








in the peritoneal cavity. Integrin expression on these emigrated
neutrophils was analyzed using flow cytometry. Transmigrated
neutrophils collected from peritoneal cavity ofWTmice, as compared

with the unstimulated bone marrow neutrophils, had 5-fold higher
surface expression of b1 integrins (N. Xu and L. Liu, unpublished
observations and Ref. 30). Increased expression of a6 and b1, but not
a2, a4, or a5 integrins, on the transmigrated neutrophils was sig-
nificantly lower in KO→KO and WT→KO mice as compared with
WT→WT and KO→WT mice, suggesting that not neutrophil LSP1,
but endothelial LSP1 participates in mediating the upregulated ex-
pression of a6b1 integrins on transmigrated neutrophils (Fig. 3A).
Because the expression of only a6b1 integrins on transmigrated
neutrophils was significantly altered in mice with endothelial LSP1
deficiency, we sought to address the question of whether a6b1

integrins participate in regulating endothelial LSP1-sensitive extra-
vascular directionality of chemotaxing neutrophils. We analyzed
chemotaxis index and speed of migration of transmigrated neu-
trophils after functionally blocking a6 in cremasteric microvascula-
ture of WT mice and corroborated those observations by determining
these parameters using an in vitro m-slide chemotaxis assay. As
depicted in Fig. 3B and 3C, the i.v. administration of anti-a6

blocking Abs in WT mice or treatment of transmigrated WT neu-
trophils in the medium in vitro with anti-a6 blocking Abs did not
significantly change the speed of migration, but significantly miti-
gated chemotaxis index as compared with the treatment with isotype
control Abs, indicating that upregulated a6b1 integrin on trans-
migrated neutrophils regulates the directionality of extravascular
neutrophil chemotaxis both in vivo and in vitro.
The upregulation of a6b1 integrins on transmigrated neutrophils

is fostered by homophilic PECAM-1 interactions during neutro-
phil–endothelial cell interactions (31). We, therefore, hypothe-
sized that decreased surface expression of a6b1 on transmigrated
neutrophils in endothelial-specific LSP1 deficiency could be a re-
sult of deranged PECAM-1 expression. Accordingly, additional
in vivo and in vitro experiments were performed to explore
whether endothelial or neutrophil LSP1 modulates PECAM-1
expression. Using fluorescence confocal imaging, we visualized
the cremasteric microvasculature to examine vascular and neu-
trophil PECAM-1 expression in WT and LSP1 KO mice. As
depicted in Fig. 4A, LSP1 KO mice showed a remarkable decrease
in microvascular PECAM-1 expression as compared with WT
mice. Leukocyte PECAM-1–dependent fluorescence in cremas-
teric venule was, however, similar in both WT and KO mice.
These results indicate that endothelial LSP1 regulates endothelial
PECAM-1 expression, whereas neutrophil LSP1 does not regulate
PECAM-1 expression in neutrophils. Additionally, using flow
cytometric determination of PECAM-1–dependent fluorescence

FIGURE 1. Cell-specific regulation of various neutrophil recruitment

steps by LSP1. Means 6 SEM (n = 4) of leukocyte rolling velocity (mm/s)

(A), leukocyte rolling flux (cells/min) (B), and adherent (cells/100-mm

venule) (C) and emigrated (cells/235 3 208 mm2 field) neutrophils (D) in

cremasteric postcapillary venules of WT→WT, KO→WT, WT→KO, and

KO→KO chimeric mice determined at 90 min after stimulation with

CXCL2 chemokine gradient. *p , 0.05, **p , 0.01 from WT→WT, #p ,
0.05 from KO→WT. Means 6 SEM (n = 4) of velocity of intraluminal

crawling (mm/min) (E) and transmigration time (min) (F) determined

within 90 min after stimulation with CXCL2 chemokine gradient. *p ,
0.05 from WT→WT, #p , 0.05 from KO→WT.

FIGURE 2. Cell-specific regulation of extravascular

neutrophil migration by LSP1. (A) Representative original

tracings (four traces for each one of the four types of

chimeric mice) of extravascular migrating neutrophils in

cremaster muscle tissue. (B) Means 6 SEM (n = 6) of

speed of neutrophil migration (mm/min) in extravascular

cremasteric tissue of WT→WT, KO→WT, WT→KO, and

KO→KO chimeric mice determined within 90 min after

stimulation with CXCL2 chemokine gradient. *p , 0.05

from WT→WT, †p , 0.05 from WT→KO. (C) Means 6
SEM (n = 6) of chemotaxis index (C.I.) of neutrophil

chemotactic migration in extravascular cremasteric tissue

of WT→WT, KO→WT, WT→KO, and KO→KO chimeric

mice determined within 90 min after stimulation with

CXCL2 chemokine gradient. *p , 0.05 from WT→WT,
#p , 0.05 from KO→WT.
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intensity, we revealed that the surface expression of PECAM-1 on
peripheral blood neutrophils did not vary between WT and KO
mice (mean fluorescence intensity, 224.86 23.2 and 243.46 49.7

arbitrary units after background subtraction [mean6 SEM]; n = 3,
respectively) (Supplemental Fig. 1). To corroborate these findings
and to determine whether LSP1 regulates other adhesion mole-
cules, we analyzed PECAM-1 and ICAM-1 protein expression in
primary endothelial cells from WT and KO mice. As shown in
Fig. 4B, PECAM-1, but not ICAM-1, expression was significantly
reduced in endothelial cells of LSP1 KO mice as compared with
WT mice. To support these data, we determined PECAM-1 pro-
tein expression after siRNA-targeted silencing of LSP1 in mu-
rine microvascular SVEC4-10EE2 endothelial cells. As a result,
siRNA-targeted silencing of endothelial LSP1 significantly re-
duced PECAM-1 (Fig. 4D), without any effect on ICAM-1 (Fig.
4D) and VCAM-1 (Supplemental Fig. 2) expression in these
murine endothelial cells. Silencing LSP1 using gene targeted-
siRNA significantly suppressed LSP1 mRNA (Fig. 4C) and pro-
tein expression (Fig. 4D), indicating the experimental efficiency of
LSP1 silencing in these endothelial cells. Additional experiments
explored whether overexpression of endothelial LSP1 modulates
PECAM-1 expression. Fig. 4E shows that overexpression of LSP1
in SVEC4-10EE2 endothelial cells resulted in increased PECAM-
1. To confirm the cell-specific regulation of PECAM-1 expression
by LSP1, we detected PECAM-1 expression in mouse bone
marrow neutrophils. As shown in Fig. 4F, neutrophil PECAM-1
expression was not significantly different in either genotype (KO
or WT mice). These results and our fluorescence confocal imaging
studies shown in Fig. 4A suggest that endothelial LSP1 regulates
PECAM-1 expression in endothelial cells, whereas neutrophil
LSP1 does not regulate PECAM-1 expression in neutrophils.
We performed an additional series of experiments to disclose the

underlying molecular mechanisms of endothelial LSP1-sensitive
PECAM-1 expression. As shown in Fig. 5A, targeted siRNA si-
lencing of LSP1 in murine SVEC4-10EE2 endothelial cells sig-
nificantly blunted PECAM-1, but not ICAM-1, mRNA levels,
suggesting that LSP1 transcriptionally regulates PECAM-1 ex-
pression in endothelial cells. To elucidate the transcriptional reg-
ulation of PECAM-1 by LSP1, we explored the participation of
the transcription factor GATA-2 that is expressed in microvascular
endothelial cells (42). As shown in Fig. 5B, GATA-2 expression in
LSP1-deficient murine primary endothelial cells was significantly
lower as compared with that in WT endothelial cells. Furthermore,
silencing LSP1 in SVEC4-10EE2 endothelial cells significantly
mitigated GATA-2 expression (Fig. 5C), alluding to LSP1 sensi-
tivity of endothelial GATA-2 expression. Overexpression of LSP1
in these endothelial cells significantly increased the expression of
GATA-2 (Fig. 5D). To validate the role of LSP1-sensitive GATA-2
expression in selectively regulating endothelial PECAM-1 ex-
pression, we silenced GATA-2 and analyzed adhesion molecule
expression. Silencing endothelial GATA-2 significantly attenuated
GATA-2 and PECAM-1, but not ICAM-1, protein expression in
endothelial cells, confirming the endothelial cell LSP1-specific
regulation of PECAM-1 expression by GATA-2 (Fig. 5E). We
also explored whether endothelial cell GATA-2 indeed plays a role
in neutrophil transmigration. In vitro neutrophil transendothelial
migration assay revealed that targeted GATA-2 silencing in
SVEC4-10EE2 endothelial cells significantly reduced neutrophil
transendothelial migration in response to CXCL2, confirming that
endothelial cell GATA-2 is an important regulator of neutrophil
transendothelial migration (Fig. 5F).

Discussion
The present observations disclose the hitherto unknown endothelial
cell–specific role of LSP1 in regulating integrin-dependent neu-
trophil functions during neutrophil recruitment. By using intravital
microscopy and time-lapsed video analysis of multiple steps of

FIGURE 3. Endothelial LSP1-sensitive a6b1 integrin expression orches-

trates the directionality of extravascular neutrophil migration. (A) Means 6
SEM (n = 3; arbitrary units) of integrin-dependent fluorescence intensity

quantified in transmigrated neutrophils obtained from peritoneal cavities of

WT→WT, KO→WT, WT→KO, and KO→KO chimeric mice by peritoneal

lavage 3 h after an i.p. injection of CXCL2. **p, 0.01 from WT→WT, #p,
0.05 from KO→WT. (B and C) Left bars, Means 6 SEM (n = 3) of the speed

of neutrophil migration (mm/min; B) and chemotaxis index (C.I.; C) in ex-

travascular cremasteric tissue of WT mice determined within 90 min after

stimulation with CXCL2 chemokine gradient (In tissue; left bars). Functional

blocking anti-a6 Abs or the respective isotype control Ig were administered

i.v. 30 min prior to stimulation with CXCL2 chemokine gradient. Right bars,

Means 6 SEM (n = 3) of the speed of neutrophil migration (mm/min; B) and

chemotaxis index (C.I.; C) determined in vitro on a m-slide during 60 min after

stimulation with CXCL2 chemokine gradient (In vitro; right bars). Neu-

trophils were harvested from oyster glycogen-stimulated peritoneal cavity of

WT mice. Functional blocking anti-a6 Abs or the respective isotype control Ig

were added to these isolated and transmigrated neutrophils in cell culture

medium and allowed to adhere 30 min prior to contact with CXCL2 che-

mokine gradient in m-slide. *p , 0.05 from isotype control.
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neutrophil recruitment, our data demonstrate that endothelial, but
not neutrophil, LSP1 is important in the transendothelial migration
of neutrophils in response to chemokine CXCL2, confirming the
role of endothelial LSP1 as a gatekeeper for neutrophil trans-
endothelial migration (6). It is our novel and surprising finding
that the nonhematopoietic, endothelial LSP1 further regulates the
directionality, but not the speed, of extravascular migrating neu-
trophils in tissue after they leave the vasculature. This effect on
the directionality of migrating neutrophils in tissue is, at least in
part, due to endothelial, but not neutrophil, LSP1-dependent tran-
scriptional regulation by GATA-2 of endothelial PECAM-1 ex-
pression, which dictates the expression of a6b1 integrins on the
surface of transmigrating neutrophils.
In this study, we demonstrate that, in the absence of endothelial

LSP1 alone, CXCL2-elicited rolling and adhesion of neutrophils is
not substantially affected, whereas transendothelial migration of
neutrophils is markedly reduced. A similar effect was previously
reported upon stimulation of leukocyte recruitment by chemokine
KC/CXCL1 and cytokines TNF-a and IL-1b (6). Transendothelial
migration of neutrophils is preceded by Mac-1–dependent intra-
luminal crawling mediated by endothelial ICAM-1 (34). Despite
a previous report showing that neutrophil LSP1 modulates Mac-1
functions (22), our results do not find alterations in neutrophil
intraluminal crawling. However, our data of unaltered ICAM-1
expression in LSP1-deficient endothelial cells substantiate our
observation that LSP1 signaling does not participate in intra-
luminal crawling of neutrophils.
Mechanistically, extravascular migration of neutrophils is ef-

fectively accomplished by high-affinity interactions of b1 integrins
with proteins of the extracellular matrix (30). We observed that
deficiency of neutrophil, but not endothelial, LSP1 resulted in
decreased speed of migration in response to CXCL2. Consistent

with our findings, LSP1-deficient neutrophils were previously
shown to exhibit reduced speed of neutrophil migration in KC/
CXCL1 gradient in vitro (23). Surprisingly, our results show that
the directionality of chemotaxing neutrophils toward CXCL2
gradient was affected in mice with endothelial cell-specific defi-
ciency of LSP1 in contrast to previous reports showing that neu-
trophil chemotaxis toward KC/CXCL1 gradient was neutrophil
LSP1 dependent (23). It is documented that the inhibitory effect of
a6 blocking on neutrophil recruitment is chemoattractant specific
and involves reduced transendothelial migration, and the impact of
a6 blocking on extravascular chemotaxis was not determined (29,
30, 43). However, our in vitro and in vivo results demonstrate that
functionally blocking a6 did not affect the speed of neutrophil
migration but impaired the directionality, an observation that has
not been reported previously. Along this line, LSP1-deficient en-
dothelial cells, therefore, render decreased a6b1 expression on the
transmigrating neutrophils during neutrophil–endothelial cell
interactions, resulting in impaired directionality of extravascular
neutrophil migration in the tissue. In our in vivo study, the effect
of a6 functional blocking on the directionality, not the speed of
migration, suggests the possible involvement of interactions be-
tween a6 integrin and its ligand laminin and the subsequent sig-
naling in dictating extravascular chemotactic directionality of
emigrated neutrophils. However, the results of our in vitro a6

functional blocking studies in uncoated, but serum-containing
chemotaxis m-slide indicate that in addition to laminin binding,
a6 integrin may also be probably involved in other signaling
events such as integrin cross-talk or binding to serum proteins,
which could determine the directionality of extravascular neutro-
phil chemotaxis. Extravascular neutrophil locomotion requires
coordinated engagement and detachment of different integrins
and their ligands. Apart from ligand binding, integrins are also

FIGURE 4. Endothelial LSP1-sensitive vascular PECAM-1 expression. (A) Confocal micrographs (representative of five independent experiments) of

PECAM-1–dependent fluorescence in cremasteric postcapillary venules of WT (left panel) and LSP1-deficient (KO; right panel) mice. (B) Original

Western blot and means 6 SEM (n = 3) of PECAM-1 and ICAM-1 protein expression (relative to b-actin) determined in murine primary endothelial cells

isolated from WTand KO mice. *p, 0.05 from WT. (C) Relative LSP1 mRNA level (relative to b-actin) in SVEC4-10EE2 endothelial cells in the absence

(Control) or in the presence of treatment with negative control scrambled siRNA or LSP1-targeted siRNA. ***p , 0.001 from scrambled siRNA treatment.

(D) Representative original Western blot and means6 SEM (n = 4) of LSP1, PECAM-1, and ICAM-1 protein expression (relative to b-actin) determined in

SVEC4-10EE2 endothelial cells in the absence (Control) or in the presence of treatment with negative control scrambled siRNA or LSP1-targeted siRNA.

**p , 0.01 from scrambled siRNA treatment. (E) Representative original Western blot and means 6 SEM (n = 4) of LSP1 and PECAM-1 protein ex-

pression (relative to b-actin) determined in SVEC4-10EE2 endothelial cells in the absence (Control) or in the presence of transfection with murine pCMV-

SPORT6-LSP1 plasmids or empty vector as negative control. *p , 0.05, ***p , 0.001 from the control empty vector. (F) Representative original Western

blot and means 6 SEM (n = 4) of PECAM-1 protein expression (relative to b-actin) determined in neutrophils isolated from bone marrows of WT and KO

mice.
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involved in a wide range of immune function–related signaling
events (30). Because of the complex nature and insufficient
knowledge of leukocyte tissue chemotaxis, more investigations are
needed to uncover the molecular mechanisms of extravascular
neutrophil chemotaxis.
Extravasated neutrophils are also known to secrete soluble

mediators such as LTB4, which is capable of attracting more
neutrophils to the site of inflammation (44). The reduction in
transmigration of LSP1-deficient neutrophils may possibly be at-
tributed, in part, to the impaired secretion of such soluble medi-
ators. However, whether transmigrated neutrophil-derived soluble
chemoattractants are involved in regulating the directionality of
neutrophil chemotaxis in tissue is unknown. Further research is
warranted to investigate whether such inflammatory mediators are
involved in extravascular chemotaxis of neutrophils.
Interestingly, PECAM-1–deficient neutrophils exhibit loss of

directionalty during migration in vitro (45). This mechanism,
however, may not be operative in endothelial LSP1-sensitive di-
rectionality changes of migrating neutrophils, as our results show
that PECAM-1 expression was reduced in LSP1-deficient endo-
thelial cells, but not in LSP1-deficient neutrophils. PECAM-1–
dependent transendothelial migration of neutrophils was previ-
ously shown to be mediated by a6b1 integrin, which is upregu-
lated by homophilic interactions of neutrophil and endothelial cell
PECAM-1 (31, 46). This cross-talk is supported by our present
observation that implicates endothelial LSP1 sensitivity in regu-
lating endothelial PECAM-1–modulated and a6b1-dependent ex-
travascular chemotaxis of neutrophils. Ample evidence underscores
the importance of PECAM-1 in orchestrating leukocyte recruitment
and microvascular permeability (47, 48). It is, therefore, tempting to

speculate that endothelial LSP1-sensitive PECAM-1 expression
contributes to the recently reported impairment in microvascular
permeability during neutrophil recruitment in LSP1-deficient mice
(7, 8).
Very little is known about the signaling mechanisms that regulate

PECAM-1 expression in endothelial cells. Endothelial PECAM-1
expression was previously shown to be regulated by inflammatory
cytokines (49) and by activation of NO synthase (50), PKC, and
phospholipase A2 (51). Transcriptional regulation of PECAM-1
was documented to involve modulation of its gene promoter ac-
tivity by the p65 subunit of NF-kB (52). The zinc finger tran-
scription factor GATA-2 was initially shown to be crucial in
modulating gene expression in megakaryocytic and erythroid
lineages (53). Mounting evidence suggests that GATA-2 plays an
important role in nonhematopoietic endothelial cells (54, 55),
where it is associated with PECAM-1 expression and participates
in endothelial cell dedifferentiation (42, 56). PECAM-1 tran-
scription was shown to be regulated by the putative TATA-less
promoter region that contains relevant EGR-1 and GATA-2 cis-
regulatory elements (55, 57, 58). In addition to regulating
PECAM-1 expression, GATA-2 is decisive in endothelial-selective
gene expression of endothelial NO synthase, endomucin, and
VCAM-1 (42, 58–60). Recently, endothelial GATA-2 was shown
to participate in regulating angiogenesis (61) and maintenance of
vascular integrity (62). Although GATA-2 regulated the tran-
scription of both PECAM-1 and VCAM-1 (M. Hossain and L. Liu,
unpublished observations) in endothelial cells, we found that
LSP1 selectively regulated GATA-2–mediated transcription of
PECAM-1 but not ICAM-1 or VCAM-1 in these cells. Although
both endothelial-specific PECAM-1 and GATA-2 were downregulated

FIGURE 5. Endothelial LSP1-sensitive GATA-2 regulates PECAM-1 transcription. (A) Mean 6 SEM of mRNA levels (n = 6) encoding PECAM-1 and

ICAM-1 determined in SVEC4-10EE2 endothelial cells in the absence (Control) or in the presence of treatment with negative control scrambled siRNA or

LSP1-targeted siRNA. *p, 0.05 from scrambled siRNA treatment. (B) Representative original Western blot and means 6 SEM (n = 4) of GATA-2 protein

expression (relative to b-actin) determined in murine primary endothelial cells isolated from WT and KO mice. *p , 0.05 from WT. (C) Representative

original Western blot and means 6 SEM (n = 4) of GATA-2 protein expression (relative to b-actin) determined in SVEC4-10EE2 endothelial cells in the

absence (Control) or in the presence of treatment with negative control scrambled siRNA or LSP1-targeted siRNA. *p , 0.05 from scrambled siRNA

treatment. (D) Representative original Western blot and means 6 SEM (n = 4) of LSP1 and GATA-2 protein expression (relative to b-actin) determined in

SVEC4-10EE2 endothelial cells in the absence (Control) or in the presence of transfection with murine pCMV-SPORT6-LSP1 plasmids or empty vector as

negative control. *p , 0.05, ***p , 0.001 from the control empty vector. (E) Representative original Western blot and means 6 SEM (n = 4) showing

GATA-2, PECAM-1, and ICAM-1 protein expression (relative to b-actin) determined in SVEC4-10EE2 endothelial cells in the absence (Control) or in the

presence of treatment with negative control scrambled siRNA or GATA-2–targeted siRNA. **p , 0.01 from scrambled siRNA treatment. (F) Bone

marrow–derived neutrophils (1 3 106) were allowed to migrate across SVEC4-10EE2 endothelial cells cultured on transwell inserts and treated with or

without scrambled or GATA-2–targeting siRNA in response to CXCL2 (200 ng/ml) in the transwell systems. The number of cells that migrated across the

endothelium into the bottom well was counted. Data shown are mean 6 SEM of three independent experiments, all in triplicate. ***p , 0.001 versus

negative control, #p , 0.05 versus scrambled siRNA-treated group.
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in LSP1 deficiency, PECAM-1 expression was not altered in LSP1-
deficient neutrophils. In light of the strategic nuclear localization of
endothelial LSP1 (6) in contrast to its cytosolic presence in neu-
trophils (23), it is intriguing to consider the role of endothelial cell
specificity of GATA-2 function (42, 58) in fostering cell-specific
transcriptional regulation of PECAM-1 expression. Interestingly,
endothelial GATA-2 was shown to be activated by PKC (63, 64).
By the same token, LSP1 serves as a major substrate for PKC (9).
However, the possible signaling cross-talk among these molecules
requires further investigation. Remarkably, we observed that the
expression of ICAM-1, unlike PECAM-1, was not altered in LSP1-
deficient endothelial cells. Our result that silencing endothelial
GATA-2 did not modify ICAM-1 expression is supported by
a previous finding that K-7174, a GATA-specific inhibitor, did not
attenuate TNF-a–induced ICAM-1 expression (60).
Collectively, our data provide novel mechanistic insight into the

cell-specific functions of endothelial LSP1 in regulating GATA-2–
dependent vascular PECAM-1 expression, and during neutrophil–
endothelial cell interactions, in orchestrating a6b1 integrin-dependent
directionality of extravascular chemotaxing neutrophils.
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Figure S1

Figure S1. PECAM-1 expression in murine peripheral

 blood neutrophils

Original histograms of PECAM-1-dependent fluorescence in

peripheral blood neutrophils from WT (red lines) and KO (blue

lines) mice. Neutrophils were stained with FITC-conjugated

PECAM-1 (solid lines) or isotype control (dashed lines) antibodies.
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Figure S2: LSP1 silencing does not affect VCAM-1 

expression in endothelial cells

Representative original Western blot and means ± SEM  (n=3) 

showing VCAM-1 protein expression (relative to β-actin) in TNF-α-

treated (20 ng/ml; 4 h) SVEC4-10EE2 endothelial cells in the 

absence (Control) or in the presence of treatment with negative 

control scrambled siRNA or LSP1-targeted siRNA.

Figure S2


