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Abstract
Rolling leukocytes are exposed to different adhesion molecules and chemokines. Neutrophil
rolling on E-selectin induces integrin αLβ2-mediated slow rolling on intercellular adhesion
molecule-1 by activating a phospholipase C (PLC)γ2- and a separate phosphoinositide-3-kinase
(PI3K)γ-dependent pathway. E-selectin-signaling cooperates with chemokine signaling to recruit
neutrophils into inflamed tissues. However, the distal signaling pathway linking PLCγ2 (Plcg2) to
αLβ2-activation is unknown. To identify this pathway, we used different TAT-fusion-mutants and
gene-deficient mice in intravital microscopy, autoperfused flow chamber, peritonitis, and
biochemical studies. We found that the small GTPase Rap1 is activated following E-selectin
engagement and that blocking Rap1a in Pik3cg−/− mice by a dominant-negative TAT-fusion
mutant completely abolished E-selectin mediated slow rolling. We identified CalDAG-GEFI
(Rasgrp2) and p38 MAPK as key signaling intermediates between PLCγ2 and Rap1a. Gαi-
independent leukocyte adhesion to and transmigration through endothelial cells in inflamed
postcapillary venules of the cremaster muscle were completely abolished in Rasgrp2−/− mice. The
physiologic importance of CalDAG-GEFI in E-selectin-dependent integrin activation is shown by
complete inhibition of neutrophil recruitment into the inflamed peritoneal cavity of Rasgrp2−/−

leukocytes treated with pertussis toxin to block Gαi-signaling. Our data demonstrate that Rap1a
activation by p38 MAPK and CalDAG-GEFI is involved in E-selectin-dependent slow rolling and
leukocyte recruitment.
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Introduction
Leukocyte recruitment into inflamed tissue is tightly regulated. A disturbance of this process
leads to a reduced inflammatory response such as seen in leukocyte adhesion deficiency
(LAD). This disease is characterized by a reduced leukocyte recruitment into the tissue and
is accompanied by recurrent bacterial infections due to an inappropriate inflammatory
response to injury or infection.[1] Overwhelming activation of leukocytes is also associated
with tissue damage.[2] Therefore, understanding leukocyte activation and recruitment is of
key importance for many diseases.

Leukocyte recruitment into inflamed tissue proceeds in a coordinated sequence of events.[3–
5] The first steps of this cascade are mediated by endothelial P- and E-selectin interacting
with their counter receptor P-selectin glycoprotein ligand (PSGL)-1 on leukocytes.[5]
During the intimate contact of leukocytes with the inflamed endothelium, leukocytes are
activated by different stimuli.[5, 6] This process induces integrin activation, arrest, crawling,
and subsequently leads to extravasation of leukocytes into inflamed tissue.[5]

Inflamed endothelial cells express P- and E-selectin on the cell surface. Binding of the
different selectins to PSGL-1 activates distinct signaling pathways and also leads to different
rolling velocities in vivo. E-selectin mediates slower rolling (3–7 μm/s) than P-selectin (20–
40 μm/s).[7–9] E-selectin binding to PSGL-1 induces a signaling pathway that ultimately
leads to partial LFA-1 activation mediating integrin-dependent slow rolling on ICAM-1.[8–
10] PSGL-1 engagement by E-selectin induces the phosphorylation of the Src kinase Fgr [8,
11] and the ITAM-containing adaptor proteins DAP12 and FcRγ which likely associate with
the tyrosine kinase Syk.[8] PSGL-1 and the activation of Syk are required for E-selectin
mediated slow rolling.[9] In neutrophils from Fgr−/− mice and Lyn−/−/Hck−/− mice, E-
selectin engagement fails to induce DAP12 and Syk phosphorylation.[8, 11] Similarly,
elimination of both DAP12 and FcRγ blocks Syk phosphorylation and slow rolling.[8, 11]
The Tec family kinase Bruton tyrosine kinase (Btk) is downstream of Syk [11, 12] and
regulates two pathways. One is phospholipase (PLC)γ2- and the other phosphoinositide 3-
kinase (PI3K)γ-dependent.[12]

Following E-selectin engagement, p38 MAPK is phosphorylated and blocking of p38
MAPK by a pharmacologic inhibitor increases the rolling velocity on E-selectin and
ICAM-1 compared to the control group.[9–11] Rolling of isolated human neutrophils on
cells transfected with E-selectin and ICAM-1 induces p38 MAPK-dependent adhesion.[13]
In the E-selectin-mediated pathway, p38 MAPK is downstream of PLCγ2. However, it is
unknown how PLCγ2 connects to LFA-1, the integrin responsible for the reduction of the
rolling velocity on E-selectin and ICAM-1. Blocking LFA-1 by a monoclonal antibody
completely abolishes E-selectin mediated slow rolling in vitro and in vivo.[9, 11]

During leukocyte rolling on inflamed endothelium, leukocytes are exposed to chemokines
that bind to and activate chemokine receptors on neutrophils.[14] The activation of these G-
protein coupled receptors leads to the activation of the phospholipases C (PLC) β2 and PLC
β3,[15, 16] whereas E-selectin engagement induces the activation of PLCγ2.[12] PLC
isoforms hydrolyze phosphatidylinositol 4,5-biphosphate to produce inositol-triphosphate
(IP3) and diacylglycerol. Inositol triphosphate subsequently mobilizes Ca2+ from
nonmitochondrial stores.

CalDAG-GEFI is expressed in megakaryocytes, platelets, and neutrophils as well as in
neurons.[17, 18] CalDAG-GEFI is a member of the CalDAG-GEF/RasGRP family of
intracellular signaling molecules and has binding sites for calcium and diacylglycerol as
well as a guanine nucleotide exchange factor (GEF) domain important for the activation of
Rap GTPases. The Rap family consists of two Rap1 genes and two Rap2 genes, with Rap1A
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and Rap1B being the major isozymes expressed in neutrophils and platelets, respectively.
[19, 20] Platelets and neutrophils deficient in CalDAG-GEFI are characterized by impaired
activation of Rap1 and of β1, β2, and β3 integrins, both in vitro and in vivo.[17, 21]
Consequently, Rasgrp2−/− mice are characterized by a defective inflammatory response and
markedly impaired hemostasis.[17, 21] Neutrophil recruitment into the peritoneal cavity
following thioglycollate injection was almost completely abolished in Rasgrp2−/− mice,[21]
which led us to hypothesize that not only GPCR signaling but also selectin-mediated
signaling may be disturbed. To test this, we used a series of dominant-negative,
constitutively-active or wild-type Rap1 peptides (ref) that were introduced into neutrophils
as TAT fusion peptides (ref).

The present study was designed to uncover the signaling pathway downstream of PLCγ2
leading to integrin activation following E-selectin engagement. Using ex vivo flow chamber
assays, in vivo inflammation experiments, and in vitro phosphorylation assays with untreated
and TAT-fusion mutants pretreated neutrophils from gene-deficient mice and WT mice, we
demonstrate that Rap1a activation by p38 MAPK and CalDAG-GEFI is involved in E-
selectin mediated slow leukocyte rolling.

Results
Rap1a is involved in E-selectin mediated slow rolling

Activation of G-protein coupled receptors (GPCR) on neutrophils leads to an increase of the
intracellular calcium concentration and Rap1 activation.[21] In order to test whether Rap1 is
also activated following PSGL-1 engagement by E-selectin, we investigated Rap1
activation, i.e., the exchange of GDP for GTP [22, 23] in response to E-selectin engagement
without chemokine stimulation., Cell lysates were treated with GTPγS to activate the
endogenous Rap1 or treated with GDP to inactivate Rap1. A strong signal for Rap1 was
detected by Western blotting using GTPγS-treated cell lysate, while no signal was detected
when GDP-treated cell lysate was used (Figure 1A). We detected no activated Rap1 in
lysates of resting WT neutrophils. Following stimulation of WT neutrophils with E-selectin
under shear, Rap1 activation was significantly elevated after 1 minute and a further increase
of Rap1 activation was observed after 5 minutes (Figure 1B+C). E-selectin mediated Rap1
activation was weaker than GPCR triggered Rap1 activation induced by LTB4 as a positive
control (Figure 1B).

In order to test whether Rap1a is involved in E-selectin mediated slow rolling, we blocked
Rap1a by using dominant-negative Rap1a TAT-fusion mutants in WT leukocytes and
investigated the rolling velocity of reconstituted leukocytes in postcapillary venules of the
inflamed cremaster muscle (Figure 1D). Blocking Rap1a in WT neutrophils partially
elevated the rolling velocity in vivo. We previously showed that the E-selectin-dependent
integrin activation pathway splits into a PLCγ2- and PI3Kγ-dependent arm downstream of
Btk.[12] When we blocked Rap1a in Pik3cg−/− neutrophils, E-selectin was unable to induce
LFA-1-dependent slow rolling (Figure 1D). These data demonstrate that Rap1 is activated
following E-selectin engagement and suggests that Rap1a is involved in the PLCγ2-
dependent signaling pathway.

Furthermore, we incubated Plcg2−/− neutrophils with either Rap1a-WT or Rap1a-CA
peptides (ref) and looked for the rolling velocity in vivo. The average rolling velocity of
Plcg2−/− neutrophils pretreated with Rap1a-WT peptides in vivo was 5.6 ± 0.6 μm/s.
Treating Plcg2−/− neutrophils with Rap1a-CA peptides reduced the rolling velocity
compared to Plcg2−/− neutrophils pretreated with Rap1-WT peptides (Figure 1E).
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Rasgrp2−/− neutrophils have impaired E-selectin mediated slow rolling
CalDAG-GEFI, encoded by the Rasgrp2 gene, is a major exchange factor for Rap1 (ref). To
test whether CalDAG-GEFI is involved in E-selectin–mediated slow rolling, we investigated
the rolling velocity of neutrophils from WT mice and Rasgrp2−/− mice in an autoperfused
flow chamber.[8, 9] The advantage of this system is that neutrophils can be investigated in
whole blood without cell isolation procedures that may activate the cells.[24–26] As
previously demonstrated,[8, 9] WT neutrophils show an LFA-1-dependent reduction of the
rolling velocity on E-selectin and ICAM-1 compared to E-selectin alone.[8, 9] The rolling
velocity of neutrophils from Rasgrp2−/− mice and WT mice on E-selectin alone was similar
(Figure 2A). Neutrophils from WT mice showed a reduction of the rolling velocityon E-
selectin plus ICAM-1 (Figure 2A). Rasgrp2−/− neutrophils also showed a reduced rolling
velocity on E-selectinplus ICAM-1, but the reduction was significantly less compared to WT
neutrophils (Figure 2A). To test whether Rasgrp2−/− neutrophil slow rolling still involved
LFA-1, we blocked the β2-integrin LFA-1 by a monoclonal antibody in Rasgrp2−/− mice.
Following blocking of LFA-1 in Rasgrp2−/− neutrophils, the rolling velocity on E-selectin
and ICAM-1 increased to the level seen on E-selectin alone (Figure 2A). This is similar to
the effect seen in WT neutrophils [9] showing that some LFA-1 still becomes activated in
Rasgrp2−/− neutrophils following E-selectin engagement. Blocking PI3Kγ in Rasgrp2−/−

neutrophils by a specific pharmacological inhibitor significantly elevated the rolling velocity
on E-selectin and ICAM-1 in the flow chamber above that seen for untreated Rasgrp2−/−

neutrophils (Figure 2B). This suggests that CalDAG-GEFI, similar to Rap1a, is involved in
the PLCγ2-dependent, but not PI3Kγ-dependent, signaling pathway.

CalDAG-GEFI and p38 MAPK are located in the PLCγ2-dependent signaling pathway
Following GPCR engagement, activation of phospholipase C with the subsequent
production of second messengers (IP3 and DAG) and intracellular calcium increase is
required for CalDAG-GEFI activation.[18] We recently showed that PLCγ2 is required for
IP3 production following E-selectin engagement and E-selectin-mediated slow rolling.[12]
Blocking of PLC by incubating whole blood with the PLC inhibitor U73122 increased the
rolling velocity on E-selectin and ICAM-1 in autoperfused flow chamber experiments
(Figure 3A). However, incubation of blood from Rasgrp2−/− mice with the PLC inhibitor
U73122 did not further affect the rolling velocity of neutrophils on E-selectin plus ICAM-1
compared to blood from Rasgrp2−/− mice incubated with DMSO (Figure 3B). This data
suggests that PLC is upstream of CalDAG-GEFI and may be required to provide calcium for
activating CalDAG-GEFI.

Following E-selectin engagement, p38 MAPK is phosphorylated and participates in
neutrophil slow rolling and adhesion.[8, 9, 11–13, 27, 28] Inhibition of p38 MAPK by a
pharmacologic inhibitor reduces E-selectin mediated slow rolling.[9, 11] However, blocking
p38 MAPK by incubating blood from Rasgrp2−/− mice with the p38 MAPK inhibitor
SB203580 did not further increase the rolling velocity on E-selectin alone or E-selectin and
ICAM-1 in the autoperfused flow chamber (Figure 3C). These data in addition to the fact
that p38 MAPK phosphorylation is absent in Plcg2−/− neutrophils after E-selectin
engagement[12] suggest that p38 MAPK is involved in the PLCγ2-CalDAG-GEFI-
dependent pathway.

To investigate the physiological relevance of our findings, we performed flow chamber
assays with human neutrophils and with a human granulocytic cell line (HL-60).[10]. To
determine whether p38 MAPK, Rap1a, and CalDAG-GEFI are involved in selectin-
mediated integrin activation, we blocked p38 MAPK by an inhibitor (Figure 3D) and Rap1a
by a dominant negative Tat-peptide (Figure 3E) and determined the rolling velocity of
human neutrophils in whole blood on E-selectin alone and E-selectin and ICAM-1. The p38

Stadtmann et al. Page 4

Eur J Immunol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MAPK inhibitor SB203580 partially inhibited slow rolling on E-selectin and ICAM-1
(Figure 3D). As expected, adding an LFA-1 blocking mAb to SB203580-treated neutrophils
in whole blood completely restored their rolling velocity to the level seen on E-selectin
alone (Figure 3D), demonstrating that the p38 pathway is only partially involved in slow
rolling. Blocking Rap1a also partially inhibited slow rolling on E-selectin and ICAM-1
(Figure 3E).

In separate experiments, we investigated whether CalDAG-GEFI is involved in selectin-
mediated integrin activation, using an immobilized reporter assay as described previously.
[10] Down-regulation of CalDAG-GEFI in HL-60 cells by using siRNA (data not shown)
inhibited neutrophil accumulation when KIM127 was co-immobilized with E-selectin
(Figure 3F), confirming that CalDAG-GEFI is indeed necessary for integrin activation.

CalDAG-GEFI is involved in E-selectin mediated slow rolling in vivo
To test whether Rasgrp2−/− neutrophils show the same defect in slow rolling on E-selectin
and ICAM-1 in vivo, we conducted intravital microscopy on mixed chimeric mice. Lethally
irradiated WT mice received bone marrow cells from wild-type LysM-GFP+ mice [29] and
GFP-negative Rasgrp2−/− mice mixed in a ratio of 1:1. After blocking P-selectin (to limit
our observations to E-selectin) and Gαi-signaling (to block chemokine signaling), leukocyte
rolling was analyzed in TNF-α-treated venules of the cremaster muscle. The advantage of
this system is that leukocytes from gene-targeted mice and WT mice can be directly
compared under the same hemodynamic conditions in the same venules. The average rolling
velocity of Rasgrp2−/− leukocytes (6.3 ± 1.0 μm/s) in vivo was significantly elevated
compared to WT leukocytes (4.2 ± 0.7 μm/s, p < 0.05, Figure 4A). Blocking LFA-1 by a
monoclonal antibody further increased the rolling velocity of Rasgrp2−/− leukocytes to a
level seen in wild-type mice following antibody-blockade of LFA-1 or both, Mac-1 and
LFA-1 (Figure 4A).[9] The mean blood flow velocity and the wall shear rate in these
venules were 3.5 ± 0.3 mm/s and 2,100 ± 150 s−1, respectively.

In order to test whether Rap1a is activated in Rasgrp2−/− leukocytes following E-selectin
engagement, we added a gain-of-function in vivo experiment. We treated Rasgrp2−/−

leukocytes with PTx and either wild-type (WT) Rap1a TAT peptides or constitutive-active
(CA) Rap1a TAT peptides and injected the cells in TNF-α pretreated LysM-GFP+-mice that
were also treated with an anti-P-selectin antibody. Two hours after TNF-α injection, the
rolling velocity of GFP−-cells (Raspgrp2−/− leukocytes treated with the TAT-peptides) were
measured in the microcirculation of the cremaster. Rasgrp2−/− leukocytes treated with a
WT-Rap1a construct showed an elevated rolling velocity compared to WT leukocytes
pretreated with the same construct (Figure 4B). However, Rasgrp2−/− leukocytes treated
with a CA-Rap1a TAT-construct showed a reduced rolling velocity compared to Rasgrp2−/−

leukocytes treated with the WT-Rap1a construct (Figure 4B).

Previous studies have shown that the ligation of E-selectin ligands triggers p38 MAPK-
dependent polarization of L-selectin and PSGL-1 on mouse and human neutrophils.[13, 30,
31] To determine whether Rap1a is also involved in the polarization of L-selectin on mouse
neutrophils following E-selectin engagement, we assessed in real time L-selectin distribution
on rolling leukocytes by using fluorescence video microscopy. We observed that a large
fraction of rolling WT leukocytes pretreated with Rap1a-WT peptides exhibited L-selectin
polarization (Figure 4C). Inhibition of Rap1a by using a dominant negative peptide
significantly reduced L-selectin redistribution on rolling leukocytes (Figure 4C). These
results indicate that Rap1a is involved in E-selectin-mediated redistribution of L-selectin on
rolling leukocytes in vivo.
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PLCγ2 is upstream of CalDAG-GEFI and p38 MAPK and both molecules are involved in
Rap1 activation

To test whether the activation of Rap1 is affected by PLC blockade, we performed a Rap1
activation assay with untreated or U73122 (PLC inhibitor) pretreated WT neutrophils
(Figure 5A). After blocking PLC in WT mice, Rap1 is no longer activated after stimulation
with E-selectin (Figure 5A). Rap1 also fails to be activated in Plcg2−/− neutrophils (Figure
5B), Rasgrp2−/− neutrophils (Figure 5C), and WT neutrophils pretreated with a
pharmacological inhibitor of p38 MAPK (Figure 5D) following E-selectin engagement. In
order to test whether Rap1 is located in the PI3Kγ-dependent signaling pathway, we looked
for Rap1 activation in Pik3cg−/− neutrophils after stimulation with E-selectin. Rap1
activation was not different between WT and Pik3cg−/− neutrophils following stimulation
with E-selectin (Figure 5E). Stimulation of neutrophils from WT mice and Rasgrp2−/− mice
with immobilized E-selectin induced p38 MAPK phosphorylation (Figure 5F), which was
blocked in neutrophils pretreated with the PLC inhibitor (Figure 5G). These data in
combination with the autoperfused flow chamber data suggest that PLCγ2, CalDAG-GEFI,
and p38 MAPK are located upstream of Rap1 and that p38 MAPK activation does not
require CalDAG-GEFI after E-selectin engagement.

Gαi-independent leukocyte adhesion, transmigration, and recruitment are defective in
Rasgrp2−/− mice

Leukocyte adhesion to and transmigration through inflamed endothelium of the cremaster
muscle as well as neutrophil recruitment into the peritoneal cavity after thioglycollate
injection is promoted by E-selectin– and chemokine-dependent pathways.[12]

Transition from leukocyte rolling to firm adhesion after TNF-α pretreatment is mediated in
an overlapping fashion by E-selectin- and CXCR2-signaling.[32] Leukocyte adhesion in the
inflamed postcapillary venules of the cremaster muscle was only investigated in PTx-
pretreated mice, because CXCR2-mediated leukocyte arrest is completely abolished in
Rasgrp2−/− mice (data not shown). In contrast to WT mice, blocking of G-protein–coupled
receptor signaling in Rasgrp2−/− mice significantly reduced leukocyte adhesion after TNF-α
application (Figure 6A). Microvascular parameters (vessel diameters, centerline velocities,
wall shear rates) were similar between the groups (data not shown).

To investigate the contribution of CalDAG-GEFI signaling to leukocyte transmigration, we
visualized extravasated leukocytes in the cremaster muscle using reflected-light oblique
transillumination(RLOT) microscopy.[12] WT mice treated with 4 μg PTx viatail vein
injection before intrascrotal injection of 500 ngTNF-α showed 11 ±3 extravasated
leukocytes per 1.5 × 104 μm2. However, the treatment of Rasgrp2−/− mice with PTx caused
a significant reduction in leukocyte extravasation (4 ± 1/1.5 × 104 μm2, Figure 6B).
Representative reflected light oblique transillumination microscopic images of PTx
pretreated WT mice and Rasgrp2−/− mice 2 h after TNF-α application are shown in Figure
6C and D, respectively. These data suggest that the E-selectin–mediated pathway is
defective in CalDAG-GEFI-deficient leukocytes.

The injection of thioglycollate into the peritoneal cavity induces neutrophil recruitment,
which is promoted by E-selectin- and chemokine-dependent pathways.[8, 9, 32] To
investigate the physiological importance of CalDAG-GEFI in a model of acute
inflammation, neutrophil recruitment in thioglycollate-induced peritonitis was investigated
in mixed chimeric mice reconstituted with bone marrow cells from Rasgrp2−/− mice and
Lys-M-GFP+ mice. To selectively focus on the E-selectin pathway, the mice were pretreated
with PTx [32] in order to block Gαi-signaling. The calculated migration efficiency (number
of recruited neutrophils/number of neutrophils in the blood) demonstrates that the

Stadtmann et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recruitment of Rasgrp2−/− neutrophils was reduced by over 90% compared to WT
neutrophils (Figure 6E).

Discussion
CalDAG-GEFI is involved in G-protein coupled receptor-mediated Rap1 activation and β2-
integrin-dependent neutrophil arrest.[21] In addition to chemokine-triggered arrest,
neutrophils show partial LFA-1 activation and slow rolling when interacting with E-selectin.
In this study, we demonstrate that Rap1 is activated following E-selectin engagement and
that CalDAG-GEFI-mediated Rap1a activation is involved in E-selectin-mediated slow
leukocyte rolling. Knockout and inhibitor studies demonstrate that CalDAG-GEFI is
downstream of PLCγ2 following E-selectin engagement. We also show that p38 MAPK,
Rap1a, and CalDAG-GEFI are involved in selectin-mediated integrin activation in human
neutrophils. Phosphorylation of p38 MAPK is dependent on PLCγ2, but not on CalDAG-
GEFI. Rasgrp2−/− mice had a reduced Gαi-independent leukocyte adhesion to and
transmigration through endothelial cells in inflamed postcapillary venules of the cremaster.
Gαi-independent neutrophil recruitment into the inflamed peritoneal cavity was reduced in
Rasgrp−/− mice, demonstrating the functional relevance of our findings.

We recently showed that PSGL-1 engagement by E-selectin induces activation of the Src
kinase Fgr and phosphorylation of ITAM-containing adaptor proteins, which in turn
associate with Syk.[8] Following E-selectin engagement, Bruton tyrosine kinase (Btk) is
phosphorylated in a Syk-dependent manner,[11, 12] and the signalling pathway downstream
of Btk divides into a PLCγ2- and PI3Kγ-dependent pathway.[12] In other signaling
pathways, activation of phospholipase C induces the production of second messengers and
subsequently activates Rap1 in a CalDAG-GEFI-dependent manner.[33, 34] However, the
PLC-CalDAG-GEFI-Rap1-pathway has different functions in different cell types and
signalling pathways. Following stimulation of T-cells with SDF-1 or neutrophils with LTB4,
β2-integrin activation is completely dependent on the activation of Rap1 by CalDAG-GEFI.
[21, 33] This is functionally relevant, because elimination of CalDAG-GEFI completely
abolished chemokine-induced lymphocyte adhesion to ICAM-1 [33] and neutrophil arrest in
vivo.[21] However, PAR4-induced αIIβ3-activation in platelets requires CalDAG-GEFI and
protein kinase C, which act synergistically on integrin activation.[34] All the
aforementioned signalling pathways have in common that they are completely PLC-
dependent. In contrast to the aforementioned signalling pathways, E-selectin mediated slow
leukocyte rolling is only partially PLC-dependent. Our results demonstrate that PLCγ2 is
involved in E-selectin-mediated slow rolling and likely provides the substrates for the
activation of the guanine nucleotide exchange factor CalDAG-GEFI and p38 MAPK, which
subsequently activates Rap1 and the β2-integrin LFA-1. Furthermore, the flow chamber and
intravital microscopy experiments suggest that LFA-1 activation is partially blocked in
Rasgrp2−/− mice. However, due to the lack of reporter antibodies in the murine system, we
are not able to distinguish whether LFA-1 affinity or valency regulation is perturbed in
Rasgrp2−/− neutrophils. Elimination of CalDAG-GEFI partially reduces slow neutrophil
rolling, but completely abolishes Gαi-independent leukocyte adhesion and transmigration as
well as neutrophil migration into the peritoneal cavity. Inhibiting PI3Kγ in Rasgrp2−/−

neutrophils or blocking Rap1a in Pik3cg−/− neutrophils completely abolished E-selectin
mediated slow rolling, suggesting that the PLCγ2- and PI3Kγ-dependent pathways may use
different signalling molecules to fully mediate αLβ2-integrin-dependent E-selectin-induced
slow leukocyte rolling. Pharmacologic inhibition of PLC in WT and Rasgrp2−/− mice and
the use of Plcg2−/− neutrophils suggest that PLCγ2 is upstream of Rap1 which is activated
by CalDAG-GEFI and p38 MAPK. Although we treated neutrophils with different inhibitors
and peptides, which may activate these cells, we found no evidence that the used
components disturb the rolling behaviour of neutrophils.
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Blocking of p38 MAPK in WT mice by a pharmacological inhibitor partially elevated the
rolling velocity on E-selectin/ICAM-1 [9] and reduced E-selectin mediated adhesion of
isolated human neutrophils to L cells expressing E-selectin and ICAM-1.[13] A recently
published study demonstrated that E-selectin mediates the redistribution of PSGL-1 and L-
selectin to a major pole on slowly rolling leukocytes through p38 MAPK signaling.[30] The
data showing that p38 MAPK phosphorylation is intact in Rasgrp2−/− neutrophils and
inhibiting p38 MAPK blocks Rap1 activation suggest that p38 MAPK is either upstream of
CalDAG-GEFI or that the signaling pathway downstream of PLCγ2 divides into two
branches. Both CalDAG-GEFI and p38 MAPK are involved in Rap1 activation.

The distal signaling pathway elicited by GPCR has similarities with the E-selectin-mediated
signaling pathway. The binding of a chemoattractant to its receptor induces the activation of
the associated G-protein, which dissociates into the GTP-bound Gα-subunit and the Gβγ-
complex.[35] The Gβγ-subunit activates phosphatidylinositol 3-kinase (PI3K)γ and
phospholipase C (PLC) β2 and PLC β3.[15, 16] PLC hydrolyzes phosphatidylinositol 4,5-
bisphosphate to produce IP3 and diacylglycerol.[6] IP3 mobilizes Ca2+ from
nonmitochondrial stores. Ca2+ and diacylglycerol bind to and activate CalDAG-GEFI,
which subsequently activates Rap1 and β2-integrins.[21] The LTB4- and CXCR2-induced
arrest is totally CalDAG-GEFI dependent (data not shown),[21] whereas LFA-1 activation
following E-selectin engagement is only partially CalDAG-GEFI-dependent. These data
together with the present data suggest that the GPCR signaling pathway merges with the E-
selectin mediated pathway at the stage of CalDAG-GEFI, but an additional CalDAG-GEFI-
independent pathway is also triggered by E-selectin engagement.

Elimination of CalDAG-GEFI abolishes integrin-dependent adhesion of leukocytes
following GPCR engagement [21] and partially blocks E-selectin mediated slow rolling.
However, the recruitment of neutrophils into the inflamed peritoneal cavity of PTx-treated
mice is almost completely abolished. The reduction of neutrophil recruitment in Rasgrp2−/−

mice is quantitatively similar to the reduction seen in PTx-treated Syk−/− chimeric mice,[9]
Tyrobp−/−Fcrg−/− mice,[8] or Plcg2−/− chimeric mice.[12] This data demonstrate the
physiological relevance of CalDAG-GEFI in the GPCR- and E-selectin mediated signaling
pathway.

The observed role of PLCγ2 in CalDAG-GEFI, and p38 MAPK activation, and E-selectin
mediated slow rolling suggests a possible role for calcium and calcium-dependent signaling
molecules. Indeed, intracellular calcium levels increase following E-selectin engagement.
[36] Different calcium-dependent signaling molecules including some isoforms of protein
kinase C (PKC) and the RasGRP family of exchange factors may be involved in activating
RAS family GTPases.[37] Further downstream, talin and kindlins may directly interact with
β2-intergins and modulate their affinity.[38, 39]

In summary, our study establishes that CalDAG-GEFI- and p38 MAPK-mediated Rap1a
activation is involved in E-selectin mediated partial LFA-1 activation and slow rolling in
vitro and in vivo. This signaling pathway is relevant for neutrophil recruitment in vivo.

Materials and Methods
Animals and bone marrow chimeras

Eight to 12 week-old C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME), Rasgrp2−/−

mice,[17, 21] Lys-M-GFP+ mice,[29] Plcg2−/− mice,[40] and Pik3cg−/− mice [16] were
housed in an SPF facility. The Animal Care and Use Committees of the University of
Virginia (Charlottesville), LIAI (San Diego, California) and the University of Münster
(Germany) approved all animal experiments. Mixed chimeric mice were generated by
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performing bone marrow transplantation as described previously.[8, 41] Briefly, bone
marrow cells isolated from Rasgrp2−/− mice and Lys-M-GFP+ mice were mixed and
unfractionated cells were injected intravenously into lethally irradiated mice. Experiments
were performed 6–8 weeks after bone marrow transplantation.

Rap1A TAT-fusion mutants
The G12V mutation (constitutive active, CA) and S17N mutation (dominant negative, DN)
were introduced into the Ras family small GTP binding protein Rap1A (RAP1A00000, wild
type, WT) via the Quickchange mutagenesis kit (Stratagene). The TAT-fusion mutants have
been generated as described previously.[42]

Intravital microscopy
In order to investigate E-selectin mediated slow rolling, adhesion, and transmigration in
vivo, mice received TNF-α (500 ng intrascrotally, R&D Systems, Minneapolis, MN, USA)
and PTx (4 μg i.v., Sigma-Aldrich, MO, USA) 2 h before the preparation of the cremaster
muscle.[8] Mice were anesthetized using intraperitoneal injection of ketamine hydrochloride
(125 mg/kg, Sanofi Winthrop Pharmaceuticals, USA) and xylazine (12.5 mg/kg, Tranqui
Ved, Phonix Scientific, USA) and the cremaster muscle was prepared for intravital imaging
as previously described.[8, 9] Intravital microscopy was performed on an upright
microscope (Axioskop; Zeiss, Thornwood, NY, USA) with a 40 × 0.75 NA saline
immersion objective. Leukocyte rolling velocity, and leukocyte adhesion were determined
by transillumination intravital microscopy, whereas leukocyte extravasation was
investigated by reflected light oblique transillumination microscopy as previously described.
[12] Recorded images were analyzed off-line using ImageJ and AxioVision (Carl Zeiss)
software. Leukocyte rolling flux fraction was calculated as percent of total leukocyte flux.
Emigrated cells were determined in an area reaching out 75 μm to each side of a vessel over
a distance of 100 μm vessel length (representing 1.5 × 104μm2 tissue area). The
microcirculation was recorded using a digital camera (Sensicam QE, Cooke, Germany).
Postcapillary venules with a diameter between 20–40 μm were investigated. Blood flow
centerline velocity was measured using a dual photodiode sensor system (Circusoft
Instrumentation, Hockessin, DE). Centerline velocities were converted to mean blood flow
velocities as previously described.[9]

In some experiments, the rolling velocity of reconstituted leukocytes were measured as
previously described.[11] Briefly, bone marrow leukocytes from Lys-M-GFP+ mice or gene-
targeted mice were incubated with TAT-fusion mutants (1μM, 37°C, 30 min) and PTx
(200ng/ml, 37°C, 2h), and then injected i.v. 30 minutes after intrascrotal injection of TNF-α.
Two hours after TNF-α application, the rolling velocity of the reconstituted leukocytes was
measured in postcapillary venules of the cremaster muscle by intravital microscopy. In some
of these experiments, L-selectin distribution on the surface of rolling cells was analyzed as
described previously.[30] Briefly, mice were injected i.v. immediately before recording with
1.74μg/mouse of Alexa-Fluor-594-conjugated L-selectin antibody (clone MEL-14) as well
as an Alexa-Fluor-594-conjugated rat IgG antibody. These experiments were performed on
an upright microscope (LSM 5 live; Zeiss, Thornwood, NY, USA) with a saline immersion
objective.

FACS analysis was used to show that > 90% of leukocytes took up fluorescence labeled
TAT-fusion mutants up and that the uptake of the different used TAT-fusion mutants was
similar (data not shown).
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Cell culture
The human promyelocytic cell line HL-60 was purchased at ATCC [CCL-240] and was
grown in RPMI-1640 medium supplemented with 20% heat-inactivated fetal bovine serum,
L-glutamine (2 mM), streptomycin (100 μg/mL) and penicillin (100 U/mL). The cells were
cultured at 37 °C, in a humidified atmosphere of 5% CO2, 95% air.

RNA interference assays
HL-60 cells (2.5 × 106) were transiently transfected with 1–2 μg siRNA specific for
CalDAG-GEFI or a non-silencing control sequence [33] using the Nucleofector apparatus
(Amaxa Biosystems, Cologne, Germany) according to the manufacturer’s protocol. Eighteen
hours post-transfection, cells were processed for flow chamber experiments.

Autoperfused flow chamber
In order to investigate the rolling velocity, we used a previously described flow chamber
system.[8, 9, 43] Rectangular glass capillaries (20×200 μm) were filled either with E-
selectin (2.5 μg/ml, R&D Systems, MN, USA) alone or in combination with ICAM-1 (2 μg/
ml, R&D) for 2 h and then blocked for 1 h using casein (Pierce Chemicals, Dallas, TX,
USA). One side of the chamber was connected to a PE 10 tubing (Becton Dickinson, Sparks,
MD, USA) and inserted into a mouse carotid artery. The other side of the chamber was
connected to a PE 50 tubing and used to control the wall shear stress in the capillary.[8, 9,
43] One representative field of view was recorded for 1 min using an SW40/0.75 objective
and a digitalcamera (Sensicam QE, Cooke Corporation, Romulus, MI, USA).

In some experiments, blood was collected by cardiac puncture and incubated with a
pharmacologic phospholipase C inhibitor (U73122; 1 μM; Cayman Chemical) or DMSO
control for 30 minutes according a previously published protocol.[44]

In some experiments Rasgrp2−/− mice were pretreated with pharmacologic p38 MAPK
inhibitor (SB203580; 2 mg/kg,[9] Biomol International), PI3Kγ inhibitor (#528106, 20 mg/
kg,[12] Merck, Darmstadt, Germany) or DMSO 1 h prior experiment.

To investigate selectin-mediated integrin activation in human neutrophils or in a
promyelocytic cell line (HL-60), we used previously described flow chamber assays.[10] In
some experiments, HL-60 cells were transfected with siRNA or whole human blood was
incubated with SB203580 (20mM at 37°C for 30 minutes), Rap1a-WT or Rap1-DN peptides
(1mM at 37°C for 30 minutes) before perfusion through flow chambers.

Engagement of PSGL-1 with E-selectin
For biochemical assays, bone-marrow derived neutrophils were isolated,[8] suspended in
PBS (containing 1 mM each CaCl2 and MgCl2) and left untreated or were pretreated with a
pharmacologic phospholipase C inhibitor (U73122; 1 μM; Cayman Chemical), a
pharmacologic p38 MAPK inhibitor (SB203580; 10 μM; Biomol International) or DMSO
control for 30 minutes Subsequently the cells were incubated under rotating conditions (65
rpm) for 10 minutes at 37°C on E-selectin coated dishes.[8] Cells were lysed in RIPA buffer
[8] and lysates were boiled with sample buffer. Cell lysates were run on a 10% SDS-PAGE
gel, immunoblotted using antibodies against p38 MAPK, and phospho-p38 MAPK (all from
Cell Signaling Technology, Danvers, MA, USA), and developed using Amersham’s ECL
system (Piscataway, NJ, USA).

In order to investigate Rap1 activation, bone-marrow derived neutrophils were stimulated
with E-selectin and immediately lysed with EDTA-free ice-cold lysis buffer.[8] Detection of
GTP-bound Rap1 (Rap1-GTP) in PMN lysates was performed with the Rap1 small GTPase
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immunoblot assay kit from Pierce as described previously.[21] In brief, Rap1-GTP was
precipitated from lysates using a GST-RalGDS-RDB fusion protein. Precipitated proteins
were separated using a 12% SDS-PAGE gel and transferred to nitrocellulose membranes. To
determine the level of total Rap1, a small portion of the cell lysate was mixed with SDS
sample buffer and separated by 12% SDS-PAGE. Rap1 was detected with a rabbit
polyclonal antibody.

Peritonitis Model
The peritonitis model was performed as described previously.[8, 9] Briefly, peritonitis in
mixed chimeric mice was induced by injecting sterile 4% thioglycollate i.p. (Sigma-Aldrich,
MO, USA). 2 h before thioglycollate injection, mice received 4 μg PTx i.v. in order to block
Gαi-signaling. After 8 h, mice were killed, the peritoneal cavity was washed with 10 mlPBS
and the number of leukocytes was counted. Neutrophils were detected by flow cytometry
(FACS Calibur; Becton Dickinson, San Jose, CA) based on expression of GFP, CD45 (clone
30-F11), GR-1 (clone RB6-8C5), and 7/4 (clone 7/4, both BD Biosciences-Pharmingen, San
Diego, CA, USA). Neutrophil migration efficiency was calculated by dividing number of
recruited neutrophils by the number of neutrophils in the blood.

Statistics
Statistical analysis was performed with with SPSS (version 14.0, Chicago, IL). Differences
between thegroups were evaluated by one-way analysis of variance, Student-Newman-Keuls
test or t-test where appropriate. Data are presented as mean ± SEM, and p < 0.05 was
considered statistically significant.
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Figure 1. Rap1a is involved in E-selectin mediated slow rolling
(A) Bone-marrow-derived neutrophils from WT mice were lysed, treated with GTPγS
(activator) or GDP (inactivator), and then purified using GST-RalGDS-RBD. Proteins were
analyzed by Western blotting using a specific anti-Rap1 antibody. (B) Bone-marrow-derived
neutrophils from WT mice were plated for different time intervals in multiwell plates with
or without E-selectin coating, after which lysates were prepared. Western blots of activated
Rap1 (affinity-precipitated Rap1-GTP) demonstrate Rap1 activation following E-selectin
stimulation. Results are representative of 4 individual experiments. (C) Rap-1-GTP
normalized to Rap1-GTP in unstimulated WT neutrophils (n=4). (D) Rolling velocities of
reconstituted Lys-M-GFP+ leukocytes and Pik3cg−/− leukocytes pretreated with either wild
type Rap1a TAT-peptides (Rap1-WT) or blocking Rap1a TAT-peptides (Rap1-DN) in
inflamed postcapillary venules of the cremaster muscle of Lys-M-GFP+ mice and WT mice.
The reconstituted cells were pretreated with PTx, and the mice were pretreated with anti–P-
selectin mAb. Average rolling velocity of leukocytes presented as mean ± SEM. (D) Rolling
velocities of reconstituted Plcg2−/− leukocytes pretreated with either wild type Rap1a TAT-
peptides (Rap1-WT) or constitutively active Rap1a TAT-peptides (Rap1-CA) in inflamed
postcapillary venules of the cremaster muscle of Lys-M-GFP+ mice. The reconstituted cells
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were pretreated with PTx, and the mice were pretreated with anti–P-selectin mAb. Average
rolling velocity of leukocytes presented as mean ± SEM. #P < 0.05. * P < 0.05 vs. other
groups.
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Figure 2. Elimination of CalDAG-GEFI impairs E-selectin mediated slow rolling
(A) Carotid cannulas were placed in WT mice (n=3) and Rasgrp2−/− mice (n=3) and
connected to autoperfused flow chambers. The wall shear stress in all flow chamber
experiments was 5–6 dynes/cm2. (B) Rolling velocity of Rasgrp2−/− neutrophils on E-
selectin alone or E-selectin/ICAM-1 of either PI3kγ-inhibitor (define molecule)- or DMSO-
pretreated mice. Average rolling velocity of neutrophils on E-selectin (left) and E-selectin/
ICAM-1 (right) presented as mean ± SEM. #P < 0.05.
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Figure 3. CalDAG-GEFI and p38 MAPK are located in the PLCγ2-dependent signaling pathway
(A) Rolling velocity of WT neutrophils on E-selectin alone or E-selectin/ICAM-1 of either
PLC inhibitor (U73122)- or DMSO-pretreated whole blood. (B) Rolling velocity of
Rasgrp2−/− neutrophils on E-selectin alone or E-selectin plus ICAM-1 of either U73122- or
DMSO-pretreated whole blood. (C) Rolling velocity of Rasgrp2−/− neutrophils on E-
selectin alone or E-selectin/ICAM-1 of either p38 MAPK inhibitor (SB203580)– or DMSO-
pretreated mice. Data presented as mean ± SEM from 3 mice. (D) (D) Whole human
heparinized blood was treated with the p38 MAPK inhibitor SB203580 (10μM for 30
minutes at RT) or SB203580 (10μM) plus anti–LFA-1 antibody (10 μg/mL for 20 minutes at
RT), then perfused through flow chambers coated with E-selectin with or without ICAM-1.
Average rolling velocity of neutrophils on E-selectin (left) and E-selectin/ICAM-1 (right) is
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presented as mean ± SEM (n=3). (E) Whole human blood was treated with either Rap1-WT
or Rap1-DN peptides (1μM for 30 minutes at RT), then perfused through flow chambers
coated with E-selectin with or without ICAM-1. Average rolling velocity of neutrophils on
E-selectin (left) and E-selectin/ICAM-1 (right) is presented as mean ± SEM (n=3). (F)
HL-60 cells transfected with either siRNA specific for CalDAG-GEFI or a non-silencing
control sequence were perfused through flow chambers coated with E-selectin and isotype
antibody or KIM127 for 2 minutes at 5.94 dyn/cm2. The number of adherent cells per one
representative field of view was determined. Data are from 3 experiments. #P < 0.05.
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Figure 4. CalDAG-GEFI is involved in E-selectin mediated slow rolling in vivo
(A) Mixed chimeric mice were generated by injecting bone marrow cells from Rasgrp2−/−

mice and LysM-GFP+ WT mice into lethally irradiated WT mice. Cumulative histogram of
rolling velocity of 120 GFP+ leukocytes (wild-type, open circle), 120 GFP− leukocytes
(Rasgrp2−/−, filled triangle), and 120 Rasgrp2−/− leukocytes treated with a blocking LFA-1
antibody (Rasgrp2−/− + anti-LFA-1-antibody, open triangle) in inflamed cremaster muscle
venules of mixed chimeric mice (n=4) treated with PTx and a monoclonal blocking P-
selectin antibody. Insert: Mean ± SEM. #P<0.05. (B) Rolling velocities of reconstituted Lys-
M-GFP+ leukocytes and Rasgrp2−/−- leukocytes pretreated with wild-type (WT) or
constitutive-active (CA) Rap1a TAT-peptides in inflamed postcapillary venules of the
cremaster muscle of Lys-M-GFP+ mice and WT mice. The reconstituted cells were
pretreated with PTx, and the mice were pretreated with anti–P-selectin mAb. Average
rolling velocity of leukocytes presented as mean ± SEM. * P < 0.05 vs. other groups. (C)
Rap1a is involved in L-selectin clustering in rolling leukocytes. Wild-type leukocytes
pretreated with either Rap1a-WT or Rap1a-DN peptides were injected in TNF-alpha treated
mice before analysis of L-selectin redistribution by intravital microscopy. Results are
derived from the analysis of three mice per group. #P<0.05.
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Figure 5. PLCγ2 is upstream of CalDAG-GEFI and p38 MAPK and both are involved in Rap1
activation
Bone marrow–derived neutrophils from WT mice (untreated or pretreated with different
inhibitors: phospholipase C: U73122, p38 MAPK: SB203580), Pik3cg−/− mice, Plcg2−/−

mice, and Rasgrp2−/− mice were plated on uncoated (unstimulated) or E-selectin–coated
wells, and then lysates were prepared. (A-C) Total Rap1 and GTP-bound Rap1 protein
levels were measured in untreated or pretreated neutrophils from WT mice (A, untreated or
pretreated with a phospholipase inhibitor (U73122)), Plcg2−/− mice (B), and Rasgrp2−/−

mice (C) after stimulation with E-selectin. Representative blots from 3 independent
experiments are shown. (D) Total Rap1 and GTP-bound Rap1 protein levels were measured
in unstimulated and stimulated neutrophils from WT mice after inhibiting p38 MAPK (I,
SB203580, 10μM). Representative blots from 3 independent experiments are shown. (E)
Total Rap1 and GTP-bound Rap1 protein levels were measured in unstimulated and
stimulated neutrophils from Pik3cg−/− mice. Representative blots from 3 independent
experiments are shown. (F+G) Bone-marrow-derived neutrophils from WT mice (untreated
or pretreated with a phospholipase inhibitor (U73122)) and Rasgrp2−/− mice were plated in
multiwell plates with or without E-selectin coating for 10 minutes, after which lysates were
prepared and immunoblotted with antibody to phosphorylated p38 MAPK (phospho-p38) or
total p38. Representative blots from 3 independent experiments are shown.
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Figure 6. Gαi-independent leukocyte adhesion, transmigration and recruitment is defective in
Rasgrp2−/− mice
All mice were treated with pertussis toxin (PTx) to block Gαi-signaling. (A) Numbers of
adherent cells per square millimeter in murine cremaster muscle venules. The cremaster
muscle was exteriorized 2 hours after intrascrotal injection of 500 ng TNF-α in WT and
Rasgrp2−/− mice. (B) Number of extravasated leukocytes in inflamed cremasteric venules of
WT (n=3) and Rasgrp2−/− mice (n=3) per 1.5 × 104 μm2 tissue area. The measurements
were performed 2 hours after intrascrotal TNF-α injection. (C+D) Representative reflected
light oblique transillumination microscopic pictures of cremaster muscle postcapillary
venules of PTx pretreated WT mice (C) and Rasgrp2−/− mice (D) 2 h after TNF-α
application. Demarcations on each side of the venule determine the areas in which
extravasated leukocytes were counted. Scale bar equals 50 μm. (E) Neutrophil influx into
the peritoneal cavity 8 hrs after 1 ml injection of 4% thioglycollate into mixed chimeric mice
generated by injecting bone marrow from WT mice and Rasgrp2−/− mice into lethally
irradiated WT mice. After 6 weeks, , mice received 4μg PTx i.v. to block Gαi-signaling
followed bye thioglycollate injection. Migration efficiency was calculated (number of
recruited neutrophils/number of neutrophils in the blood). Data presented as mean ± SEM
from 5 mice. #P < 0.05.
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