elevated the rolling
velocity (Fig. 2 A). Blocking E-selectin by a blocking mono-
clonal anti—E-selectin antibody significantly elevated the roll-
ing velocity of leukocytes and also reduced the number of
adherent leukocytes compared with untreated WT mice
(Fig. 2, A and B). Representative video micrographs of WT
mice and WT mice treated with a monoclonal antibody to
E-selectin 4 h after renal IRI are shown in Fig. 2 C.

To directly investigate the contributions of ADAP and
SLP-76 to slow rolling and adhesion in the kidney, we labeled
WT, ADAP~'~, Slp76=/~, SM, or DM leukocytes with a
fluorescent dye and injected the labeled leukocytes i.v. into
recipient WT mice 2 h after inducing renal IRI. Compared
with WT leukocytes, SM leukocytes showed the same roll-
ing velocity and adhesion characteristics (Fig. 2, D and E).
Slp76=/=, DM, and ADAP~'~ leukocytes had an elevated
rolling velocity and reduced leukocyte adhesion compared
with WT leukocytes (Fig. 2, D and E). Shear rates and diam-
eters were similar between different groups, excluding a
hemodynamic contribution to reduced leukocyte rolling
velocity and adhesion (not depicted). These data demonstrate
that the protection from renal IRI is caused by decreased
E-selectin—mediated slow leukocyte rolling and adhesion.

To confirm our data, we conducted intravital microscopy
of the cremaster muscle before and after IRI. Compared with
WT mice, Slp76=/~, ADAP~/~, SM, and DM mice showed
the same leukocyte rolling velocity and number of adherent
leukocytes before inducing IRI (not depicted). SM mice
showed the same leukocyte rolling velocity and a similar
number of adherent leukocytes after IRI compared with WT
mice (Fig. 2, F and G). Slp76~/~, DM, and ADAP~’~ mice
had an elevated leukocyte rolling velocity and reduced num-
ber of adherent leukocytes compared with WT mice after
IRI (Fig. 2, F and G). Shear rates and diameters were similar
between different groups, excluding a hemodynamic contri-
bution to reduced leukocyte adhesion (not depicted). These
data demonstrate that ADAP and SLP-76 are involved in the
regulation of the leukocyte rolling velocity after IRI.

SLP-76 and ADAP are required for E-selectin-mediated
slow leukocyte rolling and Go;-independent adhesion

To test whether SLP-76 and ADAP are involved in E-selectin—
mediated slow rolling, we investigated the rolling velocity
of neutrophils from Slp76~/~, SM, DM, ADAP~'~, and WT
mice in an autoperfused flow chamber. We have previously
shown that the rolling velocity of WT neutrophils rolling on
E-selectin— and ICAM-1 (intercellular adhesion molecule-1)—
coated autoperfused flow chambers is significantly reduced
compared with E-selectin alone (Zarbock et al., 2007a, 2008;
Mueller et al., 2010). Neutrophils from Slp76~/~, DM, and
ADAP~’~ mice showed a similar rolling velocity on E-selectin
compared with WT neutrophils but failed to reduce their
rolling velocity on E-selectin plus ICAM-1 (Fig. 3, A-C). In
contrast, SM neutrophils showed the same rolling velocity on
E-selectin and ICAM-1 compared with WT neutrophils
(Fig. 3 B). To support our flow chamber data, we conducted
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intravital microscopy of the cremaster muscle in mixed
chimeric mice generated by injecting BM cells from WT
LysM-GFP* mice (Faust et al., 2000) and Slp76~/~ mice or
ADAP~/~ mice (GFP™) into lethally irradiated WT mice.
Leukocyte rolling velocity was analyzed in TNF-induced
inflamed venules of the cremaster muscle after blocking
P-selectin and G signaling to focus on E-selectin—mediated
slow rolling (Zarbock et al., 2007a). The mean blood flow
velocity and the wall shear rates in these venules were 2.5 £
0.3 mm/s and 2,000 £ 200 s~ respectively. The mean roll-
ing velocity (V,,) of Slp767/~, DM, and ADAP~’~ leuko-
cytes was significantly elevated compared with the mean
rolling velocity of LysM-GFP* control and SM leukocytes
(Fig. 3, D-F). The rolling velocity of Slp76=/~, DM, and
ADAP~/~ leukocytes is similar to the rolling velocity of
leukocytes seen in WT mice after blocking LFA-1, the integrin
responsible for slow leukocyte rolling (Zarbock et al., 2007a).

Firm adhesion of leukocytes in the postcapillary venules
of the cremaster muscle after TNF application is mediated
in an overlapping fashion by E-selectin and Ga signaling
(Mueller et al., 2010). WT, Slp76~/~, DM, and ADAP~/~
mice showed the same number of adherent cells 2 h after
TNEF application. Pretreatment of WT or SM mice with per-
tussis toxin (PTx) did not affect the number of adherent cells,
whereas blocking of Gy signaling by PTx significantly re-
duced the number of adherent cells in Slp76=/~, DM, and
ADAP~/~ mice (Fig. 3, G-I). These findings suggest that
SLP-76 is involved in LFA-1 activation and subsequently in
slow rolling in response to E-selectin engagement. Hemody-
namic and microvascular parameters were equivalent in ve-
nules of all genotypes (not depicted).

To test whether SLP-76 and ADAP are involved in che-
mokine-induced arrest, we conducted intravital microscopy
of the untreated cremaster muscle (Zarbock et al., 2007a). In
this model, neutrophils roll in cremaster venules because
of P-selectin expression on the endothelium but rarely adhere.
Injection of 600 ng of recombinant murine CXCL1, which
binds CXCR2, induced the same number of adherent leuko-
cytes in venules of chimeric mice reconstituted with BM
from WT, Slp76=/~, or ADAP~/~ mice (450 * 60 adherent
cells/mm?, 470 £ 21 adherent cells/mm?, and 451 + 46
adherent cells/mm?, respectively). These data suggest that
SLP-76 and ADAP are required for E-selectin—mediated slow
rolling but are not involved in chemokine-induced leuko-
cyte arrest.

It has been shown that the arginine at position 448 in
SLP-76 is important for the interaction with ADAP (Musci
et al., 1997). To investigate its contribution in E-selectin—
mediated slow rolling, we conducted reconstitution experi-
ments. SLP-76—deficient cells were reconstituted with a
WT construct of SLP-76, a Slp76R 448K mutant construct
(mutation of the arginine at position 448), or the empty vector.
The WT construct could compensate SLP-76 deficiency,
whereas the Slp76R 448K mutant construct and the empty vec-
tor failed to restore slow leukocyte rolling in TNF-induced
inflamed postcapillary venules of the cremaster muscle after
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Figure 3. SLP-76 tyrosines are required for E-selectin—-mediated slow leukocyte rolling and Ge;-independent adhesion. (A-C) The carotid artery of
chimeric mice reconstituted with BM from WT (n = 3) or Sjp76~/~ (n = 3) mice (A), with WT (n = 3), SM (n = 3), or DM (n = 3) mice (B), or with WT (n = 3) or ADAP
(n = 3) mice (C) was cannulated with a catheter, which was connected to autoperfused flow chambers. Mean rolling velocity of neutrophils on E-selectin (left) and
E-selectin and ICAM-1 (right) is presented as means + SEM. The wall shear stress in all flow chamber experiments was 5-6 dynfcm?. #, P < 0.05. (D-F) Mixed chime-
ric mice were generated by injecting BM cells from LysM-GFP+ WT (WT; D-F) mice and Slp76 /= (Slp76~/~; D), SM (E) and DM mice (E), or ADAP~/~ mice (ADAP~/~; F)
into lethally irradiated WT mice. Cumulative histogram of rolling velocities of 100 GFP+ (WT) and 100 GFP~ leukocytes in inflamed cremaster muscle venules of
mixed chimeric mice (n = 4) treated with PTx and a monoclonal blocking P-selectin antibody (RB40.34). The insets show the mean rolling velocity + SEM. #, P < 0.05.
(G-1) Numbers of adherent cells per square millimeter in murine cremaster muscle venules. The cremaster muscle was exteriorized 2 h after intrascrotal injection of
500 ng TNF or after injection of TNFand PTx in chimeric mice reconstituted with BM from WT mice (G-I; n = 3) or Slp76~/~ (G; n = 3), SM and DM (H), or ADAP~/~
(1) mice. Results are presented as means + SEM. #, P < 0.05. (J) Mixed chimeric mice were generated by injecting retrovirally transduced hematopoietic stem cells
(Slp-76-WT construct, WT-c.; Slp76-R448K construct, R448-c.; empty vector, no-c) from Sjp76~/~ mice into lethally irradiated WT mice. Cumulative histogram of
rolling velocities of transduced (WT-c,, n = 100; R448-c,, n = 100; no-c., n = 100) leukocytes in inflamed cremaster muscle venules of mixed chimeric mice (n = 3)
treated with PTx and a monoclonal blocking P-selectin antibody. The inset shows the mean rolling velocity + SEM. #, P < 0.05. (K) Coimmunoprecipitation of SLP-76
and ADAP. BM-derived WT neutrophils were plated on uncoated (unstimulated) or E-selectin-coated wells for 10 min, and then lysates were prepared followed by
immunoprecipitation (IP) with ADAP antibody. Precipitates were immunoblotted (IB) with antibodies to total SLP-76 (top) and total ADAP (bottom).
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blocking P-selectin and Gy signaling (Fig. 3 J). Microvascu-
lar parameters (vessel diameters, centerline velocities, and
wall shear rates) were similar among the groups (not de-
picted). In addition to these data, coimmunoprecipitation
experiments suggest that SLP-76 and ADAP physically inter-
act after E-selectin engagement (Fig. 3 K). These findings
suggest that the two tyrosines Y112 and Y128 of SLP-76 and
the interaction between SLP-76 and ADAP are required for
LFA-1 activation and subsequent slow leukocyte rolling after
E-selectin engagement.

The presence of SLP-76 and ADAP is required for
E-selectin-mediated LFA-1 affinity and avidity requlation
E-selectin engagement mediates LFA-1 activation, which is
accompanied by a shape change to the extended conforma-
tion (Kuwano et al., 2010). To directly investigate the role of
different signaling molecules in selectin-mediated integrin
activation, we used an immobilized reporter antibody assay,
which provides a robust readout of the extended conforma-
tion of LFA-1 (Kuwano et al., 2010). As this antibody is only
available for human cells, we performed short hairpin RNA
(shRINA) experiments in which we transfected the promy-
elocytic cell line HL-60 with shRINA constructs against SLP-76
or ADAP (Horn et al., 2009). Down-regulation of SLP-76
and ADAP was confirmed by Western blot analysis (Fig. 4,
A and B). These experiments revealed that the number of
adherent cells per field of view (Fig. 4 C) was significantly
reduced when the expression of SLP-76 or ADAP was down-
regulated, indicating that the affinity of LFA-1 is reduced in
the absence of these molecules.

By using pharmacological inhibitors against Btk, PLC,
and PI3Ky, we were able to investigate the role of these mol-
ecules in E-selectin—mediated regulation of LFA-1 affinity
(Fig. 4 D). In this study, we observed that blocking PLC
or PI3Ky partially, but significantly, inhibited the number
of adherent cells on the reporter antibody KIM127 after
E-selectin engagement (Fig. 4 D). Inhibiting both molecules,
PLC and PI3Kry, or Btk led to an even stronger reduction of
adherent cells in this setting (Fig. 4 D). These findings suggest
that E-selectin engagement controls LFA-1 function via its
affinity and that PLCy2- and PI3Kvy-dependent pathways
control the regulation of LFA-1 conformation.

Another well-described aspect of integrin activation is its
clustering on the cell surface. To investigate LFA-1 cluster-
ing, we performed intravital microscopy of the cremaster
muscle after pretreating the mice with TNF and a blocking
antibody against P-selectin and visualized LEA-1 clustering
by staining leukocytes with a fluorescently labeled antibody
against LFA-1. Clustering of surface adhesion molecules was
determined as described previously (Stadtmann et al., 2011),
and the percentage of rolling leukocytes with clustered
LFA-1 was calculated. In WT mice, LFA-1 clustered on one
edge of rolling leukocytes. Furthermore, we showed that
>80% of WT leukocytes display LFA-1 clustering (Fig. 4 E),
whereas Slp76Y112/128 " Btk=/~, and ADAP~’~ leukocytes
show a strong reduction of LFA-1 clustering (Fig. 4 E).

JEM Vol. 209, No. 2

Article

However, Pik3cg~'~ and Pleg2~/~ leukocytes showed a sig-
nificantly elevated LFA-1 clustering frequency compared
with Slp76Y112/128 ) Btk=/~, and ADAP~’~ leukocytes (Fig. 4 E).
Representative video micrographs of WT leukocytes and
Btk™’~ leukocytes during E-selectin—mediated slow leuko-
cyte rolling are shown in Fig. 4 F.

Gay-independent leukocyte extravasation and neutrophil
recruitment are defective in Slp76-/-, Slp76Y112/128,

and ADAP~/~ mice

Leukocyte extravasation in the cremaster muscle after TNF
application and neutrophil recruitment into the inflamed
peritoneal cavity is promoted by E-selectin— and Goy-dependent
pathways (Mueller et al., 2010). To investigate the contri-
bution of SLP-76 and ADAP on the number of transmi-
grated leukocytes, we visualized extravasated leukocytes
in the cremaster muscle using reflected-light oblique trans-
illumination microscopy (Mueller et al., 2010). Chimeric mice
reconstituted with BM from WT mice or Slp76Y# mice
treated with 4 pg PTx via tail vein injection before intrascro-
tal injection of 500 ng TNF showed no reduction in leuko-
cyte extravasation versus chimeric mice reconstituted with
BM from WT or Slp76Y'* mice that did not receive PTx
treatment (Fig. 5 A). In chimeric mice reconstituted with
BM from Slp76=/~, Slp76Y!#, Slp76Y112/128 and ADAP~/~
mice, the number of extravasated leukocytes was similar to
that observed in WT mice (Fig. 5 A). However, pretreating
chimeric mice reconstituted with BM from Slp76=/,
Slp76Y112/128 and ADAP~/~ mice with PTx almost com-
pletely abolished leukocyte extravasation (Fig. 5 A). These
data suggest that the E-selectin—mediated signaling pathway
leading to integrin activation is defective in Slp76~ /7,
Slp76Y112/128 "and ADAP~'~ leukocytes.

Neutrophil recruitment in thioglycollate-induced peri-
tonitis was also investigated in chimeric mice reconstituted
with BM from WT, Slp76=/~, Slp76Y12/128 and ADAP~/~
mice with or without PTx treatment to block Ga; signal-
ing. In the presence of intact GPCR (G protein—coupled
receptor) signaling, chimeric mice reconstituted with BM
from Slp76=/~, Slp76Y112/128 and ADAP~'~ mice showed a
normal number of neutrophils in the peritoneal cavity 8 h
after thioglycollate injection (Fig. 5 B). Pretreating chime-
ric mice reconstituted with BM from WT mice with PTx
diminished neutrophil recruitment into the peritoneal cav-
ity by ~50%. However, blocking of Ga; signaling by PTx
in chimeric mice reconstituted with BM from Slp76~ /",
Slp76Y112/128 - and  ADAP~/~ mice completely abolished
neutrophil recruitment into the peritoneal cavity after thio-
glycollate injection (Fig. 5 B).

SLP-76 and ADAP are required for downstream signaling
after E-selectin engagement

To investigate how SLP-76 and ADAP are integrated in the
E-selectin—mediated signaling pathway leading to integrin
activation, we used a previously published in vitro selectin
engagement assay (Zarbock et al., 2008; Mueller et al., 2010).
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E-selectin modulates integrin adhesiveness by regulating integrin affinity and avidity. (A and B) HL-60 cells were transfected with
control shRNA or with shRNAs against SLP-76 or ADAP and subjected to immunoblot to verify down-regulation of SLP-76 (A) and ADAP down-regulation (B).
Total p38 MAPK expression was used as loading control. (C) HL-60 cells were transfected with control shRNA or with shRNAs against SLP-76

or ADAP and were used in a flow chamber adhesion assay. Flow chambers were coated with E-selectin and a control IgG antibody (open bars) or
KIM127 antibody, recognizing the intermediate affinity conformation of LFA-1 (closed bars) and perfused with transfected HL-60 cells. Bars represent
the number of adherent cells per field of view as mean + SEM of three independent experiments. #, P < 0.05. (D) Flow chamber adhesion assay with
human leukocytes in whole blood pretreated with DMSO or specific inhibitors against PLC (U73122), PI3Ky, or Btk (LFM-A13). Flow chambers were
coated with E-selectin and a control IgG antibody (open bars) or KIM127 antibody (closed bars). Bars show the number of adherent cells per field of
view as mean + SEM of three independent experiments. #, P < 0.05. (E) Chimeric mice reconstituted with BM from WT, Slp76"1121128, ADAP~/~, Btk~/~,
Pik3cg=/~, or Plcg2~/~ mice were used to investigate LFA-1 clustering on rolling cells in vivo. Mice were pretreated with TNF and PTx 2 h before the
experiments, and a blocking P-selectin antibody and an Alexa Fluor-conjugated LFA-1 antibody were injected immediately before preparing the cre-
master muscle for intravital microscopy analysis. Cells were classified as clustered if fluorescence was >1.5 times increased at one edge of the cell.
Data are shown as percentage of clustered cells as mean + SEM of three independent measurements with at least 100 cells per group. #, P < 0.05;

* P < 0.05 versus other groups. (F) Representative images of rolling leukocytes in inflamed cremaster venules of WT and Btk~/~ mice stained for LFA-1
clustering. Bars, 10 um.
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Stimulation of WT neutrophils with E-selectin under
shear stress conditions induced phosphorylation of SLP-76
(Fig. 6, A and B), ADAP (Fig. 6, E and F), Syk (Fig. 6, C
and G), Btk (Fig. 6, C, D, G, and H), PLCy2 (Tyr1217),
Akt as a target of PI3K, and p38 MAPK (Fig. 6, C, D, G,
and H). To demonstrate that SLP-76 and ADAP are down-
stream of DAP12 and FcRvy, Tyrobp~’~ Ferg™/~ neutrophils
were stimulated with E-selectin under shear stress condi-
tions. In Tyrobp~/~Ferg™/~ neutrophils, phosphorylation
of SLP-76 (Fig. 6 A) and ADAP (Fig. 6 E) was absent, but
phosphorylation of SLP-76 and ADAP in Btk™/~ neutro-
phils was present (Fig. 6, B and F). After E-selectin engage-
ment, Syk phosphorylation was present in Slp76~/~ (Fig. 6 C)
and in ADAP~'~ neutrophils (Fig. 6 G). In Slp76~/~ neu-
trophils, phosphorylation of Btk was absent (Fig. 6 C),
whereas Btk phosphorylation was present in ADAP~/~
neutrophils (Fig. 6 G) after E-selectin engagement. In Slp76™/~
and ADAP~/~ neutrophils, phosphorylation of PLCy2
(Tyr1217), Akt, and p38 MAPK was abolished (Fig. 6,
C and G). These findings show that SLP-76 and ADAP
are required for the activation of the PLCy2- and PI3Ky-
dependent pathway.

To confirm the in vivo results, we also addressed the
phosphorylation status of Btk, PLCvy2, PI3Kvy, and p38
MAPK in Slp76Y"2/128 mice. Similar to Slp76~/~ deficiency,
Slp76Y112/128 neutrophils displayed impaired phosphorylation
of Btk, PLCy2 (Tyr1217), Akt, and p38 MAPK in response
to E-selectin stimulation (Fig. 6 D). In contrast, phosphoryla-
tion of Btk, PLCy2 (Tyr1217), Akt, and p38 MAPK was
detectable in Slp76Y'* neutrophils after stimulation with
E-selectin (Fig. 6 H).
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DISCUSSION

The degree of inflammation and associated organ damage is
a result of complex pro- and antiinflammatory responses
(Serhan and Savill, 2005; Nathan, 2006; Ley et al., 2007). As
demonstrated herein for AKI, this includes regulation of neu-
trophil recruitment into the inflamed tissue. Neutrophil re-
cruitment is governed by different pro- and antiinflammatory
cues (Ley et al., 2007). Several studies have shown that se-
lectin binding to their receptors on neutrophils activates Src
family kinases (Wang et al., 2007; Zarbock et al., 2008; Yago
et al., 2010) and induces phosphorylation of several signaling
molecules (Urzainqui et al., 2002; Zarbock et al., 2008;
Kuwano et al., 2010; Mueller et al., 2010; Yago et al., 2010;
Stadtmann et al., 2011), integrin activation (Miner et al.,
2008; Zarbock et al., 2008; Kuwano et al., 2010; Mueller et al.,
2010; Yago et al., 2010; Stadtmann et al., 2011), slow roll-
ing (Miner et al., 2008; Zarbock et al., 2008; Kuwano et al.,
2010; Mueller et al., 2010; Yago et al., 2010; Stadtmann et al.,
2011), and adhesion (Simon et al., 2000; Mueller et al., 2010).
In this study, we demonstrated that SLP-76 and ADAP are
required for selectin-mediated integrin activation and slow
leukocyte rolling, which promotes ischemia-reperfusion—
induced AKI in mice. Eliminating SLP-76 or ADAP blocked
E-selectin—mediated signaling (unpublished data), and Goy-
independent neutrophil recruitment into the peritoneal cavity
was defective in Slp76='~ and ADAP~’~ mice, confirming
the physiological relevance of this signaling pathway. Fur-
thermore, structure—function analysis of SLP-76 revealed that
the two N-terminal tyrosines Y112 and Y128 and the inter-
action of the SH2 domain of SLP-76 with ADAP are re-
quired for downstream signaling and integrin activation.
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Figure 5. Ga;-independent leukocyte extravasation and neutrophil recruitment is defective in Slp76~/-, Slp76Y''2/128, and ADAP~/~ mice.
(A) Numbers of extravasated leukocytes in cremasteric venules of TNF-treated chimeric mice reconstituted with BM from WT (n = 4), Slp76~/~ (n = 4),
Slp76'145 (SM; n = 4), Slp76"112/128 (DM; n = 4), or ADAP~/~ mice (n = 4) per 1.5 x 10*-um? tissue area. The measurements were performed 2 h after intra-
scrotal TNF injection. The same groups were also analyzed after pretreatment with 4 ug PTx i.v. (+PTx; WT mice + PTx, n = 4; SIp76~/~ mice + PTx, n = 4;
Slp76Y145 mice + PTx, n = 4; SIp76Y12/128 mice + PTx, n = 4; and ADAP~/~ mice + PTx, n = 4). (B) Neutrophil influx into the peritoneal cavity 8 h after 1-ml
injection of 3% thioglycollate into chimeric mice reconstituted with BM from WT (n = 5), Slp76~/~ (n = 4), SIp76"112/'28 (n = 4), or ADAP~/~ mice (n = 4).
The same groups were also analyzed after pretreatment with 4 ug PTx i.v. (WT mice + PTx, n = 4; Slp76~/~ mice + PTx, n = 4; Slp76Y112128 mice + PTx,

n = 4; and ADAP~/~ mice + PTx, n = 4). Total numbers of neutrophils in the peritoneal lavage fluid were determined by flow cytometry and hemocytom-

eter count. Results are presented as means + SEM. #, P < 0.05.
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Figure 6. SLP-76 is required for the activation of Btk, PLCy2, PI3K<y, and p38 MAPK after E-selectin engagement. BM-derived neutrophils were plated
on uncoated (unstimulated) or E-selectin-coated wells for 10 min, and then lysates were prepared. (A and B) Lysates of WT, Tyrobp™/~Ferg™/~ (A; n=3), and Btk/~
(B; n= 3) were immunoprecipitated (IP) with a SLP-76 antibody followed by immunoblotting (IB) with a general phosphotyrosine (PY; 4G10) antibody or total SLP-76
antibody. (C) Lysates of WT and Slp76~/~ neutrophils were immunoprecipitated with an Syk (n = 3) or Btk antibody (n = 3) followed by immunoblotting with a general
phosphotyrosine (4G10) antibody, total Syk antibody (n = 3), or total Btk antibody (n = 3). Lysates were immunoblotted with antibody to phosphorylated PLCy2
(p-PLCy2 [Tyr1217]; n = 3), total PLCy2 (n = 3), phosphorylated Akt (n = 3), total Akt (n = 3), phosphorylated p38 MAPK (p-p38), or total p38 MAPK (n = 3). (D) Lysates
of WT and Slp76Y112128 neytrophils were immunoprecipitated with Btk antibody (n = 3) followed by immunoblotting with a general phosphotyrosine (4G10) antibody
or total Btk antibody (n = 3). Lysates were immunoblotted with antibody to phosphorylated PLCy2 (Tyr1217; n = 3), total PLCy2 (n = 3), phosphorylated Akt (n = 3),
total Akt (n = 3), phosphorylated p38 MAPK, or total p38 MAPK (n = 3). (E and F) Lysates of WT, Tyrobp~/~ Ferg™/~ (E; n = 3), and Btk~/~ neutrophils (F; n = 3) were
immunoprecipitated with an ADAP antibody followed by immunablotting with a general phosphotyrosine (4G10) antibody or total ADAP antibody. (G) Lysates of WT
and ADAP~/~ neutrophils were immunoprecipitated with an Syk (n = 3) or Btk antibody (n = 3) followed by immunoblotting with a general phosphotyrosine (4G10)
antibody, total Syk antibody (n = 3), or total Btk antibody (n = 3). Lysates were immunoblotted with antibody to phosphorylated PLCy2 (Tyr1217; n = 3), total PLCy2
(n = 3), phosphorylated Akt (n = 3), total Akt (n = 3), phosphorylated p38 MAPK, or total p38 MAPK (n = 3). (H) Lysates of WT and Slp76Y1%5 neutrophils were immuno-
precipitated with Btk antibody followed by immunoblotting with a general phosphotyrosine antibody (4G 10). Lysates were also immunoblotted with antibody to
phosphorylated PLCy2 (Tyr1217; n = 3), total PLCy2 (n = 3), phosphorylated Akt (n = 3), total Akt (n = 3), phosphorylated p38 MAPK, or total p38 MAPK (n = 3).
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Blocking this pathway completely abolishes integrin affin-
ity and avidity regulation.

AKI is characterized by a strong recruitment of neutro-
phils into kidneys (Bonventre and Weinberg, 2003; Singbartl
and Ley, 2004). Clinically, AKI has a poor prognosis and high
mortality worldwide as there is no efficient pharmacologic ther-
apy available that supports intensive care measures (Murugan
and Kellum, 2011). A potential preventive effect of E-selectin
blockade has been suggested for myocardial (Altavilla et al.,
1994) and renal (Singbartl and Ley, 2000) ischemia-reperfusion—
induced injury. Our study is the first to demonstrate a distinct
role for E-selectin—mediated signaling in neutrophils in
ischemia-reperfusion—induced organ failure. E-selectin induces
slow leukocyte rolling via integrin activation (Zarbock et al.,
2007a; Kuwano et al., 2010; Yago et al., 2010). This is neces-
sary for subsequent leukocyte arrest. As shown in this study,
SLP-76 and ADAP are essential molecules in this signaling
pathway. It is well documented that leukocytes are recruited
into the inflamed renal tissue and contribute to tissue injury
and impairment of kidney function after renal IRI (Bonventre
and Weinberg, 2003; Singbartl and Ley, 2004). Neutrophil
depletion before induction of renal IRI abolishes the devel-
opment of AKI (Singbartl et al., 2000). These data clearly
demonstrate that neutrophil recruitment into the renal tissue
is involved in the pathogenesis of AKI. As E-selectin—induced
integrin activation and leukocyte rolling contribute to leuko-
cyte recruitment into inflamed tissue (also into the inflamed
kidney, as directly demonstrated by intravital microscopy),
blocking of this pathway reduces the amount of neutrophils
in the injured kidneys and therefore attenuates the severity of
the AKI. Therefore, altering neutrophil recruitment through
modulation of the E-selectin—mediated signaling pathway in
neutrophils may constitute a valuable therapeutic avenue in
conditions of acute inflammation including AKI in humans.

In this study, we show, for the first time, the physiological
relevance of the E-selectin—mediated signaling pathway in
a clinically relevant disease model. The disadvantage of the
animal models used in the past to study E-selectin—mediated
signaling was that Ga signaling had to be blocked. In thiogly-
collate-induced peritonitis, neutrophil recruitment was not
reduced after blocking E-selectin—mediated signaling but was
partially inhibited after PTx treatment in WT mice (Smith
et al., 2004; Zarbock et al., 2007a, 2008; Mueller et al., 2010;
Yago et al., 2010). Blocking both pathways completely
blocked neutrophil recruitment, suggesting that E-selectin—
and Ga;-mediated adhesion mechanisms are overlapping in
this model. E-selectin—mediated and G signaling have a
redundant role in TNF-induced neutrophil adhesion and
recruitment in the postcapillary venules of the cremaster
muscle (Smith et al., 2004; Mueller et al., 2010). In contrast to
these models, blocking of E-selectin—mediated signaling
in the presence of Ga; signaling blocked neutrophil re-
cruitment into the kidney and improved kidney function
after ischemia-reperfusion induced AKI, suggesting that the
E-selectin—mediated signaling pathway is a major pathway
in this disease model.
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To our knowledge, this is the first in vivo study that
investigates the role of ADAP in neutrophil activation and
recruitment. Structure—function analysis of the ADAP/SLP-76
signaling module revealed that a mutation within SLP-76
that impedes the binding between the two molecules also
strongly attenuated integrin activation and abolished slow
leukocyte rolling. Furthermore, we demonstrate that ADAP
is involved in E-selectin—mediated integrin activation and
slow leukocyte rolling, which promotes ischemia-reperfusion—
induced AKI. SLP-76 but not ADAP is required for Btk
activation as Btk phosphorylation is present in ADAP~/~
neutrophils after E-selectin engagement. However, activation
of the PLCy2- and PI3K+y-dependent pathways is impaired
in the absence of ADAP, suggesting that both molecules, Btk
and ADAP, are required for the activation of PLCy2 and
PI3Ky. In contrast to the E-selectin—mediated signaling path-
way, it has been shown that the presence of ADAP is not
required for PLCy1 and Rap1 activation, but rather for
recruitment of this GTPase to the plasma membrane in
response to TCR triggering (Griffiths et al., 2001; Peterson
et al., 2001; Kliche et al., 2006; Ménasché et al., 2007). How-
ever, in the E-selectin—mediated signaling pathway, Rap1 is
located downstream of PLCy2 (Stadtmann et al., 2011), sug-
gesting that both pathways use the same molecules but the
sequence of the molecules is different.

In addition to the E-selectin—mediated leukocyte recruit-
ment defect seen in Slp76~/~ mice, the abnormal vascular
and lymphatic architecture, the platelet defect, and the high
output cardiac failure in Slp76™/~ mice (Abtahian et al., 2003)
may affect the development of ischemia-reperfusion—induced
AKI. As Slp76Y'% mice have a normal vascular and lymphatic
architecture and show the same number of neutrophils in the
kidney and plasma creatinine levels as Slp76~/~ mice after
ischemia-reperfusion—induced AKI, it is unlikely that the ab-
normal vascular and lymphatic architecture in Slp76~/~ mice
affects the development of AKI. But it is still possible that
the platelet defect seen in Slp76~/~ mice and Slp76"'* mice
(Clements et al., 1999; Bezman et al., 2008) may affect the
development of AKI after IRI. However, the intravital
microscopy experiments of the kidneys with the reconsti-
tuted knockout leukocytes in WT mice demonstrated that
the absence of SLP-76 and ADAP in leukocytes abolishes
E-selectin—mediated slow rolling and adhesion after renal IR1.

Based on different studies using cell lines (Koretzky and
Myung, 2001), a model was established postulating that Y112
and Y128 are both required for the association of SLP-76
with Vav and/or Nck, whereas Tec family protein tyrosine
kinases bind to Y145. As we and other groups demonstrated
that Btk is involved in E-selectin—mediated slow rolling, we
predicted that neutrophils isolated from Y 145F mice would
show abolished slow leukocyte rolling on E-selectin and
ICAM-1. Therefore, we were surprised to find no evidence
of abrogated E-selectin—mediated slow leukocyte rolling and
phosphorylation of downstream signaling molecules in Y145F
mice. Therefore, we investigated whether neutrophils from
Y112/128F mice have reduced E-selectin—mediated slow
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leukocyte rolling in vitro and in vivo. Interestingly, neutro-
phils from Y112/128F mice showed an abolished E-selectin—
mediated downstream signaling and slow leukocyte rolling.
Furthermore, Y112/128F mice showed a reduced number
of neutrophils in the inflamed kidney and a diminished cre-
atinine rise after renal IRI. As Btk does not directly interact
with the tyrosines in position 112 and 128, the data presented
in this study suggest that additional molecules, which can
directly interact with SLP-76 and Btk, are involved in Btk
activation after E-selectin engagement. Possible molecules
that could link SLP-76 to Btk are members of the Vav family,
as they interact with Tec family kinases and Y112 and Y128
in SLP-76. Vav molecules are involved in Tec family kinases’
activation in thymocytes upon TCR engagement (Koretzky
et al.,, 2006). Another possibility is that the SH3 and SH2
domains in Btk interact cooperatively with phosphorylated
SLP-76 after E-selectin engagement. In contrast to our data,
Y145 is critical for TCR-dependent Itk (IL-2—inducible T cell
kinase)-associated functions in thymocytes and glycoprotein
VI-induced activation of Btk in platelets (Bezman et al., 2008).
Furthermore, data generated with primary myeloid cells from
Slp76Y!* mice demonstrate a reduced FcR-induced PLCy
phosphorylation in mast cells and diminished Ca?* flux in
mast cells and neutrophils, suggesting that Y145 is required
for full FcR -induced Btk activation (Lenox et al., 2009). Fur-
thermore, this study convincingly demonstrated that Slp76Y'#
mice were completely protected from serum-induced arthri-
tis compared with WT and Slp76Y'2/128 mice (Lenox et al.,
2009). However, our data are in line with a recently published
study showing that Tec kinases bind to Y 145F mutant SLP-76 in
primary murine thymocytes (Jordan et al., 2008) and that the
mutation of Y112 and Y128 ablated nearly all detectable
SLP-76 phosphorylation after TCR stimulation. Clearly further
experiments are required to solve this puzzle.

GPCR- and TCR-triggered signaling pathways modulate
integrin affinity and avidity (Hogg et al., 2011; Kempf et al,,
2011). It has been shown that E-selectin—mediated signaling
induces the extended conformation of LFA-1 in neutrophils
(Kuwano et al., 2010). In this study, we show that E-selectin
engagement affects integrin activation by modulating confor-
mational change and clustering (Fig. 4). Blocking E-selectin—
mediated signaling by using gene-deficient neutrophils or specific
pharmacological inhibitors abolished integrin activation (affinity
and avidity). These data raise the question of whether a physi-
ological mediator exists that can only regulate one modality
(affinity or avidity) without affecting the other modality. Other
in vitro and in vivo studies already demonstrated that E-selectin
engagement induced the polarization of different adhesion
molecules (Simon et al., 2000; Green et al., 2004; Hidalgo et al.,
2007; Stadtmann et al., 2011), but LFA-1 clustering was not
investigated in these studies. Further studies have to address the
question of whether the increased LFA-1 avidity after E-selectin
binding participates in regulating the rolling velocity or con-
verting the rolling to arrest.

These data demonstrate the physiological relevance of
the E-selectin—mediated signaling pathway in vivo. The new
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mechanistic insights we provide in this study suggest that
SLP-76 and ADAP may be therapeutic targets for anti-
inflammatory therapy.

MATERIALS AND METHODS

Animals and BM chimeras. 8—12-wk-old C57BL/6 (JANVIER), ADAP~/~
(Peterson et al., 2001), Syk™/~ (Mueller et al., 2010), Tyrobp™/~ Ferg~/~ (Zarbock
et al., 2008), Pik3¢g~/~ (Mueller et al., 2010), Plg2~/~ (Mueller et al., 2010),
Slp76~/~ (Clements et al., 1999), Slp76Y!'12/128 (Jordan et al., 2008), Slp76Y!4>
(Jordan et al., 2008), and Btk™’~ mice (The Jackson Laboratory) were housed in
a special pathogen—free facility. The Animal Care and Use Committees of the
University of Miinster approved all animal experiments.

Chimeric mice were generated by performing BM transplantation as
described previously (Mueller et al., 2010). In brief, BM cells were isolated
from gene-deficient mice (ADAP~'~, Slp76~/~, and Slp76Y1?/128 or Slp76Y!4>
mice). These cells were injected i.v. (2 X 10%/recipient) into lethally ir-
radiated WT mice (9.5 Gy). Experiments were performed 6-8 wk after
BM transplantation.

Reagents. If not stated otherwise, all reagents were obtained from
Sigma-Aldrich.

Cell lines and constructs. HL-60 cells were transfected with the shRINA-
expressing constructs pCMS4-SHC (control), pPCMS4-SHSIp76, and pCMS4-
SHADAP (Hom et al., 2009) by using the Nucleofection Amaxa kit V (Lonza)
according to the manufacturer’s instructions. The transfection rate was deter-
mined by flow cytometry, and the down-regulation of the protein was assessed
by Western blot. Furthermore, the retroviral constructs pMIGR 1-Slp76 and
pMIGR1-Slp76R 448K were used (Baker et al., 2009).

Hematopoietic stem cell isolation and retroviral transduction. Ret-
roviral supernatants were generated by transfecting a packaging cell line with
the respective constructs using Nanofectin (PAA). Supernatants were col-
lected and used for infection of hematopoietic stem and progenitor cells as
described previously (Mocsai et al., 2006). In brief, BM cells were isolated
from gene-deficient mice (Slp76~/7) and were subjected to lineage deple-
tion by using a lineage cell depletion kit (Miltenyi Biotec) according to the
manufacturer’s protocol. Purified hematopoietic stem and progenitor cells
were preincubated overnight in BM stimulation medium (DME [Invitrogen]),
20% fetal calf serum supplemented with 10 ng/ml of murine IL-3, 5 ng/ml
of murine IL-6, and 50 ng/ml of murine stem cell factor (all cytokines from
PeproTech). RetroNectin-coated culture dishes (50 pg/ml; Takara Bio Inc.)
were used to concentrate the viral particles. The prestimulated BM was
seeded for overnight incubation on these plates with a density of 2 X 10°/
plate in 3 ml BM stimulation medium. After 2 d of transduction, efficiency
was measured by flow cytometry. BM transplantation was performed as
described previously (Zarbock et al., 2008).

Autoperfused flow chamber. Autoperfused flow chamber experiments
were performed as described previously (Zarbock et al., 2007a, 2008; Mueller
etal., 2010). In brief, rectangular glass capillaries were coated with 2.5 pg/ml
E-selectin alone or in combination with 2 pg/ml ICAM-1 (R&D Systems)
for 2 h and then blocked for 1 h using casein (Thermo Fisher Scientific). To
control the wall shear stress in the capillary, a PE-50 tubing (BD) was con-
nected to one side of the capillary. The other side of the chamber was con-
nected to a PE-10 tubing and inserted into a mouse carotid artery. Leukocyte
rolling was recorded for 1 min using an SW40/0.75 objective and a digital
camera (Sensicam QE; Cooke Corporation).

Adhesion flow chamber. Adhesion flow chamber experiments were per-
formed as described previously (Kuwano et al., 2010). In brief, protein G—
precoated glass capillaries were coated with 6.6 pg/ml E-selectin and
25 pg/ml IgG1 or 25 pg/ml KIM127 for 1 h and blocked with casein.
HL-60 cells were resuspended in PBS containing 1 mM MgCl, and CaCl,
with a density of 5 X 10°/ml living cells. The flow chamber was perfused
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with the cell suspension for 2 min and washed with PBS (1 mM MgCl,/
CaCl,) for 1 min. In representative images, the number of cells per field of view
was determined. In some experiments, whole human blood was incubated
for 30 min at room temperature with inhibitors against Btk (25 uM, LFM-A13),
PLC (10 uM, U73122), PI3Ky (0.5 uM, 528106; EMD), or DMSO.

Peritonitis model. The recruitment of leukocytes into the inflamed perito-
neum was induced by using thioglycollate as described previously (Zarbock
et al., 2008; Mueller et al., 2010). In brief, 1 ml of sterile thioglycollate (3%;
Sigma-Aldrich) was injected intraperitoneally. Some mice received tail vein
injections of 4 pg PTx 2 h before thioglycollate injection. 8 h after injection,
mice were euthanized, and the peritoneum was rinsed with 10 ml PBS
(containing 5 mM EDTA and 10 U/ml heparin). The total number of leuko-
cytes was counted, and the percentage of neutrophils was determined by
flow cytometry (FACSCanto; BD) based on the expression of CD45 (clone
30-F11), GR-1 (clone RB6-8C5), and 7/4 (clone 7/4; both BD).

Selectin engagement assay. BM-derived neutrophils were suspended in
PBS (1 mM CaCl,/MgCl,) and stimulated on E-selectin—coated dishes at
65 rpm for 10 min as described previously (Zarbock et al., 2008; Mueller
et al., 2010; Stadtmann et al., 2011). Neutrophils were lysed with RIPA
buffer. Lysates were boiled with sample buffer or incubated with Sepharose
A/G beads (Santa Cruz Biotechnology, Inc.) and anti-Fyb (Millipore), anti-
Slp76, anti-Btk, or anti-Syk (Santa Cruz Biotechnology, Inc.) antibody for
4 h on ice. Beads were washed four times, and bound proteins were eluted
by adding boiling sample buffer.

Cell lysates and immunoprecipitates were run on 10% SDS-PAGE and
immunoblotted using antibodies against phosphotyrosine (4G10; Millipore),
p38 MAPK, phospho-p38 MAPK, Akt, phospho-Akt (Thr308), PLCY2,
phospho-PLCy2 (Tyr1217), and Slp76 (all from Cell Signaling Technology),
and Btk, Fyb, or Syk (Santa Cruz Biotechnology, Inc.). Inmunoblots were
developed using an ECL system (GE Healthcare).

Intravital microscopy. To induce inflaimmation, mice received an intra-
scrotal injection of 500 ng TNF (R&D Systems) in 0.3 ml of saline 2 h
before cremaster muscle exteriorization. Some animals also received tail
vein injections of 4 ug PTx (Sigma-Aldrich) suspended in 0.3 ml of saline
5 min before TNF injection. Mice were anesthetized using intraperitoneal
injection of 12.5 mg/kg xylazine (Tranqui Ved; Phoenix Scientific Inc.)
and 125 mg/kg ketamine hydrochloride (Sanofi Winthrop Pharmaceuticals),
and the cremaster muscle was prepared for intravital imaging as described
previously (Zarbock et al., 2007a, 2008; Mueller et al., 2010; Stadtmann
et al., 2011). Intravital microscopy was performed on an upright micro-
scope (Axioskop; Carl Zeiss) with a 40X NA 0.75 saline immersion objective.
Leukocyte rolling velocity and leukocyte arrest were determined by trans-
illumination intravital microscopy, whereas leukocyte extravasation was
investigated by reflected light oblique transillumination microscopy as
described previously (Mueller et al., 2010; Stadtmann et al., 2011). Clus-
tering of surface adhesion molecules (LFA-1) was performed as described
previously (Stadtmann et al., 2011). Recorded images were analyzed using
Image] (National Institutes of Health) and AxioVision (Carl Zeiss) software.
Emigrated cells were determined in an area reaching out 75 pm to each
side of a vessel over a distance of 100-um vessel length (representing a
1.5 X 10*—pum? tissue area). The microcirculation was recorded using a digital
camera (Sensicam QE). Postcapillary venules with a diameter between
20 and 40 pm were investigated. Blood flow centerline velocity was measured
using a dual photodiode sensor system (Circusoft Instrumentation), and
centerline velocities were calculated as described previously (Zarbock et al.,
2007a, 2008; Mueller et al., 2010; Stadtmann et al., 2011). In some experi-
ments, ischemia of the cremaster muscle was achieved by tying off the sup-
plying arteries with polyethylene-10 tubing and visually confirming that
blood flow had ceased (Prorock et al., 2003).

RIR to induce acute renal failure. The RIR model has been described
previously (Zarbock et al., 2007b). In brief, mice were anesthetized with

JEM Vol. 209, No. 2

Article

intraperitoneal injections of ketamine and xylazine and were placed on a heating
pad to maintain body temperature. In animals undergoing RIR, both renal
pedicles were clamped off for 32 min with hemostatic microclips. Kidneys were
inspected for immediate color change, indicating successful clamping. After
clamp removal, kidneys were checked for a change in color within 3 min to
ensure reperfusion. In animals subjected to sham operation, the surgical proce-
dure was identical except that no clamps were applied. Incisions were closed
in two layers, and animals were allowed to recover. After 24 h, the mice were
euthanized, blood samples were taken by heart puncture, and kidneys were
harvested to determine the number of neutrophils in the kidney. Creati-
nine levels in the blood plasma were determined by using a creatinine assay
(Diazyme) according to the manufacturer’s protocol. Neutrophil recruitment
into the kidneys was determined by using flow cytometry as previously
described (Zarbock et al., 2007b).

In some experiments, intravital microscopy of small vessels in the cortex
of the kidney was performed 4 h after sham operation or renal IRI. LysM-GFP*
mice were used to directly investigate leukocyte rolling and adhesion. In
some experiments, blocking antibodies were used against E-selectin (9A9,
100 pg), LFA-1 (TIB-217, 30 pg), or Mac-1 (M1-70, 30 pg).

To investigate GFP-negative mice, WT mice that underwent RIR
were injected with fluorescently labeled BM cells from WT, Slp767/~,
Slp76Y145, Slp76Y!112/128 or ADAP~/~ mice 2 h before microscopy. Labeling
with CMFDA cell tracker (Invitrogen) was performed according to the
manufacturer’s instructions. Microscopy was performed using an upright
microscope (Axioskop) with a 20X NA 0.5 saline immersion objective.
Hematoxylin and eosin (H&E) staining of paraffin-embedded organs was
performed according to standard protocols.

Statistics. Statistical analysis was performed with SPSS software (version 14.0).
Differences between the groups were evaluated by one-way analysis of
variance, Student Newman—Keuls test, and Student’s ¢ test where appro-
priate. Data are presented as mean = SEM, and P < 0.05 was considered
statistically significant.
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