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Neutrophil AKT2 regulates heterotypic cell-cell
interactions during vascular inflammation
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Interactions between platelets, leukocytes, and activated endothelial cells are important during microvascular
occlusion; however, the regulatory mechanisms of these heterotypic cell-cell interactions remain unclear. Here,
using intravital microscopy to evaluate mice lacking specific isoforms of the serine/threonine kinase AKT and
bone marrow chimeras, we found that hematopoietic cell-associated AKT2 is important for neutrophil adhe-
sion and crawling and neutrophil-platelet interactions on activated endothelial cells during TNF-a-induced
venular inflammation. Studies with an AKT2-specific inhibitor and cells isolated from WT and Akt KO mice
revealed that platelet- and neutrophil-associated AKT2 regulates heterotypic neutrophil-platelet aggregation
under shear conditions. In particular, neutrophil AKT2 was critical for membrane translocation of aMf2
integrin, 32-talinl interaction, and intracellular Ca?* mobilization. We found that the basal phosphorylation
levels of AKT isoforms were markedly increased in neutrophils and platelets isolated from patients with sickle
cell disease (SCD), an inherited hematological disorder associated with vascular inflammation and occlusion.
AKT2 inhibition reduced heterotypic aggregation of neutrophils and platelets isolated from SCD patients and
diminished neutrophil adhesion and neutrophil-platelet aggregation in SCD mice, thereby improving blood
flow rates. Our results provide evidence that neutrophil AKT2 regulates aMf2 integrin function and suggest
that AKT?2 is important for neutrophil recruitment and neutrophil-platelet interactions under thromboin-

flammatory conditions such as SCD.

Introduction

Platelet-leukocyte-endothelial cell interactions can contribute to
vaso-occlusion in thromboinflammatory disease (1, 2). During
venular inflammation, neutrophils roll over the activated endo-
thelium through interaction between selectins and their ligands
(3). Activated neutrophil oLB2 and aMp2 integrins then interact
with adhesion molecules such as intercellular adhesion molecule 1
(ICAM-1) on the activated endothelium, thereby regulating neu-
trophil adhesion and crawling, respectively (4). Importantly,
activated platelets roll over and attach to adherent and crawling
neutrophils during venular inflammation (5). Platelet P-selectin
interacts with neutrophil P-selectin glycoprotein ligand 1 (PSGL-1),
which induces the rolling of platelets over adherent neutrophils
(6). Stable platelet-neutrophil interactions are mediated by the
binding of platelet glycoprotein Iba (GPIba) to neutrophil aMpB2
integrin (7, 8). Conversely, platelets rapidly adhere to the activated
endothelium or subendothelial matrix proteins such as collagen
and von Willebrand factor during thrombus formation at the
site of arterial injury. Adherent platelets then support neutrophil
rolling and adhesion (6). Although neutrophils and platelets pref-
erentially adhere to the activated endothelium under low- and
high-shear conditions, respectively, the receptors and counter-
receptors required for heterotypic cell-cell interactions are simi-
lar under both conditions (9). Despite extensive understanding
of receptor-counter-receptor interactions, it remains unclear how
heterotypic cell-cell interactions are regulated under thromboin-
flammatory conditions.
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AKT is a serine/threonine kinase that participates in essential
cellular processes such as cell survival, proliferation, and metab-
olism (10). Phosphorylation of Thr308 mediated by 3-phospho-
inositide-dependent kinase 1 significantly increases AKT activity,
whereas the maximal activity of AKT requires phosphorylation
of Ser473, which is catalyzed by mammalian target of rapamycin
complex 2 (11). AKT phosphorylates numerous substrates includ-
ing glycogen synthase kinase 3§, nitric oxide synthase, and phos-
phodiesterase 3A (12). Despite 80% homology in protein sequences
of the three known isoforms, studies with AKT isoform-specific
KO mice revealed overlapping but distinct roles during platelet
activation and aggregation (13-15). Interestingly, genomic stud-
ies of 500 healthy European individuals demonstrated that single
nucleotide polymorphisms in the gene encoding AKT2 change
platelet activity (16). In human and mouse neutrophils, only AKT1
and AKT?2 are expressed, and AKT2, but not AKT1, translocates
to the leading edge of neutrophils upon N-formyl-methionyl-leu-
cyl-phenylalanine (EMLF) stimulation and regulates O, production
through NADPH oxidase 2 (NOX2) activity (17). It was reported
that endothelial cell AKT1 — a major isoform of endothelial cell
AKT — is important for leukocyte recruitment during vascular
leakage (18) and that AKT1 plays an important role in vascular
protection against atherogenesis (19). Recent studies have shown
that macrophage AKT3 plays a protective role in atherosclerosis
(20). Therefore, depending on the isoform and tissue localization,
AKT plays an important role in cardiovascular disease.

Here, we have explored the role of AKT during thromboinflam-
matory disease. Fluorescence intravital microscopic studies demon-
strated that hematopoietic cell AKT2 plays a critical role during
neutrophil recruitment and neutrophil-platelet interactions dur-
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Figure 1

AKT2 is required for neutrophil recruitment and neutrophil-platelet interactions on the activated endothelium during TNF-o—induced venular
inflammation. Vascular inflammation was induced by intrascrotal injection of TNF-a into WT and AKT isoform—specific KO mice. Intravital micros-
copy was performed as described in the Methods. Neutrophils and platelets were visualized by infusion of Alexa Fluor 647—conjugated anti-Gr1
and Dylight 488—conjugated anti-CD42c antibodies, respectively. (A) Representative images at various time points after monitoring. Arrows
show direction of blood flow. Scale bar: 10 um. (B) Number of adherent neutrophils. (C) Ratio of crawling/adherent neutrophils (percentage).
(D) Median integrated fluorescence intensities of anti-CD42c antibodies (F platelets) were obtained from 45 to 52 venules, normalized by the
number of adherent neutrophils, and plotted as a function of time. Data represent the mean + SEM (n = 45-52 venules in 6 mice per group).

*P < 0.05 versus WT mice by ANOVA and Dunnett’s test.

ing TNF-a-induced vascular inflammation in live mice. Using in
vitro reconstituted systems, we show that both platelet and neu-
trophil AKT?2 are important for heterotypic cell-cell aggregation
under shear conditions. Interestingly, neutrophil AKT2 regulated
membrane translocation and activation of aMp2 integrin. Studies
of neutrophils and platelets isolated from sickle cell disease (SCD)
patients and Berkeley (SCD) mice suggest that inhibition of AKT2
reduces neutrophil-platelet aggregation on the activated endothe-
lium, thereby increasing the rate of blood flow. Thus, we provide
evidence that AKT2 could be a therapeutic target for the prevention
and treatment of thromboinflammatory disease.

Results

AKT2, but not AKTI1 or AKT3, plays an important role in regulat-
ing neutrophil recruitment and neutrophil-platelet interactions during
TNF-o—induced venular inflammation. To investigate the role of AKT
isoforms during thromboinflammatory disease, we performed
fluorescence intravital microscopic analysis of a mouse model of
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TNF-o-induced cremaster venular inflammation. Neutrophils and
platelets were visualized by infusion of Alexa Fluor 647-conjugated
anti-Grl and Dylight 488-conjugated anti-CD42c antibodies,
respectively. Compared with WT and AktI or Akt3 KO mice, Akt2
KO mice showed significantly reduced adhesion of neutrophils to
the inflamed endothelium (Figure 1, A and B, and Supplemental
Videos 1-4; supplemental material available online with this arti-
cle; doi:10.1172/JCI72305DS1). Neutrophil crawling mediated by
activated aMf2 integrin (4) was also inhibited in the mice lacking
Akt2, but not Akt1 or Akt3 (Figure 1C). Platelets bound mainly to
adherent neutrophils, whereas very few platelets directly adhered
to the inflamed endothelium (Figure 1A). To quantify platelet
thrombi accumulating on adherent neutrophils, the integrated
fluorescence signals of anti-CD42c antibodies were measured
and then normalized with the number of adherent neutrophils.
Notably, neutrophil-platelet interactions on the TNF-a-inflamed
endothelium were abolished in Akt2 KO mice compared with those
observed in WT, Aktl, and Akt3 KO mice (Figure 1D). We detected
Number 4
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Table 1
Analysis of Akt2 KO mouse blood

WBC (10%/ul) NE (10%/ul) LY (108/u)
Wt 82+17 20+05 44511
AKEZKO 8020 17+04 58+13

research article

MO (10%/l) RBC (10%/ul) PLT (10%/ul)
0.2+0.1 8.1+1.1 5321+ 113.7
0.1£0.0 8.5+0.7 602.0 = 80.1

Blood cells from WT and Akt2 KO mice were counted using Hemavet 950 (Drew Scientific). Data represent the mean + SD (n = 10 mice per group). NE,
neutrophils; LY, lymphocytes; MO, monocytes; PLT, platelets; RBC, red blood cells.

no fluorescence signal by control IgG (data not shown). When we
measured the rate of blood flow by infusion of fluorescent micro-
spheres into mice (21), Ak2, but not AktI or Akt3, KO mice showed
significant improvement in blood flow compared with that in
WT mice (820 + 190 vs. 500 + 85 x 10-% ul/s; mean = SD, P < 0.05).
Although a previous report showed that Akt2 KO mice have leuko-
cytosis (17), the number of circulating blood cells was not different
between WT and Akt2 KO mice (Table 1). These results indicate
that AKT?2 plays a critical role during neutrophil recruitment and
neutrophil-platelet interactions on the activated endothelium dur-
ing TNF-o-induced venular inflammation.

Hematopoietic cell AKT2 is important for neutrophil recruitment and
neutrophil-platelet interactions during venular inflammation. Since
AKT2 is expressed in both blood and endothelial cells, we further
dissected the role of hematopoietic and endothelial cell AKT2 in
neutrophil recruitment and heterotypic
cell-cell interactions using chimeric mice

and platelets pretreated with AKTi XII with fMLF and thrombin,
respectively, followed by immunoprecipitation of lysates with
antibodies against phosphorylated AKT-Ser473 (p-AKT-Ser473).
Immunoblotting showed that phosphorylation of all AKT
isoforms markedly increased upon agonist stimulation and that
treatment with S to 15 uM of AKTi XII significantly inhibited
phosphorylation of AKT2, but not AKT1 or AKT3, in stimulated
human neutrophils and platelets (Figure 3, A and B). Similar
results were also obtained in mouse neutrophils and platelets
(Supplemental Figure 1, A and B). In contrast, AKTi X, a structutr-
ally unrelated pan-AKT inhibitor (30 uM), abrogated phosphory-
lation of all AKT isoforms in stimulated human neutrophils and
platelets (Supplemental Figure 2, A and B). These results suggest
that AKTi XII selectively inhibits AKT2 activity in human and
mouse neutrophils and platelets.
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Both neutrophil and platelet AKT2 regulate 0 et
neutrophil-platelet aggregation under venous 0 30 6I0 9'0 150
shear. It was reported that AKT inhibitor Time (s)
XII (AKTi XII) is a specific AKT2 inhibi-
tor (ICso= 800 nM) with high selectivicy ~Figure 2

over AKT1/AKT3 (ICso >10 uM) and other
kinases (protein kinases A, C, and G; ICso
>100 uM) in in vitro kinase assays (22). To
determine the specific inhibitory effect of
AKTi XII on AKT2 activity in cell-based
assays, we activated human neutrophils
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Hematopoietic cell AKT2 is important for neutrophil recruitment and neutrophil-platelet inter-
actions on the TNF-o—inflamed endothelium. Chimeric mice were generated by bone marrow
transplantations in WT and Akt2 KO mice and used for intravital microscopy as described in
Figure 1. (A) Number of adherent neutrophils. (B) Ratio of crawling/adherent neutrophils (per-
centage). (C) Median integrated fluorescence intensities of anti-CD42c antibodies (F platelets)
were measured. Data represent the mean + SEM (n = 60-64 venules in 8 mice per group).
**P < 0.01 versus WT control mice by ANOVA and Dunnett’s test.
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Figure 3

Neutrophil and platelet AKT2 regulate heterotypic neutrophil-platelet
aggregation under shear conditions. Human neutrophils (A) and plate-
lets (B) were pretreated with 5 to 15 uM AKTi XIl and stimulated with
fMLF and thrombin, respectively. Lysates were immunoprecipitated
with antibodies against p-AKT-Ser473, followed by immunoblotting.
The band density of AKTi Xll-treated groups was normalized to that
of a control group (mean + SD, n = 3). *P < 0.05 and **P < 0.01 ver-
sus control by ANOVA and Dunnett’s test. (C—F) Human neutrophils
and platelets were incubated with 5 uM AKTi XII and labeled with
FITC-conjugated anti—L-selectin and APC-conjugated anti-CD41a
antibodies, respectively. Thrombin-activated platelets were mixed with
neutrophils under a stirring condition (1,000 rpm). Cells were analyzed
by flow cytometry. R1, leukocyte-platelet aggregates; R2, neutrophils;
and R3, number of cell aggregates in the R1 gate. Neutrophil-platelet
aggregation was measured by cell-cell aggregation (R3, E) and the
fluorescence signal of anti-CD41a antibodies (F) in the R1 gate. Data
represent the mean + SD (n = 5). **P < 0.01 and ***P < 0.001 versus
control by ANOVA and Dunnett’s test, and #P < 0.05 by Student’s t test.
(D) Neutrophils and platelets were labeled with calcein red and cal-
cein AM, respectively. After mixing both cells under a stirring condition,
fluorescence microscopy was performed as described in the Methods.
DAPI: blue. Scale bar: 10 um. (G) Heterotypic aggregation assay was
performed as described above using neutrophils and platelets isolated
from WT and KO mice. Data represent the mean + SD (n = 4).#*P < 0.05
between groups by ANOVA.

Previous studies revealed that when analyzed by electron micros-
copy and flow cytometry (23, 24), neutrophils interact with plate-
lets under stirring conditions (700-1,000 rpm), mimicking venous
shear conditions. Using flow cytometric analysis, we sought to
determine the role of neutrophil and platelet AKT2 in heterotypic
neutrophil-platelet interactions. We incubated human platelets
and neutrophils with APC-labeled anti-CD41a and FITC-labeled
anti-L-selectin antibodies, respectively. Platelets were activated by
a 2-minute incubation with 0.25 U/ml thrombin and then mixed
with neutrophils under a stirring condition (1,000 rpm). We
observed that a new cell population (R1 gating) appeared above
a polymorphonuclear cell population (R2 gating) (Figure 3C). In
the R1 gate, most cells were aggregated (Figure 3C; middle panel,
R3) and were positive for both L-selectin and CD41a (Figure 3C;
bottom left panel). In contrast, we found that only 26% of the cells
were CD41a positive in the R2 gate. Furthermore, fluorescence
microscopy with total cell aggregates showed the mixture of homo-
typic and heterotypic neutrophil-platelet aggregates (Figure 3D).
Pretreatment of either neutrophils or platelets with 5 uM AKTi
XlI significantly reduced the number of neutrophil-platelet aggre-
gates (Figure 3E) and the fluorescence signal of the anti-CD41a
antibody in the R1 gate (Figure 3F). When we pretreated both cells
with 5 uM AKTi XII, heterotypic aggregation was further dimin-
ished. AKTi X at 30 uM also showed similar inhibitory effects
(Supplemental Figure 2C). These results indicate that both plate-
let and neutrophil AKT2 contribute to the regulation of hetero-
typic neutrophil-platelet aggregation under shear.

We further examined heterotypic aggregation of platelets and
neutrophils isolated from WT and Akt KO mice. We incubated
mouse platelets and neutrophils with Dylight 488-labeled anti-
CD42c and Alexa Fluor 647-labeled anti-Gr1 antibodies, respec-
tively. As quantified by the number of neutrophil-platelet aggre-
gates (Figure 3G) and the fluorescence signal of the anti-CD42c
antibody (data not shown), we observed moderate inhibition by
incubation of WT or Aktl KO neutrophils with AKT isoform-
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specific KO platelets compared with that seen in WT platelets.
Akt2 KO neutrophils, compared with WT or Akt1 KO neutrophils,
showed further diminished heterotypic aggregation with WT or
Akt KO platelets (Figure 3G, *P < 0.05). These results buttress our
conclusion regarding human cells that both neutrophil and plate-
let AKT?2 are important for heterotypic cell-cell aggregation.

Neutrophil AKT2 regulates oMP2 integrin—mediated neutrophil-plate-
let interactions during venular inflammation. Previous studies showed
that neutrophil aM2 integrin plays an important role during
neutrophil recruitment and heterotypic neutrophil-platelet inter-
actions on the activated endothelium (4, 5). We confirmed that
aMpP2-null mice exhibit significant defects in neutrophil crawling
and neutrophil-platelet interactions, but not in neutrophil adhe-
sion to the activated endothelium during TNF-a-induced venular
inflammation (Figure 4, A-D). Further, the blood flow rate signifi-
cantly increased during venular inflammation in aMp2-null mice
compared with that in WT mice (780 + 120 vs. 560 + 80 x 10- ul/s;
mean * SD, P < 0.05). Consistent with this result, we found that
inhibition or gene deletion of aM, but not oL, perturbed neu-
trophil-platelet aggregation and that heterotypic aggregation was
further inhibited by up to 80% when aMf2-null neutrophils were
incubated with activated platelets treated with blocking anti-
P-selectin antibodies (Supplemental Figure 3), supporting pre-
vious reports (9, 25) that neutrophil aMf2 integrin and platelet
P-selectin are key molecules in neutrophil-platelet interactions.

Although both oM and Akz2 KO mice showed markedly reduced
neutrophil-platelet interactions during venular inflammation,
deletion of AKT2, but not the aM integrin subunit, significantly
inhibited neutrophil adhesion to the inflamed endothelium
(Figure 1B and Figure 4B). Thus, we further tested the effect of
an anti-oMp2 antibody and AKTi XII in Akt2 KO and aMf2-null
mice, respectively. When we treated Akt2 KO mice with a blocking
anti-oM antibody (2 ug/g BW), no further effect was observed on
neutrophil adhesion and neutrophil-platelet interactions on the
TNF-o-inflamed endothelium (Figure 4, E and F). In contrast,
infusion of 10 to 30 ug/g BW AKTi XII into aMf2-null mice
resulted in reduced neutrophil adhesion to the inflamed endo-
thelium (Figure 4G). However, neutrophil-platelet interactions
were not affected (Figure 4H). These results suggest that in addi-
tion to regulation of aMf2 integrin function, AKT?2 is likely to
affect the function of other adhesion receptors of neutrophils,
such as aLB2 integrin. In control experiments, AKTi XII at 10 to
30 ug/g BW dose-dependently inhibited adhesion and crawling of
neutrophils and neutrophil-platelet interactions on the TNF-a-
inflamed endothelium in WT mice (Supplemental Figure 4, A-C).
Moreover, using platelets and neutrophils isolated from WT mice
treated with 10 to 30 ug/g BW AKTi XII, we demonstrated that
AKTi XII specifically blocks phosphorylation of AKT2, but not
AKT1 or AKT3 (Supplemental Figure 4, D and E).

AKT? is critical for membrane translocation of aMpP2 integrin dur-
ing neutrophil activation. Since P-selectin-PSGL-1 and GPIba-
oMf2 integrin are crucial receptors-counter-receptors for
neutrophil-platelet aggregation (8, 9), we determined whether
the surface expression of those receptors is affected by gene
deletion of AKT. In agreement with previous reports (13, 14),
thrombin-activated Aktl and Akt2 KO platelets exhibited par-
tially reduced P-selectin exposure without affecting the pro-
tein expression (Figure 5, A and B). We obtained similar results
with activated Akt3 KO platelets. Consistently, pretreatment
of human platelets with 5 uM AKTi XII resulted in decreased
Volume 124~ Number 4
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AKT2 regulates aMp2 integrin—mediated neutrophil recruitment and heterotypic neutrophil-platelet interactions during TNF-a—induced venular
inflammation. (A-D) Intravital microscopy of WT and aMp2-null mice was performed as described in Figure 1. (A) Representative images at
various time points after monitoring. Arrows show direction of blood flow. Scale bar: 10 um. (B) Number of adherent neutrophils. (C) Ratio of
crawling/adherent neutrophils (percentage). (D) Median integrated fluorescence intensities of anti-CD42c antibodies (F platelets). Data represent
the mean + SEM (n = 38-40 venules in 5 mice per group). **P < 0.01 versus WT mice by Student’s t test. (E-H) Akt2 KO (E and F) or aMp2-null
mice (G and H) were treated with a blocking anti-aM antibody (2 ug/g BW) or AKTi XII (10-30 ug/g BW), respectively, 3 hours after intrascrotal
injection of TNF-o.. The number of adherent neutrophils (E and G) and the integrated fluorescence intensities of anti-CD42c antibodies (F and H)

were measured. Data represent the mean + SEM (n = 35-38 venules in
ANOVA and Dunnett’s test.

P-selectin exposure upon thrombin stimulation (Figure 5C).
However, WT and Akt KO neutrophils expressed similar lev-
els of PSGL-1, with its partial shedding following fMLF stim-
ulation (Figure SD) (26). Since only Akt2 KO mice showed a
remarkable defect in neutrophil-platelet interactions during
venular inflammation (Figure 1), the moderate reduction in
P-selectin exposure on AKT isoform-specific KO platelets could
not explain our in vivo results. Thus, we further examined the
surface expression of GPIba and aMp2 integrin. WT and Akt
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4 mice per group). **P < 0.01 and ***P < 0.001 versus vehicle control by

KO platelets expressed similar levels of GPIba (Figure SE). It is
known that the surface expression of aMf2 integrin increases
by granular secretion during neutrophil activation (27). Inter-
estingly, we found that the surface expression of aMp2, but not
aLP2, integrin is significantly reduced in Akt2, but not Aktl, KO
neutrophils upon fMLF stimulation (Figure 5F). We observed
that the expression of aM, 2, and actin was similar between WT
and Akt KO neutrophils (Figure 5G). Consistently, pretreatment
with S uM AKTi XII diminished binding of antibodies against
Number 4
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Effect of deletion and inhibition of AKT on the expression of platelet and neutrophil surface molecules. (A and C) Flow cytometric analysis was performed
to determine P-selectin exposure on WT and Akt KO platelets or on human platelets treated with 5 uM AKTi XII following thrombin (thr) stimulation as
described in the Methods. *P < 0.05 and **P < 0.01 versus WT or vehicle control by ANOVA and Dunnett’s test (A) or Student’s t test (C). (B) Represen-
tative blot of P-selectin expression in lysates of WT and Akt KO platelets. (D) WT and Akt KO neutrophils were treated with or without fMLF and analyzed
by flow cytometry using anti-PSGL-1 antibodies. (E) GPIba expression was analyzed by flow cytometry using WT and Akt KO platelets treated with or
without thrombin. (F) Surface expression of aMp2 and alLf32 integrins on unstimulated and fMLF-stimulated WT and Akt KO neutrophils. *P < 0.05 and
**P < 0.01 versus unstimulated cells by Student’s t test. (G) Representative blot of aM, $2, and actin in lysates of WT and Akt KO neutrophils. (H) Human
neutrophils pretreated with 5 uM AKTi XIl were stimulated with fMLF. Flow cytometric analysis was performed using antibodies against total (ICRF44)
and activated aMp2 (CBRM1/5). *P < 0.05 versus vehicle by Student’s ¢ test. All data were obtained from four independent experiments (mean + SD).
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Figure 6

AKT2 regulates p2-talin1 interaction and intracellular Ca2+ mobilization during neutrophil activation. (A and B) Human neutrophils treated with
5 to 15 uM AKTi XII or neutrophils isolated from WT and Akt KO mice were incubated with or without fMLF for 1 minute. Lysates were immuno-

precipitated with antibodies against $2 and immunoblotted. (C—F) Neu

trophils isolated from WT and Akt KO mice or human neutrophils treated

with 5 to 15 uM AKTi XII were preincubated with a Ca2* dye and then treated with or without fMLF or thapsigargin in the absence of extracellular
Ca?*. Intracellular Ca?* mobilization was measured and quantified by AUC (x 105 arbitrary units). All data were obtained from four independent

experiments and represent the mean + SD. *P < 0.05 and ***P < 0.001
nett’s test. RFU, relative fluorescence units.

total (ICRF44) or activated (CBRM1/5) human aMp2 integrin
to fMLF-stimulated human neutrophils (Figure SH). These
results suggest that AKT2 regulates membrane translocation of
aMp2 integrin during neutrophil activation.

AKT2 regulates B2-talin1 interaction and intracellular Ca?* mobilization
during neutrophil activation. Although the reduced surface expres-
sion of aMp2 integrin will affect CBRM1/5 binding to human
neutrophils (Figure SH), we could not rule out the possibility that
AKT2 modulates integrin activation through inside-out signaling.
Binding of talin to the cytoplasmic tail of the B integrin subunit
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versus WT or vehicle control by Student’s t test (B) or ANOVA and Dun-

is essential for inside-out signaling-mediated integrin activation
(28). Thus, we investigated whether AKT2 regulates the 2-talinl
interaction following agonist stimulation. Lysates of unstimu-
lated and fMLF-stimulated human and mouse neutrophils were
coimmunoprecipitated with anti-f2 antibodies, followed by
immunoblotting with anti-talinl antibodies. We found that the
B2-talinl interaction increased upon fMLF stimulation and that
the increased interaction was significantly inhibited by pretreat-
mentwith 5 to 15 uM AKTi XII (Figure 6A). Further, Akt2 KO neu-
trophils, compared with WT and AktI KO neutrophils, showed a
Volume 124
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Figure 7

AKT2 regulates in vitro heterotypic aggregation of neutrophils and platelets isolated from SCD patients. Neutrophils (A) and platelets (B) of
SCD patients were pretreated with or without 5 uM AKTi XII or 30 uM AKTi X and then stimulated with fMLF and thrombin, respectively. Lysates
were immunoprecipitated with antibodies against p-AKT-Ser473 and immunoblotted. Band density represents the mean + SD (n = 6 patients per
group). *P < 0.05, **P < 0.01, and ***P < 0.001 versus unstimulated healthy donor by ANOVA and Dunnett’s test. (C) Neutrophils and platelets
from patients were pretreated with 5 uM AKTi Xl or 30 uM AKTi X and used for the in vitro aggregation assay described in Figure 3. Heterotypic
aggregation was quantified by cell-cell aggregation. Data represent the mean + SD (n = 8 patients). **P < 0.01 and ***P < 0.001 versus vehicle

control by ANOVA and Dunnett’s test, and #P < 0.05 by ANOVA.

significant reduction in the B2-talinl interaction (Figure 6B).
These results indicate that in addition to the quantitative regula-
tion of aMp2 integrin, neutrophil AKT?2 is critical for inside-out
signaling-mediated activation of 2 integrins.

Previous studies have suggested that AKT could regulate Ca?*
signaling in cardiomyocytes (29). Since Ca?" is a critical second
messenger for numerous cellular functions including exocyto-
sis and integrin function, we studied whether AKT2 regulates
intracellular Ca?* mobilization during neutrophil activation.
Compared with WT neutrophils, Akt2 KO neutrophils signifi-
cantly inhibited intracellular Ca?* mobilization, whereas Aktl KO
neutrophils showed a minimal defect (Figure 6C). However, gene
deletion of AKT?2 did not affect persistent intracellular Ca?* pool
depletion induced by thapsigargin, an inhibitor of endoplasmic
reticulum Ca?*-ATPase (Figure 6D). Further, we obtained similar
results by treating human neutrophils with 5 to 15 uM AKTi XII
(Figure 6, E and F). Thus, these results indicate that AKT2 plays an
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important role in regulating intracellular Ca?* mobilization with-
out affecting the amount of intracellular Ca?*.

AKT2 regulates in vitro heterotypic aggregation of neutrophils and plate-
lets of SCD patients as well as neutrophil adhesion and neutrophil-plate-
let interactions in venules of SCD mice. Heterotypic platelet-leu-
kocyte-sickle red cell interactions occurring on the activated
endothelium can induce vaso-occlusion in SCD patients, causing
pain crisis and organ failure (30). Since our results have shown
that AKT2 regulates heterotypic cell-cell interactions during venu-
lar inflammation, we investigated whether AKT activity is changed
in the platelets and neutrophils of homozygous SCD patients.
Intriguingly, the basal phosphorylation level of AKT isoforms
was enhanced by approximately 2- to 3-fold in lysates of neu-
trophils and platelets from patients (Figure 7, A and B). However,
we observed no difference in AKT phosphorylation levels between
healthy donors’ and patients’ cells following agonist stimulation.
Pretreatment of patients’ neutrophils and platelets with 5 uM
Number 4 1491

Volume 124 April 2014



research article

A B Bright-field Merged

c Vehicle AKTi XII (uglg BW)

60
50
)
E 40
2
e 20
10
[&]
g 0
3 Vehicle 10 30
Q AKTi XII (ug/g BW)
3 E
& 12 ¢
5 2 1
p s 9 *
= <
5
2 6 r
|5
E 3 i dkk
©
- |
O “Vehicle 10 30
AKTI XII (ug/g BW)
F G
3 © 1200 - i
=
< Vehicle S 1000 ]
=i} &
2 % 800 -
o
2 T 600 -
s 3 400 A
5 2
a B 200 -
10 ug/g BW .
0 - . 1 . “*430 ug/g BW Vehicle 10 30
0 | 60 120 AKTi XII (ug/g BW)
Time (s)

Figure 8

AKTi Xl dose-dependently inhibits heterotypic cell-cell interactions in venules of Berkeley mice. (A) Smears of Berkeley mouse blood were observed
under a microscope (n = 4). Arrows show sickle red cells. Scale bar: 10 um. (B—E) Berkeley mice were treated with vehicle or 10 or 30 ug/g BW AKTi
XIl, and intravital microscopy was performed without intrascrotal injection of TNF-a, as described in the Methods. (B) Sickle red cells attached to
adherent neutrophils (Gri-positive, red) and other leukocytes (Gri-negative) in Berkeley mice. Green indicates platelet(s). (C) Representative images
at various time points after monitoring. Arrows show direction of blood flow. Scale bar: 10 um. Number of rolling (D) and adherent neutrophils (E).
(F) Median fluorescence intensities of anti-CD42c antibodies (F platelets). (G) Blood flow rates were measured as described in the Methods. Data
represent the mean + SEM (n = 48-52 venules in 6 mice). *P < 0.05, **P < 0.01, and ***P < 0.001 versus vehicle control by ANOVA and Dunnett’s test.

AKTi XII reduced phosphorylation of only AKT2 to the basallevel ~ with 5 uM AKTi XII or 30 uM AKTi X, we found that neutrophil-
of healthy donors’ cells, whereas pretreatment with 30 uM AKTi X  platelet aggregation was inhibited by 45% compared with that
abolished phosphorylation of all AKT isoforms (Figure 7, Aand B).  observed in controls (Figure 7C). Treatment of both cell types
When either neutrophils or platelets of patients were pretreated  with the inhibitors further reduced neutrophil-platelet aggrega-
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tion by 70% compared with controls, suggesting that AKT2 could
be a dominant AKT isoform controlling heterotypic aggregation
of neutrophils and platelets in SCD patients.

To examine whether inhibition of AKT?2 alleviates neutrophil
adhesion and neutrophil-platelet interactions on the venular
endothelium in SCD, we performed intravital microscopy studies
of Berkeley mice. Consistent with a previous report (31), 20%-30%
of sickle cells were observed in smears of Berkeley mouse blood
(Figure 8A). Further, we visualized adherent sickle red cells on
adherent neutrophils and other leukocytes, some of which inter-
acted with platelet(s) (Figure 8B). When we treated the mice with
10-30 ug/g BW AKTi XII, the number of rolling neutrophils
was increased, whereas neutrophil adhesion was inhibited dose
dependently (Figure 8, C-E). Neutrophil-platelet interactions on
the endothelium were abolished even at 10 ng/g BW of AKTi XII
(Figure 8F), a dose at which neutrophil adhesion was partially
reduced but still retained (Figure 8E). Treatment of Berkeley mice
with AKTi XII dose-dependently increased the rate of blood flow
compared with that in vehicle controls (Figure 8G). We further
investigated whether AKTi XII inhibits cell-cell aggregation in
Berkeley mice under inflammatory conditions. Three hours after
i.p. injection of TNF-atinto Berkeley mice, we exposed the cremas-
ter muscle, and 10 or 30 ug/g BW AKTi XII was infused into the
mice. Treatment with AKTi XII dose-dependently increased the
rolling influx of neutrophils and decreased the number of adher-
ent neutrophils in the venules of TNF-a-challenged Berkeley mice
(Supplemental Figure 5, A and B). Further, we found that neu-
trophil-platelet aggregation was markedly reduced after treatment
with AKTi XII, even at a dose of 10 ug/g BW (Supplemental Figure
5C). Thus, our results provide important evidence that inhibition
of AKT?2 could protect heterotypic cell-cell aggregations in SCD
under inflammatory conditions.

Discussion

Interaction of activated platelets and leukocytes on the activated
vascular endothelium has been recognized as a critical determi-
nant of thromboinflammatory disease (1, 2). In the present study,
we have demonstrated that AKT2 plays a critical role in regulat-
ing stable adhesion and crawling of neutrophils and heterotypic
neutrophil-platelet interactions during TNF-a-induced venular
inflammation. Such regulatory effects resulted from controlling
the surface expression of aMf2 integrin, $2-talinl interaction,
and intracellular Ca?* mobilization during neutrophil activation.
Furthermore, inhibition of AKT2 markedly reduced neutrophil
adhesion and neutrophil-platelet aggregation in the venules of
Berkeley mice, thereby increasing blood flow. Thus, our results
suggest that AKT2 could be a novel therapeutic target for the pre-
vention and treatment of thromboinflammatory disease.

In addition to its localization on the plasma membrane, aMp2
integrin is stored in three different secretory granules of unstim-
ulated neutrophils: — specific (secondary) and tertiary granules
and secretory vesicles — and translocates to the plasma membrane
upon agonist stimulation (32). Previous studies showed that
release of B-glucuronidase from azurophilic (primary) granules
is substantially inhibited in Akt2 KO neutrophils following fMLF
stimulation (17). Further, Nanamori et al. reported that protein
kinase G and phosphatidylinositol-3-kinase regulate granular
exocytosis in rat mast cells, probably through phosphorylation
of soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (33). Using an AKT2-specific inhibitor, AKTi XII, and Akt
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KO neutrophils, we found that neutrophil AKT2, but not AKT1, is
critical for membrane translocation of aMP2 integrin upon fMLF
stimulation. Although it remains to be determined how AKT2
modulates granular exocytosis during cell activation, these results
indicate that AKT?2 is a key regulator of exocytosis of all neutrophil
granules. The functional disparity between AKT1 and AKT2 could
be due to their different subcellular localization following agonist
stimulation; AKT2 rapidly localizes to the leading edge, whereas
AKT1 remains in cytoplasmic regions (17, 34).

Heterotypic leukocyte-platelet interactions are initiated by
binding of platelet P-selectin to leukocyte PSGL-1 (25). P-selectin-
PSGL-1 interaction subsequently induces another interaction
between GPIba and activated aMf2 integrin, thereby result-
ing in stable leukocyte-platelet attachment (8). Although neu-
trophil-platelet aggregation under venous shear was moderately
reduced by AKT isoform-specific KO platelets, probably due to the
reduced P-selectin exposure (Figure SA), our intravital microscopic
analysis clearly demonstrated that only AKT2 plays a critical role
during neutrophil recruitment and neutrophil-platelet inter-
actions on the inflamed endothelium, thereby regulating blood
flow. Thus, our results suggest that partial inhibition of P-selectin
alone do not inhibit heterotypic neutrophil-platelet interactions
and vaso-occlusion during vascular inflammation and that the
abolished neutrophil-platelet interactions in Akt2 KO mice result
from inhibition of neutrophil aMf2 integrin function combined
with decreased P-selectin exposure. It was thought that platelet
olIbB3 integrin may be important for the interaction with neu-
trophil aMf2 integrin through fibrinogen (9). However, consis-
tent with previous reports (35, 36), we found that integrilin, an
alIbP3 integrin antagonist, slightly potentiates neutrophil-plate-
let aggregations under shear (Supplemental Figure 3). More
recently, Kleinschnitz and colleagues reported that F(ab’)2 frag-
ments against alIbp3 integrin have no inhibitory effect on stroke
size, but increase the incidence of intracerebral hemorrhage after
transient middle cerebral artery occlusion in mice (37). Moreover,
clinical studies in patients with ischemic stroke demonstrated that
inhibition of alIbf3 integrin with abciximab or tirofiban results
in fatal intracerebral hemorrhage (38, 39).

We found that unlike aMfB2-null mice, Ak#2 KO mice showed a
significant defect in neutrophil adhesion, suggesting that AKT2
may regulate the function of other adhesion receptors such as
oLpB2 integrin. This speculation is supported by our findings
that AKT2 is a critical regulator of $2-talinl interaction and
intracellular Ca?* mobilization, which control the activation and
function of B2 integrins. Conformational change and clustering
of aMp2 integrin have been postulated as key mechanisms regu-
lating its ligand-binding activity and adhesiveness (40, 41). Moser
etal. reported that gene deletion of kindlin-3 in mouse leukocytes
results in functional defects in 2 integrin-dependent leukocyte
adhesion, thereby causing a leukocyte adhesion deficiency type
III-like phenotype (42). Interaction of the 2 cytoplasmic tail
with talinl is believed to be a final step in integrin activation
and controls the ligand-binding activity of the integrin (28, 43).
We observed that inhibition and gene deletion of AKT2 signifi-
cantly inhibit 2-talinl interaction. Although further studies are
required to elucidate how AKT2 regulates binding of talin1 to the
B2 cytoplasmic tail, our results demonstrate that AKT2 is required
for B2 integrin activation following agonist stimulation. Previous
studies showed that AKT plays a positive or negative role in Ca?*
signaling. AKT is important for the function of the L-type Ca?*
Volume 124~ Number 4
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channel in cardiac myocytes of type 2 diabetic mice (29), whereas
overexpression of constitutively active AKT1 in HeLa cells reduces
Ca?* release from the endoplasmic reticulum following agonist
stimulation (44). Our studies with AKTi XII and Akz2 KO neu-
trophils revealed that AKT2 positively regulates Ca?* mobilization
during neutrophil activation. Since the function of key players
in Ca?* signaling, including inositol 1,4,5-triphosphate receptor,
could be modulated by protein phosphorylation (45), AKT2 may
phosphorylate serine/threonine residues on those molecules,
thereby regulating their function during neutrophil activation.

Recurrent vascular occlusion is known to increase morbidity and
mortality in SCD patients due to organ damage, vascular inflam-
mation, and cerebrovascular injury (30). Vaso-occlusion induced
by sickle red cell-leukocyte-platelet-endothelial cell heterotypic
aggregation was abrogated by treatment with a selectin inhibitor
in Berkeley mice (46). We found that AKT phosphorylation was
significantly elevated in unstimulated neutrophils and platelets
of SCD patients and that inhibition of AKT2 blocked heterotypic
neutrophil-platelet aggregation (Figure 7, A-C). We also observed
that neutrophils and platelets of SCD patients showed increased
aMp2 integrin activation and P-selectin exposure, respectively,
in the absence of an agonist compared with cells from healthy
donors, suggesting that patients’ blood cells are partially activated
(Supplemental Figure 6). Interestingly, compared with Akt2 KO
mice during TNF-a-induced venular inflammation, treatment
of Berkeley mice with 30 ug/g BW AKTi XII inhibited neutrophil
adhesion to the activated endothelium by greater than 80%. These
results could be derived from the relatively weak inflammatory
conditions in Berkeley mice, since the number of rolling neu-
trophils was greater in these mice (19.1 + 2.4 cells/min) than in
WT mice intrascrotally injected with TNF-a (0.3 + 0.1 cells/min).
Indeed, the rolling influx of neutrophils was markedly decreased
when Berkeley mice were challenged by i.p. injection of TNF-a.
(1.9 £ 0.4 neutrophils/min), indicating that the Berkeley mice
were not under strong inflammatory conditions. It should be
noted that neutrophil adhesion was still retained after treatment
with 10 ug/g BW AKTi XII, a dose at which neutrophil-platelet
interactions were abolished and blood flow rates were signifi-
cantly improved (Figure 8). These results show that in addition
to adherent neutrophils, neutrophil-platelet interactions could
play an important role during microvascular occlusion in SCD.
Further, our results provide important evidence that inhibition of
AKT?2 may be effective in the treatment of vaso-occlusion in SCD
patients under inflammatory conditions.

It was reported that Akt2 gene deletion causes hyperinsulinemia
and diabetes mellitus-like syndrome, since it is highly expressed
in insulin-responsive tissues (47). Interestingly, diabetes induced
by deletion of Akt2 could be reversed by leptin therapy, whereby
leptin was restored in Akz2 KO mice (48). Although we did not
see any change in blood glucose and serum insulin levels after
a one-time injection of AKTi XII at a dose of 10 to 30 ug/g BW
(data not shown), future studies, such as those involving long-
term treatment with high concentrations of AKTi XII, are
required to assess the potential side effects of targeting AKT2.
Additionally, we cannot rule out the possibility that additional
signaling pathways independent of AKT2 could be involved in
regulating cellular functions during deletion and inhibition of
AKT?2. Taken together, our studies indicate that neutrophil AKT2
regulates membrane translocation and activation of aMf32 integ-
rin, thereby playing an important role in neutrophil recruitment
1494
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and neutrophil-platelet interactions under thromboinflamma-
tory conditions. Since previous studies demonstrated that leuko-
cyte-platelet interactions increase in patients experiencing clinical
events including restenosis, myocardial infarction, and unsta-
ble angina after coronary angioplasty (49), our results provide
important genetic and pharmacologic evidence that AKT2 may
be a novel therapeutic target for the prevention and treatment of
thromboinflammatory disease.

Methods
Mice. Six- to 8-week-old WT (C57BL/6), aM (Itgam) KO, oL (Itgal) KO,
and Berkeley mice were purchased from The Jackson Laboratory. AktI,
Akt2, Akt3, and GPIba (Gplba) KO mice on a C57BL/6 background were
described previously (48, 50-52). Age-matched (6- to 10-week-old) male
mice were used in our studies.

Bone marrow transplantation, flow cytometric analysis, immunoprecipitation,
and calciwm mobilization. Detailed methods are described in the Supple-
mental Methods.

Isolation of human and mouse neutrophils and platelets. Neutrophils in human
blood and mouse bone marrow were isolated as described previously (40).
The isolation of human and mouse platelets and SCD patient informa-
tion are described in the Supplemental Methods. Human and mouse neu-
trophils were stimulated for 10 minutes at 37°C with 0.5 and 10 uM fMLF,
respectively, unless otherwise stated.

In vitro neutrophil-platelet aggregation. Human platelets and/or neu-
trophils were incubated with AKT inhibitors for 45 minutes at 37°C and
washed, followed by labeling with APC-conjugated anti-human CD41a
and FITC-conjugated anti-L-selectin antibodies, respectively. Platelets
were treated with 0.25 U/ml thrombin at room temperature for 2 min-
utes and then incubated with 50 uM D-phenylalanyl-L-prolyl-L-argin-
ine chloromethyl ketone (PPACK). Activated platelets were mixed with
neutrophils under a stirring condition of 1,000 rpm in an aggregometer
(Chrono-log). After a 5S-minute incubation, cells were fixed with 1% PFA,
and samples were analyzed by flow cytometry. In some experiments, mouse
platelets and neutrophils were labeled with Dylight 488-conjugated anti-
mouse CD42c¢ and Alexa Fluor 647-conjugated anti-Grl antibodies,
respectively. Platelets were activated and then mixed with neutrophils
under a stirring condition as described above, followed by flow cytomet-
ric analysis. To visualize neutrophil-platelet aggregation by fluorescence
microscopy, neutrophils and platelets were labeled with 5 pug/ml calcein
red and calcein AM, respectively, for 15 minutes at 37°C. After washing,
heterotypic aggregation was performed as described above. Cell aggregates
were fixed and attached to a glass slide by cytospin centrifugation for
5 minutes. Slides were mounted with media containing DAPI (Vector labo-
ratories), and fluorescence images were captured with a Nikon microscope
(ECLIPSE Ti) equipped with a Plan Fluor x100/1.30NA oil objective lens
and recorded with a digital camera (CoolSNAP ES2). The data were ana-
lyzed using NIS-Elements (AR 3.2; Nikon).

Fluorescence intravital microscopy in vivo. Six- to 10-week-old male mice were
used for fluorescence intravital microscopy as described previously (40, 53).
In some experiments,14- to 16-week-old bone marrow chimera were used.
WT and KO mice were intrascrotally injected with murine TNF-a (0.5 ug).
Three hours after TNF-a injection, the mouse was anesthetized by i.p.
injection of ketamine and xylazine, and the cremaster muscle was exte-
riorized. Neutrophils and platelets were monitored by labeling of Alexa
Fluor 647-conjugated anti-Gr1 (0.05 ug/g BW) and Dylight 488-conju-
gated anti-CD42c antibodies (0.1 ug/g BW) through a jugular vein cannula.
In some experiments, Berkeley mice were treated with or without i.p. injec-
tion of TNF-at (0.5 ug). For nontreated Berkeley mice, AKTi XII was infused
through a jugular cannulus 5 minutes prior to infusion of anti-Grl and
Volume 124
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anti-CD42c antibodies. For TNF-a-challenged Berkeley mice, AKTi XII
and anti-Gr1 and anti-CD42c antibodies were infused 3 hours after TNF-a
injection. Fluorescence and bright-field images were recorded using an
Olympus BX61W microscope with a 60x 1.0 NA water immersion objective
and a Hamamatsu C9300 high-speed camera through an intensifier (Video
Scope International), and data were analyzed using Slidebook, version 5.5
(Intelligent Imaging Innovations). Real-time images were obtained in the
top half of the inflamed cremaster venules with a diameter of 25-40 um,
since smaller venules were often occluded before or during imaging. The
rolling influx of neutrophils (rolling cells/minute) and the percentage of
crawling neutrophils were determined over a S-minute period in a 0.02-mm?
area. Neutrophils with a displacement of greater than 10 um during
1 minute were considered crawling (40). The number of adherent neu-
trophils that were stationary for more than 30 seconds and crawled but
did not roll over were counted (number/field/5 minutes). The number of
rolling and adherent neutrophils was normalized for the circulating neu-
trophil count. Eight to ten different venules were monitored in one mouse.
To determine the kinetics of platelet accumulation, the integrated median
fluorescence intensity of the anti-CD42c antibody was normalized by the
number of adherent neutrophils and plotted as a function of time. To
measure the rate of blood flow in venules with a diameter of 25 to 40 um,
yellow-green fluorescent microspheres (0.1-um) were infused into mice.
Centerline velocity (Vc) of the microspheres was calculated as a distance
per time in the center of the venules. Blood-flow rates were calculated as
Q =Vc x (aradius of each venule)? x 7w and are expressed as 10-6 ul/s.

research article

Statistics. Data analysis was performed using GraphPad Prism 5 software
(GraphPad Software). Statistical significance was assessed by ANOVA and
the Dunnett’s test for comparison of multiple groups or by a 2-tailed Stu-
dent’s ¢ test for comparison of two groups. A P value less than 0.05 was
considered statistically significant.

Study approval. All mice were treated in accordance with the guidelines
for the care and use of laboratory animals under animal protocol 12-140
approved by the IACUC of the University of Illinois-Chicago. All healthy
donors and patients enrolled in this study provided informed consent. The
collection and use of blood samples for laboratory analysis were approved
by the IRB of the University of Illinois-Chicago under protocol 2009-0812.
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