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Myeloid-Specific Deletion of Tumor Suppressor PTEN
Augments Neutrophil Transendothelial Migration during
Inflammation’

Bara Sarraj,* Steffen Massberg,” Yitang Li,* Anongnard Kasorn,* Kulandayan Subramanian,*
Fabien Loison,* Leslie E. Silberstein,*" Ulrich von Andrian,” and Hongbo R. Luo®**

Phosphatidylinositol 3,4,5-trisphosphate (PIP;) is a second messenger that is involved in a number of cell activities including cell
growth, proliferation, and motility. PIP; is produced by PI3K and regulated by PTEN (phosphatase and tensin homolog deleted
on chromosome 10) and SHIP lipid phosphatases. Evidence from our experiments shows that enhanced PIP; production results
in elevated neutrophil recruitment under inflammatory conditions. However, the mechanism of this elevation is not well under-
stood. We used intravital video microscopy to investigate neutrophil recruitment in the cremaster venules of wild-type and PTEN
knockout (KO) mice. Neutrophil transmigration was augmented in PTEN KO mice 4 h after TNF-« intrascrotal injection. PTEN
KO neutrophils also showed significantly enhanced transmigration 2 h after MIP-2 intrascrotal injection, an effect that dramat-
ically decreased when PI3K or Src Kkinase inhibitor treatments preceded MIP-2 stimulation. Similarly, fMLP superfusion of the
cremaster muscle lead to enhanced emigration in PTEN KO mice. The observed elevation in neutrophil emigration was likely
caused by increased speed of crawling, crossing the venular wall, and migrating through the muscular tissue in PTEN KO mice
because the effect of PTEN depletion on neutrophil rolling or adhesion was minimal. Interestingly, chemoattractant-induced
release of gelatinase and elastase was also elevated in PTEN null neutrophils, providing a potential mechanism for the enhanced
neutrophil migration in the PTEN KO mice. Collectively, these results demonstrate that PTEN deletion in neutrophils enhances
their invasivity and recruitment to inflamed sites more likely by raising the cell physical capability to cross the vascular and tissue

barriers.

mechanisms of the innate immune system. Neutrophils

migrate from the blood to infected tissues by responding
to a variety of chemokines, leukotrienes, complement peptides,
and some chemicals released by bacteria directly, such as peptides
bearing the N-formyl group (formyl peptides) (1-3). These re-
sponses are mediated by a network of intracellular signaling path-
ways. One essential component in this network is phosphatidyl-
inositol 3,4,5-trisphosphate (PIP;),> an inositol phospholipid that
can be produced in response to various stimuli, including
guanosine nucleotide-coupled receptor activation, integrin liga-
tion, receptor tyrosine kinase activation, and shear stress (4-7).
PIP, exerts its function by mediating protein translocation via
pleckstrin homology domains on the protein (8, 9). A subset of

r I Y he recruitment and activation of neutrophils are important
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pleckstrin homology domains, including those in Btk, protein
kinase B/Akt, phospholipase C-vy, Gabl, phosphoinositide-de-
pendent kinase 1, and Grp-1, drive membrane translocation of
their host proteins through specific, high-affinity recognition of
PIP; (10). This membrane translocation is crucial for these pro-
teins to fulfill their functions in various cellular processes such
as cell survival, proliferation, growth, differentiation, and mem-
brane trafficking. PIP; also augments the activity of guanosine
exchange factors, and subsequently activates CDC42, Rac, and
Rho GTPases that control the formation of filopodia, lamelli-
podia, and actin stress fibers and regulate cell adhesion, polar-
ization, chemotaxis, and cytoskeletal rearrangement in neutro-
phils (10-14).

PIP; is synthesized by the enzyme PI3K. Using different ap-
proaches, a number of studies demonstrated that blocking the ki-
nase activity of PI3K led to impaired neutrophil migration in vitro
and decreased neutrophil recruitment to inflammatory sites in vivo
(15-22). PIP; level can also be regulated by PTEN (phosphatase
and tensin homolog deleted on chromosome 10), which was first
identified as a tumor suppressor gene (23, 24) and then subse-
quently shown to be a phosphatidylinositol 3'-phosphatase that
dephosphorylates PIP; to phosphatidylinositol 4,5-bisphosphate
(PIP,) (25). Elevation of PIP; signaling via depleting PTEN en-
hances cell mobility in various cell types, including fibroblasts
(14), T cells (26), eosinophils (27), and several cell lines (28, 29).
Recently, we demonstrated that depletion of PTEN enhances
the membrane translocation of PIP;-specific pleckstrin homol-
ogy domain in neutrophils, thus augmenting the PIP; down-
stream signals, leading to enhanced sensitivity to chemoattrac-
tant stimulation, elevated superoxide production, and enhanced
neutrophil chemotaxis. In addition, neutrophil recruitment to
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inflamed peritoneal cavity was significantly elevated in the
PTEN knockout (KO) mice (30).

Neutrophil migration through blood vessel wall is a complex
process that can be divided into at least four discrete phases: cap-
ture and rolling, activation, arrest or firm adhesion, and diapedesis
or transmigration from circulation across endothelium into tissues
(31-40). Which step is enhanced and responsible for the observed
elevation of neutrophil recruitment in the PTEN KO mice is still
largely unknown. In this study, we have investigated the multistep
recruitment of neutrophil in a mouse cremaster muscle using in-
travital video microscopy (IVM). We found that PTEN disruption
significantly enhanced neutrophil recruitment in the cremaster
muscle in response to different stimuli. Enhanced recruitment was
associated with faster neutrophil movement in the vascular bed,
across the vascular endothelial wall, and in the muscle tissue.
Hence, we propose that PTEN is a negative regulator in neutrophil
trafficking and should be a legitimate therapeutic target for mod-
ulating neutrophil recruitment in a variety of infectious and in-
flammatory diseases.

Materials and Methods

Mice and reagents

Myeloid-specific deletion of PTEN was performed as previously described
(41). Age-matched, 10- to 14-wk-old, male wild-type (WT) mice and
PTEN KO (PTEN/*"/o*F Cre*/* or PTEN'*"//*F Cre */~) mice were used
in all experiments. The study protocol was approved by the Animal Care
and Use Committee of Children’s Hospital Boston. MIP-2 and TNF-« were
purchased from R&D Systems. fMLP, rhodamine 6G, LY942002, a PI3K
inhibitor, and PP2, a Src tyrosine kinase inhibitor were purchased from
Sigma-Aldrich. FITC- or PE-conjugated anti-mouse Gr-1 mAbs (clone
RB6-8C5), PE-conjugated anti-mouse CD62L, P-selectin glycoprotein li-
gand (PSGL)-1, CD11b, and CD18 mAbs, FITC-conjugated anti-mouse
CD44 and CD29 mAbs, and Alexa Fluor 488-conjugated anti-mouse CD31
mAb (clone 390) were purchased from BD Biosciences or BioLegend.

Cremaster muscle preparation

The surgical procedure to expose the cremaster muscle was performed as
previously described (17, 42—44) with slight modification. Mice were i.p.
anesthetized with a mix of 200 ug of ketamine/20 ug of xylazine per
mouse every 45 min until the end of the experimental period. The hair
covering the right testes area was shaved with an electric razor and hair
removal lotion. A diagonal incision was made starting at the tip of the testis
that was exposed on a Plexiglas custom-built stage. A longitudinal incision
was made at the ventral side of the muscle using a heat cauterizer, and the
muscle was spread using 6—0 sutures. The muscle was continuously su-
perfused with 35°C thermostable 0.09% saline solution. Temperature at the
muscle surface was frequently checked by a digital thermometer probe.
The surgical procedure takes ~13 min.

IVM acquisition

The preparation was transferred to an intravital microscope (IV-500; Mi-
cron Instruments) with epifluorescence capability. Digital recording of vid-
eos was acquired by QED Imaging software (MediaCybernetics). At least
three vessels of 20- to 40-um diameter were recorded per time point. A
waiting period of 15 min was observed to stabilize blood flow before any
recording was taken. For fMLP (final concentration, 10 uM) superfusion
preparation, control recordings were taken ahead of applying the chemoat-
tractant superfusion. For TNF-«a preparation, the mouse was intrascrotally
injected with 0.5 ug of TNF-« in 300 ul of sterile saline solution at 2 and
4 h before start of recording. For MIP-2 preparation, the mouse was in-
trascrotally injected with 1 ug of MIP-2 in 300 ul of sterile saline solution
at 2 h ahead of video acquisition. PI3K inhibitor LY942002 (10 mg/kg) or
Src inhibitor PP2 (0.2 mg/kg) (45) was i.v. introduced 15 min ahead of
MIP-2 intrascrotal injection. To induce ischemia (46, 47), a metal clamp
(Fine Science Tools) was inserted at the muscle base under saline super-
fusion; blood flow blockage was confirmed using IVM. The clamp was
removed 30 min later and the blood flow was allowed for additional 60 min
under the same superfusion conditions. To observe the blood flow center-
line velocity, 100 ul of rhodamine 6G (2 mg/ml) was i.v. injected. To
confirm that leukocytes observed under brightfield are neutrophils, 4 ug of
FITC-conjugated anti-Gr-1 mAb in 100 ul of saline solution were i.v.
injected, and leukocyte trafficking was visualized immediately. To delin-
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eate the endothelial cell boundaries, 40 ng of Alexa Fluor 488-conjugated
anti-CD31 (PECAM-1) mAb in 150 ul of saline solution was i.v. injected.
Videos of 30-60 s were recorded under 40X water-immersion objective
with a frame rate of 10 frames/s and 1 or 2 binning. For crawling and
vascular wall crossing, videos of 5—10 min were recorded under X40, X63,
and X100 magnification with a frame rate of 5 frames/s and 2 binning.
Epifluorescent videos were taken at 56 frames/s and 2 binning (CD31) and
96 frames/s and 4 binning (rthodamine 6G).

IVM analysis

Offline analysis of recorded videos was performed by frame-by-frame play-
back using Quicktime software. Rolling cells were defined as the cells
moving over the 100-um long vessel with a velocity below the velocity of
RBC. Adherent cells were defined as cells staying still for at least 30 s.
Emigrating cells were calculated as the number of cells that left completely
the blood vessel and still within a distance of 50 wm on both sides, thus in
an area 100 X 50 X 2 pwm or 10* wm?. Crawling cells were considered the
cells moving slowly on the vessel bed with a polarized phenotype. To
calculate the speed at which a cell crosses the vascular wall, we measured
the distance between the cell head when it first shows up at the vessel
abluminal side and the cell head when the tail just detached from the
abluminal side of the vessel. Rolling velocity (10 cells/vessel) was mea-
sured as the distance (in micrometers) between two points over time (sec-
onds). Crawling as well as tissue emigration velocity were measured for
cell straight movements (in micrometers) only, between two points over
time (seconds). Centerline blood velocity (V,,.) was measured for 20 cells/
vessel under a high recording rate of 96 frames/s. Mean blood flow velocity
was calculated as centerline velocity at 0.625 (48). Wall shear rate was
calculated as 8 X 2.12 (mean blood velocity per diameter) (48, 49).

Blood count and histology

Blood was collected at the end of every preparation from the eye retro-
orbital sinus into EDTA-coated tubes (BD Biosciences) and differential
count was measured by Hemavet 850 (Drew Scientific). At the end of
experiment, cremaster muscle was fixed overnight in 4% paraformaldehyde
at 4°C, paraffin-embedded, sectioned and stained with H&E.

Electron microscopy

MIP-2 (1 ng/300 wl of saline) was injected intrascrotally and the cremaster
muscle was dissected 3 h later. Tissue was fixed overnight in 2.5% form-
aldehyde, 5.0% glutaraldehyde, 0.06% picric acid in 0.2 M cacodylate
buffer; all reagents were purchased from Electron Microscopy Sciences.
Tissue was then washed several times in 0.1 M cacoldylate buffer and
osmicated in a final solution of 1% osmium tetroxide and 1.5% potassium
ferrocyanide for 3 h, followed by several washes of dH,O. One percent of
uranyl acetate in maleate buffer is added for 1 h, and tissue was washed
several times with maleate buffer (pH 5.2). This process is followed by a
graded cold ethanol washing series (50%, 80%, 95%, and 100% ethanol)
over 1 h. Propylene oxide washes follow, again three times over 1 h. Then
tissue was placed in 1:1 mixture of propylene oxide and plastic, including
catalyst, overnight, embedded in pure plastic Taab resin (Marivac) the next
day and put into 60°C oven for 1 or 2 days. The 95-nm sections were cut
with Leica ultracut microtome, picked up on Formvar-coated copper grids,
stained with 0.2% lead citrate, and viewed and imaged under the Philips
Technai Spirit Electron Microscope.

Flow cytometry

Blood was collected from the eye retro-orbital sinus, and RBC were lysed
at room temperature in an ACK lysing buffer (Invitrogen). After being
washed in a washing buffer (Dulbecco’s PBS, 1% BSA and 0.09% NaNj),
cells were then incubated with Fc block (anti-CD16/CD32) for 15 min
followed by fluorescent-conjugated Abs (1 g/l million cells) for 30 min
at 4°C. Cells were then washed and fixed in 4% paraformaldehyde. Flow
cytometry was performed using a FACSCanto II machine (BD Bio-
sciences) and analyzed using Flowjo software (Tree Star). For fMLP stim-
ulation in vitro, 5 X 10° WT or PTEN KO bone marrow leukocytes (in
RPMI 1640 medium, 0.25% BSA) were stimulated with 500 nM fMLP for
0, 1, and 5 min. Equal volume of 7.4% formaldehyde was added, and cells
were kept on ice for 20 min. Cells were then double stained with FITC-
Gr-1 and PE-CD11b as above.

Chemoattractant-induced elastase and gelatinase release from
neutrophils
Mouse bone marrow-derived neutrophils were resuspended at a density of

1 X 107/ml in HBSS (with calcium/magnesium, no FCS), and then stim-
ulated with fMLP (1 uM) for 30 min at 37°C. Supernatants were harvested
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and gelatinase and elastase activities in the supernatants were measured
using EnzChek Gelatinase Assay kit (Molecular Probes) and EnzCheck
Elastase Assay kit (Molecular Probes), respectively, according to protocols
provided by the manufacturer’s. In both assays, the samples were incubated
for 5 h at room temperature. Fluorescence was measured in a fluorescence
multiwell plate reader set for excitation at 485 = 10 nm and emission
detection at 530 = 15 nm. Background fluorescence has been subtracted
from each value. Cell lysates of the same number of unstimulated neutro-
phils were used to measure the total amount of intracellular gelatinase and
elastase activity.

Statistical analysis

We used the Student ¢ test (Microsoft Excel) for data analysis. A value for
p < 0.05 defined statistical significance.

Results

Examination of leukocyte transendothelial migration using IVM

PTEN null neutrophils displayed enhanced accumulation in the
mouse peritoneum in response to inflammatory stimulants such as
Escherichia coli or thioglycolate (30). To understand the mecha-
nism of this accumulation, we dissected the steps that neutrophils
take to leave the circulation into their accumulation endpoint. We
used brightfield and epifluorescent IVM to observe the leukocyte
behavior in the postcapillary venules in the mouse cremaster mus-
cle. Leukocyte recruitment was induced by intrascrotal injection of
MIP-2, a neutrophil chemoattractant, or TNF-«, an inflammatory
cytokine. It was reported previously that most transmigrated leu-
kocytes in this system are neutrophils (16, 50-52). This finding
was confirmed in our system using three independent approaches.
Traditional histological analysis of the mouse cremaster muscle
showed that the majority of cells (96%) recruited were multilobed
nucleated neutrophils in both WT and PTEN KO mice (see sup-
plemental Fig. S1, A and B).* Consistently, epifluorescent IVM
showed that most transmigrating cells (90%) were Gr-1-positive
cells that were stained by i.v. injected FITC-conjugated anti-Gr-1
mADb (data not shown). Finally, electron microscopy also showed
that more than 98% of cells recruited were neutrophils in both WT
and PTEN KO mice (see supplemental Fig. S1, A and B).* There-
fore, the trafficking parameters measured in this system should
authentically reflect the behavior of neutrophils.

PTEN null neutrophils display enhanced emigration in response
to fMLP superfusion

Conventional Pten’~ mice die in early embryonic stage. Thus,
we used a conditional myeloid-specific PTEN KO mouse in

+The online version of this article contains supplemental material.
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which PTEN deletion only occurs in the myeloid linage, in-
cluding monocytes, mature macrophages, and neutrophils (30).
The depletion of PTEN protein in neutrophils was confirmed by
Western blot analysis. In addition, specific increase in PIP; sig-
naling was confirmed by measuring phosphorylation of Akt, a
well-known downstream factor in the PIP; signaling pathway
(see supplemental Fig. S2).* We first studied the neutrophil traf-
ficking behavior in response to fMLP, a chemoattractant peptide
released by bacteria and considered as a bacterial endpoint
stimulant. WT and PTEN KO mice had similar blood neutrophil
counts, and their cremaster postcapillaries displayed similar
wall shear rates (see supplemental Table S1).* In naive (un-
challenged) mice, WT and KO neutrophils had minimal adhe-
sion and emigration capability due to lack of stimulation (see
supplemental Table S5).* The neutrophil rolling was likely a
result of tissue trauma caused by surgery. In fMLP-superfused
venules, the number of adherent neutrophils was significantly
increased, but was comparable between the WT and PTEN KO
mice over the 1-h observation period (Fig. 1C). PTEN KO neu-
trophils were slightly faster in rolling at the 20- and 60-min
time points (Fig. 1B), whereas the number of rolling cells is
similar to each other (Fig. 1A). In addition, PTEN KO neutro-
phils showed much more pronounced emigration capability
over the 1-h stimulation (Fig. 1D). At 20 min of fMLP super-
fusion, ~10 emigrated neutrophils and at 40 min, ~20 emi-
grated neutrophils were detected in a 10* um? area close to the
vessels in the PTEN KO mice. By contrast, only about two
neutrophils at 20 min and three neutrophils at 40 min were
detected in the WT mice. Because there was no significant dif-
ference in venule dimension and blood neutrophil count be-
tween the WT and PTEN KO mice (see supplemental Table
S2A),* the elevated neutrophil emigration was likely directly
caused by the cellular alterations in neutrophils.

PTEN KO neutrophils display enhanced emigration in response
to intrascrotally injected TNF-a or MIP-2

The early (~1 h) and prolonged (4-5 h) responses to inflammatory
stimuli might be mediated by distinct cellular pathways. For in-
stance, Liu et al. (17) recently reported that the early response of
neutrophils to MIP-2 or KC is mediated by PI3Ky, whereas the
more prolonged response to MIP-2 or TNF-a is mediated by
PI3K®. To investigate whether PTEN depletion can also alter neu-
trophil trafficking over a relatively longer period of time, we in-
trascrotally injected TNF-a (0.5 wg) and then observed the leuko-
cyte behavior at 2- and 4-h time points. PTEN KO neutrophils
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displayed higher rolling influx at 0- and 4-h time points with a
small but statistically significant decline at the 2-h time point (Fig.
2A). Similar with what was observed in fMLP-stimulated mice,
PTEN KO neutrophils were faster in rolling until they converged
after 4 h into a similar rolling speed with WT neutrophils (Fig. 2B).
The number of neutrophils adhering to the vascular endothelium
was slightly increased after 4 h of TNF-« introduction (Fig. 2C),
whereas the emigration of PTEN KO neutrophils was dramatically
enhanced (Fig. 2D). Again, there was no significant difference in
venule dimensions and in blood neutrophil count after these ex-
periments (see supplemental Table S2B).*
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To examine whether the enhancement of neutrophil emigra-
tion is a general phenotype caused by PTEN-depletion, we fur-
ther investigated neutrophil recruitment induced by intrascrotal
injection of MIP-2 (CXCL2), a neutrophil chemoattractant that
is up-regulated in the vascular lumen in response to inflamma-
tory stimuli such as TNF-« (52). MIP-2 is often considered as
an intermediate inflammatory stimulant. In response to MIP-2,
there was no difference in rolling influx, rolling velocity, or
adhesion between WT and PTEN KO neutrophils (Fig. 3, A-C).
In contrast, at 2 h after MIP-2 injection emigration of neutro-
phils was significantly enhanced in the PTEN KO mice (Fig.
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Induction of neutrophil recruitment by MIP-2 intrascrotal injection in the presence or absence of PI3K and Src kinase inhibition. A, PI3K

and Src kinase activities can be inhibited by specific inhibitors. Neutrophils isolated from WT mice were incubated with 25 ng/ml MIP-2 in the presence
of indicated inhibitors for 10 min. Phosphorylated and total Akt were detected by Western blotting using anti-phospho-Akt Ab (Ser*’®) (1/1000) and
anti-Akt Abs (1/1000) (Cell Signaling Technology), respectively. Similarly, Src activity was determined by measuring phosphorylation of cortactin, a
well-known downstream factor in the Src signaling pathway. B—E, Leukocyte recruitment was stimulated by an intrascrotal injection of 300 ul of saline
or 1 pg of MIP-2 in 300 wl of saline solution. In separate experiments, the MIP-2 intrascrotal injection was 20 min preceded by an i.p. injection of 10 mg/kg
PI3K inhibitor LY942002 or 0.2 mg/kg Src inhibitor PP2. Recordings were taken 2 h after the intrascrotal injection under continuous flow of 35°C thermally
stable saline. The major trafficking parameters, which are the rolling flux (B), rolling velocity (C), adhesion or sticking (D), and emigration (E) were
determined in the postcapillary venules of the mouse cremaster for n = 3 mice per genotype. *, p < 0.05 between WT and PTEN KO animals.
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FIGURE 4. PTEN KO neutrophils display faster crawling and emigration across the postcapillary venular wall and through muscle tissue. A, Still images
showing a cell crossing the vascular endothelial wall, before the cell starts emigration (lef?), after the complete cell detachment off the abluminal side of
the vessel (middle), and after the cell is far from the vessel (right). Indicated time is in seconds. Magnification is X100. The two-head arrow (middle)
indicates the length of the cell. The arrow in the right image points to the same cell in the middle image, now away from the vessel. Leukocyte recruitment
was stimulated by superfusion with 10 uM fMLP (B) or intrascrotal injection of 1 ug of MIP-2 in 300 ul of saline solution (C). Crawling cells were
identified by their polarized shape as well as their lateral migration across the vessel bed. At least n = 3 mice per genotype were analyzed. *, p < 0.05.

3D). Collectively, our results demonstrated that PTEN acts as a
negative regulator in neutrophil transendothelial migration.

Enhanced neutrophil emigration in PTEN KO mice could be
inhibited by PI3K inhibitor in vivo

PTEN is a lipid phosphatase that negatively regulates PIP; signal-
ing (25). Consistently, PIP, signal was dramatically elevated in the
PTEN null neutrophils (30). To examine whether the observed
enhancement of neutrophil emigration in PTEN KO mice is a
direct result of augmented PIP; signal, we investigated whether
this enhancement can be inhibited by LY942002, a PI3K inhib-
itor (Fig. 3A). In comparison to MIP-2 treatment only, PI3K
inhibition by LY942002 did not significantly affect neutrophil
rolling speed or adhesion in either WT or PTEN KO mice, and
rolling influx was only slightly reduced (Fig. 3, B-D). However,
neutrophil emigration was dramatically lowered by LY942002
treatment in both WT and PTEN KO mice (Fig. 3E). This in-
hibition is likely due to the direct suppression of intracellular
signaling pathways involved in neutrophil trafficking because
PI3K inhibition had no effect on the expression level of L-
selectin, PSGL-1, and CD11b on either WT or PTEN KO neu-
trophils (data not shown). Interestingly, PP2 also significantly
blocked neutrophil emigration in WT and PTEN KO mice (Fig.
3A). Thus, the PTEN depletion—induced enhancement of neu-
trophil recruitment was completely abolished after PP2 treat-
ment. No significant difference in neutrophil emigration was
detected between PP2-treated WT and PP2-treated PTEN KO
mice (Fig. 3E). These results suggest that Src family tyrosine
kinase might be one of the essential downstream targets medi-
ating PIP; signaling during neutrophil transmigration. There
was no significant difference in venule dimensions or blood
neutrophil count after these experiments (see supplemental
Table S2C).*

PTEN KO neutrophils displayed faster crawling and emigration
across the postcapillary venular wall and through muscle tissue

Because the number of adherent neutrophils was not significantly
increased in the PTEN KO mice, the enhanced neutrophil emigra-
tion in these mice was likely due to increased efficiency of steps
after adhesion. Thus, we explored whether these steps were af-
fected by PTEN disruption. Recently, it has been suggested that
adherent neutrophils crawl on the endothelial cells before their
transmigration, presumably to find a “soft spot” (40, 51, 53, 54).
Crawling cells are distinguished by their polarized shape and often
lateral movement. We measured the speed of crawling by follow-
ing their movements over the vascular bed in response to fMLP
superfusion or MIP-2 intrascrotal injection. The video captions
(Fig. 4A) tracks a PTEN KO neutrophil before (Fig. 4, left), after
wall crossing (Fig. 4, middle) and far after detaching into tissue
(Fig. 4, right). This cell needed ~53 s to negotiate its ~15-um
body length across the vascular wall. Compared with WT neutro-
phils, the crawling speed of PTEN KO neutrophils significantly
increased from 280 * 24 nm/s to 400 = 22 nm/s in response to
fMLP, and from 262 = 45 nm/s to 480 = 54 nm/s in response
to MIP-2 (Fig. 4, B and C). We also calculated the speed at
which leukocytes transmigrated cross the vascular endothelial
wall and the speed of migration in the tissues after the detach-
ment from the vascular endothelial wall (Fig. 4A and see sup-
plemental Video S1).* They were all dramatically elevated in
the PTEN KO mice (Fig. 4, B and C and see supplemental Table
S3).* When the transmigration was induced by fMLP superfu-
sion, it took the WT neutrophil 108 * 22 s to cross the endo-
thelial wall, whereas it only took the PTEN KO neutrophil 60 *
8 s to cross. Similarly, WT neutrophils emigrated at 247 * 27
nm/s, whereas PTEN KO neutrophils emigrated at 412 *= 26
nm/s through the extravascular tissue. Similar results were ob-
tained when the transmigration was induced by MIP-2 intras-
crotal injection (see supplemental Videos S2 and S3).* Because
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perimeter(mm)

WT PTEN KO

FIGURE 5. WT neutrophils are being held up between vascular endo-
thelium and basement membrane. WT or PTEN KO mice were intrascro-
tally injected with 1 wg MIP-2. Three hours later, the cremaster muscle was
fixed in a fixing buffer (see Materials and Methods) and prepared for elec-
tron microscopy. A cross-section of WT (A) and KO (B) postcapillary
venule shows neutrophils (N), RBC (asterisk), the vascular endothelial
layer (inside arrows), and the basement membrane/pericyte layer (outside
arrow). Scale bar represents 5 um. C, The number of abluminal leukocytes
per vessel perimeter; these cells crossed the endothelium but stayed on its
abluminal side. *, p < 0.05. At least 18 vessel sections were analyzed.
Magnification is X 1400 (A) and X 1200 (B).

crawling, crossing vascular endothelial wall, and migration in
the tissues are steps that are taken in chronological order, the
slight velocity depression in crossing the wall compared with
crawling or tissue crossing (more visible in response to MIP-2)
describes extra time cells need to cross the vascular barrier,
strikingly in a smooth and undisrupted manner (add this to re-
sult section). Collectively, these results suggested that disrup-
tion of PTEN generally increased the speed of neutrophil mi-
gration before, during, and after the tranendothelial migration.

Electron microscopy imaging of the MIP-2-stimulated cremas-
ter vessels revealed that some transmigrating neutrophils were cap-
tured on the abluminal side of the vessel between the endothelium
and the basement membrane/pericyte layers (Fig. 5, A and B).
These cells were most likely in transit out into the tissue. In PTEN
KO mice, the number of these transit cells was dropped signifi-
cantly from 14.5 + 2.8 cells/mm to 5.8 + 2.5 cells/mm, which is
consistent with the increased neutrophil transmigration speed ob-
served in these mice (Fig. 5, B and C).

PTEN disruption did not alter the preference toward
paracellular pathway in neutrophil transendothelial migration

We have shown so far that PTEN KO neutrophils displayed
enhanced emigration in response to various stimuli (fMLP,
TNF-«, and MIP-2). Leukocytes follow two paths to cross the
vessel wall, paracellular pathway through the interendothelial
junctions and transcellular pathway across the endothelial cell
itself (55, 56). It was reported that neutrophils predominantly
use the paracellular pathway during their transendothelial mi-
gration (55). To examine whether PTEN disruption can change
such preference, we quantified the percentage of neutrophils
undertaking paracellular and transcellular pathways in WT and
PTEN KO mice. We superfused the cremaster venules with

7195

vy)
o
(=1
o

(2]

5
=rn.T_) 80
8S o
5=
-
G o 40
o 0
= N
¥ 20
D-U

o

WT PTEN KO

FIGURE 6. Enhanced emigration of PTEN neutrophils does not neces-
sarily enhance the transcellular pathway. Leukocyte recruitment was stim-
ulated by a continuous flow of 35°C thermally stable 10 uM fMLP in
saline. Twenty minutes later, 40 ug of Alexa Fluor 488-conjugated anti-
CD31 (PECAM-1) mAb was i.v. introduced. A, A video caption of a WT
postcapillary venule. B, Percentage of adherent cells that localized to en-
dothelial boundaries in both WT and PTEN KO cremaster vessel beds.
Arrow points to silhouettes of leukocytes localized to interendothelial junc-
tionsfor n = 2 WT and n = 3 KO mice.

fMLP and i.v. injected fluorescein-conjugated anti-CD31 (PECAM-
1), which is a member of Ig superfamily expressed predomi-
nantly at endothelial tight junctions (47, 57). We first delineated
the vascular endothelial boundaries by florescent imaging and
then traced the localization of firmly arrested leukocytes. En-
dothelial cells displayed the cobblestone diamond-shaped ar-
chitecture (Fig. 6A and see supplemental Video S4)* and there
was no difference in the endothelial cell dimensions between
WT and KO vascular beds (see supplemental Table S4).* Firmly
adherent cells localized predominantly (>90%) to the endothe-
lial boundaries or tricellular junctions in both WT and PTEN
KO mice (Fig. 6B), demonstrating that PTEN disruption did not
change the preference toward neutrophil interaction with the
paracellular junctions. However, we cannot exclude the possi-
bility that PTEN disruption might also enhance neutrophil
transmigration via elevating transcellular pathway.

PTEN KO neutrophils displayed increased transmigration
efficiency in ischemia/reperfusion injury

When neutrophil migration was induced by fMLP superfusion or
intrascrotal injection of MIP-2 or TNF-«, PTEN depletion signif-
icantly enhanced the emigration efficiency. We next examined
neutrophil trafficking in a more physiologically relevant setting in
which neutrophil migration was induced by an ischemia/reperfu-
sion injury, a condition associated with a number of human dis-
eases such as stroke, heart infarction, or organ transplant (37, 58).
To induce ischemia/reperfusion injury, the cremaster underwent
30 min of ischemia followed by 60 min of reperfusion. There
was no significant difference in rolling influx between WT and
PTEN KO mice (Fig. 7A). Consistent with previous results,
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FIGURE 7. PTEN KO neutrophils are more efficient in postreperfusion emigration. Leukocyte recruitment was stimulated with 30-min ischemia; blood
flow blockage was detected under IVM. Reperfusion follows as blood flow continued for 60 min and trafficking parameters were observed at 20-, 40-, and
60-min time points. Time point O represents the condition before applying ischemia to the muscle. Continuous superfusion of thermostable saline was
applied for both ischemia and reperfusion. A, The number of rolling cells that passed an imaginary cross-section of the vessel per minute. B, The number
of adherent cells that stayed stationary for at least 30 s within a 100-um long vessel. C, The number of emigrating cells within a distance of 50 um from
the 100-um long vessels on both sides. D, Emigration efficiency is defined as the percentage of adherent cells able to emigrate for n = 4 mice per genotype.

%, p < 0.05.

neutrophil emigration efficiency was increased by nearly 2-fold
from 79.6 *£ 20.1 to 167 = 32.7 in the PTEN KO mice com-
pared with the WT mice at 60 min after reperfusion. Interest-
ingly, unlike what was observed in previous experiments, the
number of adherent cells was significantly reduced in the isch-
emia/reperfusion-challenged PTEN KO mice in comparison
with the WT mice receiving the same challenge (Fig. 7B). This
reduction might be a result of elevated emigration that drained
the vascular bed (Fig. 7, B-D). There was no significant dif-
ference in venule dimensions or blood neutrophil count after
these experiments (see supplemental Table S2, D).*

PTEN disruption augments neutrophil transendothelial
migration not through affecting the surface expression of
adhesion molecules

We have shown that elevation of PIP, signaling via PTEN disrup-
tion led to enhanced neutrophil transendothelial migration. Be-
cause we used myeloid-specific PTEN KO mice, this enhancement
was likely caused by PTEN depletion in neutrophils. One mech-
anism that is able to contribute to the increased transendothelial
migration efficiency is the alteration of surface expression of cell
adhesion molecules on neutrophils. To examine whether this vari-
ation was the case, we measured the surface expression level of
several molecules involved in rolling, crawling, arrest, and emi-
gration, including L-selectin, PSGL-1, CD44, CDI11b, CD18,
CD29, and CD31. Our results showed that nearly the same amount
of these molecules was expressed in PTEN null and WT neutro-
phils (Fig. 8A). There was also no difference in the expression
levels of CD11b, CD18, and CD29 on peritoneal neutrophils 4 h
after thioglycolate peritoneal stimulation (data not shown). Be-
cause we recently demonstrated that PTEN deletion in neutrophils
was associated with enhanced actin polymerization in response to
fMLP stimulation in vitro (30), we paralleled by measuring the cell
surface expression of CD11b, an essential molecule for neutrophil
crawling and adhesion, under similar stimulatory conditions.
PTEN deletion had no influence on the cell surface expression of
CD11b in response to fMLP over the in vitro stimulation period
(Fig. 8B).

PTEN disruption augments chemokine-induced release of
elastase and gelatinase from neutrophils

Neutrophil migration through endothelial cells and basement
membrane is mediated by various junctional adhesion molecules,
including PECAM-1, junctional adhesion molecules, o3, inte-
grin, ICAM-2, endothelial cell-selective adhesion molecule,
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FIGURE 8. Adhesion molecule expression on GR-1-positive leuko-
cytes. A, Peripheral blood leukocytes were double-labeled with FITC-con-
jugated anti-Gr-1 and PE-conjugated anti- adhesion molecule or one of the
indicated adhesion molecules. B, Bone marrow leukocytes were stimulated
with 100 nM fMLP, then labeled with PE-conjugated anti-CD11b and
FITC-conjugated anti-Gr-1 for n = 3 mice per genotype.
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FIGURE 9. PTEN disruption increases chemoattractant-induced release
of elastase and gelatinase from neutrophils. Neutrophils isolated from
PTEN KO and WT mice were stimulated with 1 uM fMLP for 30 min at
37°C. Supernatants were harvested, and gelatinase (A) and elastase (B)
activities in the supernatants were measured using an EnzChek Gelatinase
Assay kit and an EnzCheck Elastase Assay kit, respectively. Cell lysates of
the same number of unstimulated neutrophils were used to measure the
total amount of intracellular gelatinase and elastase activity. Data are pre-
sented as mean = SD (n = 3 mice). *, p < 0.05 vs WT mice. #x*, p < 0.01
vs WT mice. #x%, p < 0.005 vs WT mice.

CD99, VE-cadherin, and collagen (31, 40, 59, 60). It was previ-
ously reported that some neutrophil proteases, such as elastase and
gelatinase, are capable of rapidly degrading components in the
junctions and thus facilitate the neutrophil extravasation during an
inflammatory response (61-66). These proteases are stored in
granules in mature neutrophils. To perform their innate immune
functions, neutrophils carry four major types of granules that
evolve according to the neutrophil maturation stage and differ in
their panel of markers. They are the primary, secondary, and ter-
tiary granules and secretory vesicles. From the electron micros-
copy studies, we did not detect any difference in granule density or
morphology between the WT and KO neutrophils (see supplemen-
tal Figs. S3 and S4).* Neutrophils spreading over biological sur-
faces or transmigrating into inflamed tissue readily release granule
components, including neutrophil elastase (elastase 2), and gelati-
nase B (MMP-9), upon activation. Thus, to further examine
whether the altered protease release is responsible for the observed
elevation of neutrophil transendothelial migration in the PTEN KO
mice, we measured chemoattractant-elicited degranulation in WT
and PTEN KO neutrophils. fMLP induced significant release of
gelatinase from mouse neutrophils. Although the total amount of
enzyme synthesized and stored in granules is the same between
WT and PTEN null neutrophils, the amount of gelatinase released
to the extracellular space increased by more than 3-fold in the
neutrophils depleted of PTEN (Fig. 9A4). A significant increase was
also observed when the release of elastase was measured (Fig. 9B).
These results suggested that disruption of PTEN significantly in-
creased the release of elastase and gelatinase and this might be
partially responsible for the enhanced neutrophil transendothelial
migration in the PTEN KO mice.
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Discussion

The tumor suppressor PTEN is a phosphatidylinositol 3'-phospha-
tase that converts PIP; to PIP,. Depletion of this lipid phosphatase
leads to accumulation of PIP; on the plasma membrane, and thus
elevation of PIP; signaling. In this study, we report that myeloid-
specific deletion of PTEN enhanced the neutrophil “invasivity” or
emigration capability in inflammatory settings.

PIP; is a major downstream target of integrin and chemokine
receptor, and has been implicated in multiple steps in leukocyte
trafficking. Smith et al. (16) recently showed that disruption of
PI3KY, one of the PI3K-mediating G protein-coupled receptor sig-
naling, interferes with integrin bond strengthening. PI3K<y null
mice showed an 80% reduction in CXCL1 (KC)-induced leuko-
cyte adhesion in venules of mouse cremaster muscle (16). Similar
inhibition of tight adhesion was also observed when leukocyte
transmigration from cremaster venules was induced with MIP-2
and TNF-a (17). Unexpectedly, we did not observe elevated leu-
kocyte adhesion when the PIP; signaling was enhanced via PTEN
depletion, suggesting that PIP; signaling is essential for stimuli-
elicited cell adhesion, but not a limiting step for inducing elevated
adhesion. Liu et al. (17) recently reported that leukocyte emigra-
tion was also substantially suppressed by inhibiting PI3K. Inter-
estingly, it appears that the early response to MIP-2 or KC is me-
diated by PI3K'y, while the more prolonged responses to MIP-2 or
TNF-a is mediated by PI3K$§, a PI3K activated by receptor ty-
rosine kinase and integrin (17). In current study, disruption of
PTEN elevated neutrophil emigration in both the early response to
fMLP and prolonged responses to MIP-2 or TNF-«, suggesting
that PTEN acts as a negative regulator in both processes. Most
recently, Heit et al. (67) reported that under a certain situation,
PTEN is required for prioritizing and integrating responses to mul-
tiple chemotactic cues. Disruption of PTEN leads to “distraction”
in migrating neutrophils. Thus, the exact role of PTEN in neutro-
phils might rely on the diversity of chemoattractants involved, as
well as the relative doses and route used to induce the neutrophil
inflammatory reactions.

The elevated rolling velocities observed in the PTEN mice are
somewhat surprising. Puri et al. (18, 19) recently reported that PIP;
signaling can regulate neutrophil rolling by modulating the func-
tions of endothelial cells, and both PI3Ky and PI3Ké played a
critical role in E-selectin-mediated rolling in cremasteric venules
in response to TNF-a. Nevertheless, the PTEN KO mice we used
are myeloid-specific and contain WT endothelial cells. A previous
report showed that PI3K deficiency in neutrophils had no effect on
rolling flux or rolling velocity (17). The increased rolling velocity
of PTEN null neutrophils might be indirectly caused by other al-
terations elicited by augmented PIP; signaling. Interestingly, we
observed that microvilli on PTEN KO neutrophils are significantly
longer than those on WT neutrophils (see supplemental Fig. S3),*
which is consistent with the elevated actin polymerization in the
KO neutrophils (30). It is intriguing to examine whether the in-
creased length of microvilli can lead to increased rolling velocity.
We measured the surface expression of L-selectin and PSGL-1 on
PTEN KO neutrophils and no significant changes were detected.
However, we cannot rule out the possibility that augmentation of
PIP; may alter the nature of PSGL-1 glycosylation, binding affin-
ity, or its subsequent functions.

The neutrophil emigration can be divided into three stages:
crawling, crossing vascular endothelial wall, and migration in the
tissues, all of which are associated with actin polymerization-de-
pendent cell polarization. After slow rolling, cells acquire the abil-
ity to polarize with clear head and tail formation. It is consistent for
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PTEN neutrophils, with enhanced actin polymerization and pseu-
dopod formation in vitro, to show enhanced velocity in all the
emigration stages in vivo, despite their WT expression level of 3,
and (3, integrins, which are molecules needed for emigration. Neu-
trophils follow two paths to cross the vessel wall, the paracellular
pathway through the interendothelial junctions and transcellular
pathway across the endothelial cell itself (55, 56). Similar to what
was previously reported (51, 68), we found that neutrophils pre-
dominantly use the paracellular pathway during their transendo-
thelial migration. PTEN disruption did not alter the preference
toward the paracellular pathway. Carman et al. suggested that the
transcellular pathway is initiated by the presence of podosomes
on the ventral part of the leukocytes to sense endothelial clues (69).
Surprisingly, podosomes were equally present on both WT and KO
neutrophils despite the predominant junctional pathway taken by
these cells to emigrate (see supplemental Fig. S4).* Despite the
predominance of the paracellular pathway in neutrophil emigra-
tion, both WT and KO neutrophils displayed the podosome pres-
ence on their ventral side in touch with the endothelium. The po-
dosome presence along with junctional dominance needs further
investigation. It is noteworthy that in one experiment we used an
Alexa Fluor 488-conjugated anti-PECAM-1 Ab to visualize the
endothelial tight junctions. The injection of this Ab may modulate
neutrophil recruitment. However, because only a relatively low
concentration of Ab was used, its effect on neutrophil migration
should be minimal. This response was confirmed by the normal
neutrophil rolling, adhesion, and transmigration efficiency in mice
injected with anti-PECAM-1 Ab. Importantly, the WT and KO
mice were treated identically and studied in parallel in these ex-
periments, so that any effects caused by Ab were well controlled
for and the comparison of interest should in all cases be the effect
of genetic deficiency.

Results from this study also suggest that the enhanced emigra-
tion of PTEN null neutrophils is likely due to alteration of intra-
cellular signaling pathway because the surface expression of cell
adhesion molecules involved in neutrophil trafficking was not
changed on the PTEN KO neutrophils. The role of PTEN in reg-
ulating intracellular signaling in hemopoietic cells has been inves-
tigated in several other labs. Li et al. (70) demonstrated that PTEN
intracellular localization and activity are regulated by chemoat-
tractants through Rho GTPases, RhoA, and Cdc42. Immunostain-
ing using a PTEN Ab showed PTEN localization at the back of
stimulated neutrophils, along with RhoA. Transwell migration as-
says showed that knocking down PTEN levels in Jurkat T cells
resulted in impaired chemotaxis. These results allowed the authors
to propose the following function for PTEN in neutrophils, similar
to the function proposed in Dictyostelium (71): localization of
PTEN at the uropod locally inhibits PIP; production at the back of
the cell and thereby confines PIP; production and actin polymer-
ization to the leading edge of the cell and mediates directional
sensing. Hence, disruption of PTEN would lead to uncontrolled
propagation of PIP; at leading edge, causing formation of multiple
pseudopodia, frequent direction changes and loss in directionality.
Subsequently, another report suggested exactly the opposite func-
tion for PTEN. Gao et al. (26) proposed that PTEN actually sup-
presses chemotaxis and thus inhibition of PTEN enhances chemo-
tactic migration. Interestingly, a third report came to a completely
different conclusion from both of these studies. Lacalle et al. (28)
used Jurkat T cells to show that PTEN does not affect chemotaxis,
but only alters migration speed. Using myeloid-specific PTEN KO
mice, we recently demonstrated that PTEN KO neutrophils were
generally more sensitive to chemoattractants than were WT neu-
trophils and only had a subtle defect in directional migration (with
an increase in migration speed). The PTEN KO neutrophils

PTEN AND NEUTROPHIL TRANSENDOTHELIAL MIGRATION

showed a more enhanced Transwell migration compared with WT
neutrophils (30). Consistent with these in vitro results, in the cur-
rent study, we observed a much-enhanced neutrophil emigration
from cremasteric venules in the PTEN KO mice. Collectively,
from our results we can conclude that PTEN does not play a role
in directional sensing, but only regulates threshold for polarization
and sensitivity in response to chemoattractants. It serves as a neg-
ative regulator for neutrophil transendothelial migration.

Although the enhanced transendothelial migration of PTEN null
neutrophils can be simply explained by the increased sensitivity to
chemoattractant and the elevated actin polymerization in response
to extracellular stimuli, other mechanisms might also be respon-
sible for the enhancement. It was previously reported that certain
neutrophil proteases, including elastase and gelatinase, are capable
of rapidly degrading junctional adhesion molecules such as
PECAM-1, junctional adhesion molecules, a3, integrin, ICAM, en-
dothelial cell-selective adhesion molecule, CD99, VE-cadherin,
and collagen and thus facilitate the neutrophil extravasation during
an inflammatory response (61-66). Interestingly, we observed a
significant elevation of chemoattractant-elicited release of neutro-
phil elastase and gelatinase from the PTEN null neutrophils (Fig.
9). Thus, the enhanced neutrophil extravasation in the KO mice
could be partially contributed by the augmented protease-mediated
degradation of components in the junctions. Enhanced transmigra-
tion can also be caused by alteration of neutrophil/endothelial or
neutrophil/basement membrane interaction. However, electron mi-
croscopy examination revealed no obvious differences in the struc-
tures of neutrophil, vascular endothelial bed, basement membrane,
as well as their interactions between the WT and PTEN KO mice
(Fig. 5, and data not shown) (also see supplemental Figs. S3 and
S4),* indicating that the elevated transmigration in the PTEN KO
mice is unlikely caused by the altered neutrophil/endothelial or
neutrophil/basement membrane interaction. Lastly, several groups
have recently reported that selectins can activate neutrophils and
regulate neutrophil migration (72-75). However, our results
showed that PIP;/Akt pathway could not be modulated by E- or
P-selectin, suggesting that PIP; is not a part of selectin-induced
signaling (see supplemental Fig. S5).* This result is consistent with
previous reports that E-selectin elicited 3, integrin activation in
neutrophils is mainly mediated by a MAPK pathway. Engagement
of PSGL-1 by selectin enhances tyrosine phosphorylation and ac-
tivates MAPK in neutrophils (72, 76, 77). In another report, it was
shown that E-selectin binding to PSGL-1 can activate the £, in-
tegrin LFA-1 by signaling through spleen tyrosine kinase Syk.
This signaling is independent of G protein-coupled receptors, and
is mediated by an Src family kinase Fgr and an ITAM-containing
adaptor proteins DAP12 (78). Collectively, published results and
our own results suggest that the enhanced transendothelial migra-
tion of PTEN null neutrophils is unlikely due to the alteration of
selectin-elicited signaling.
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