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Introduction 

Sickle cell disease (SCD) is an inherited blood disorder caused by a homozygous
Glu6Val mutation at position 6 of b-globin, resulting in hemoglobin S (HbS). HbS is
polymerized upon deoxygenation, resulting in sickling and hemolysis of red blood
cells, endothelial cell activation, and chronic inflammation.1 In addition, there are
several heterozygous forms of SCD,2 such as HbS/b0-thalassemia, which is often
clinically similar to sickle cell anemia. The many clinical manifestations in SCD
patients include recurrent vaso-occlusive episodes mediated by heterotypic cell-cell
adhesion/aggregation, which cause pain crises and increase mortality due to organ
damage and acute chest syndrome.3,4 Hydroxyurea, an important therapy for SCD,
induces production of fetal hemoglobin and also has other beneficial effects, includ-
ing increasing nitric oxide (NO) species and decreasing the level of soluble vascular

Previous studies identified the Ser/Thr protein kinase, AKT, as a ther-
apeutic target in thrombo-inflammatory diseases. Here we report
that specific inhibition of AKT with ARQ 092, an orally-available

AKT inhibitor currently in phase Ib clinical trials as an anti-cancer drug,
attenuates the adhesive function of neutrophils and platelets from sickle
cell disease patients in vitro and cell-cell interactions in a mouse model of
sickle cell disease. Studies using neutrophils and platelets isolated from
sickle cell disease patients revealed that treatment with 50-500 nM ARQ
092 significantly blocks αMb2 integrin function in neutrophils and
reduces P-selectin exposure and glycoprotein Ib/IX/V-mediated aggluti-
nation in platelets. Treatment of isolated platelets and neutrophils with
ARQ 092 inhibited heterotypic cell-cell aggregation under shear condi-
tions. Intravital microscopic studies demonstrated that short-term oral
administration of ARQ 092 or hydroxyurea, a major therapy for sickle
cell disease, diminishes heterotypic cell-cell interactions in venules of
sickle cell disease mice challenged with tumor necrosis factor-α. Co-
administration of hydroxyurea and ARQ 092 further reduced the adhe-
sive function of neutrophils in venules and neutrophil transmigration
into alveoli, inhibited expression of E-selectin and intercellular adhesion
molecule-1 in cremaster vessels, and improved survival in these mice. Ex
vivo studies in sickle cell disease mice suggested that co-administration of
hydroxyurea and ARQ 092 efficiently blocks neutrophil and platelet acti-
vation and that the beneficial effect of hydroxyurea results from nitric
oxide production. Our results provide important evidence that ARQ 092
could be a novel drug for the prevention and treatment of acute vaso-
occlusive complications in patients with sickle cell disease.
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cell adhesion molecule 1.5-7 Consistently, in vivo studies
showed that intravenous infusion of hydroxyurea increas-
es the level of plasma NO metabolites (NOx) and has ben-
eficial effects on vaso-occlusive events in Berkeley mice, a
model of SCD.8,9 However, SCD patients on hydroxyurea
therapy often suffer from vaso-occlusive crises, suggesting
that a novel or supplemental therapy is required. 
Intravital microscopy provided strong evidence that neu-

trophil-platelet interactions on activated endothelial cells
can cause microvascular occlusion under thrombo-inflam-
matory conditions, including SCD and ischemia/reperfu-
sion injury.9-12 Among several receptors and counter-recep-
tors, the neutrophil-platelet association is primarily medi-
ated by the interaction of neutrophil P-selectin glycopro-
tein ligand-1 (PSGL-1) and αMb2 integrin with platelet P-
selectin and glycoprotein Ibα (GPIbα), respectively.13 We
have shown that AKT2 positively regulates the function of
αMb2 integrin and P-selectin during vascular inflamma-
tion12 and that combining hydroxyurea with AKT2 inhibi-
tion has immediate benefits in acute vaso-occlusive events
and improves survival in SCD mice.9 Although these
results suggest that AKT2 inhibition may be a supplemen-
tal therapy for SCD patients with vaso-occlusive crises, no
AKT2-specific inhibitor is currently available in the clinic.
As a Ser/Thr protein kinase, AKT regulates numerous

cellular processes, such as cell growth, survival, and metab-
olism.14 Its activity is controlled by phosphorylation of the
Thr308 and Ser473 residues by 3-phosphoinositide-depen-
dent kinase 1 and mammalian target of rapamycin com-
plex 2, respectively.15 Activated AKT then phosphorylates
Ser/Thr residues on a variety of substrates.16 Despite 80%
sequence homology of the three isoforms, each AKT iso-
form plays a partially overlapping but distinct role in
platelet activation and aggregation.17-19 In neutrophils,
which express AKT1 and AKT2, only AKT2 regulates cell
migration, NADPH oxidase 2 activation, b2 integrin func-
tion, and neutrophil-platelet interactions under inflamma-
tory conditions.12,20 As a major isoform in endothelial cells,
AKT1 modulates the activity of endothelial NO synthase
and is involved in angiogenesis, acute inflammation, and
atherosclerosis.21-23 Human AKT isoforms share around
98% sequence homology with mouse proteins. These
studies suggest the importance of each AKT isoform in the
pathophysiology of vascular diseases and identify AKT as
an attractive therapeutic target.
Several AKT inhibitors are being developed as anti-can-

cer drugs.24,25 ARQ 092 has been reported to be an orally-
available, highly-selective AKT inhibitor.26,27 Recent studies
show that ARQ 092 blocks the activity of AKT1, AKT2,
and AKT3 with IC50 values of 5.0, 4.5, and 16 nM, respec-
tively, and has excellent selectivity (>1,000-fold) over other
kinases.26 As an allosteric inhibitor, this compound blocks
membrane translocation of inactive AKT and even dephos-
phorylates the membrane-associated active form, thereby
perturbing AKT activity.26 Using cells and tissues isolated
from patients with Proteus syndrome harboring AKT1-
E17K mutations, a previous study demonstrated effective
inhibition of the mutant AKT1 by ARQ 092.27 This com-
pound is currently in phase Ib clinical studies for the treat-
ment of lymphoma, breast and endometrial cancers, and
tumors with AKT or phosphoinositide 3-kinase (PI3K)
mutations, and is well tolerated at a continuous daily dose
of 60 mg or a dose of 600 mg when administered once a
week, for several months.28
In the present study, we demonstrate that ARQ 092

decreases the activation state of neutrophils and platelets
isolated from SCD patients, thereby reducing platelet-neu-
trophil interactions in vitro. Furthermore, in vivo studies
revealed that oral administration of hydroxyurea and ARQ
092 efficiently blocks neutrophil-endothelial cell and neu-
trophil-platelet interactions in venules and impairs neu-
trophil infiltration into the alveoli, thereby improving sur-
vival in SCD mice challenged with tumor necrosis factor
(TNF)-α. Our results warrant further study of ARQ 092 in
a clinical trial to treat acute vaso-occlusive crises in SCD
patients.

Methods

Mice
Wild-type (C57BL/6, 6-week old, male and female), hemizy-

gous [Tg(Hu-miniLCRα1 GγAγδbS) Hba-/- Hbb+/-] and Berkeley sickle
[Tg(Hu-miniLCRα1 GγAγδbS) Hba-/- Hbb-/-] mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA). SCD mice
(20-24 weeks old) were generated by transplantation of bone mar-
row cells isolated from Berkeley mice into lethally irradiated wild-
type mice as described previously.9,29 Three to 4 months after
transplantation, polymerase chain reaction and electrophoresis
analyses showed that all chimeric mice expressed the transgene
(human HbS) (Online Supplementary Figure S1). In contrast, mouse
hemoglobin was not detected. These chimeric Berkeley mice are
hereafter referred to as SCD mice. Both male and female SCD
mice (20-24 weeks old) were used in this study. The University of
Illinois Institutional Animal Care and Use Committee approved
all animal care and experimental procedures.

Sickle cell disease patients  
Sixteen homozygous (HbSS) and six HbS/b0-thalassemia

patients (20-52 years, 9 men and 13 women) who had not taken
aspirin or ibuprofen within 5 days were included in our studies.
None of the patients had been treated with hydroxyurea prior to
blood donation. No significant differences were observed in the
levels of surface markers of resting and stimulated platelets and
neutrophils in patients with HbSS or HbS/b0-thalassemia. Blood
from all patients was drawn at routine clinic visits without a pain
crisis. Multiple experiments were performed using one patient’s
blood sample and each experiment was repeated with blood from
three or four different patients. All patients enrolled in this study
provided informed consent. The collection and use of blood sam-
ples for laboratory analysis were approved by the Institutional
Review Board of the University of Illinois at Chicago.

ARQ 092 preparation
The process used to synthesize ARQ 092 and the compound’s

molecular properties are described elsewhere.30 

Isolation of neutrophils and platelets 
Platelets were isolated from mice and SCD patients as we have

previously described.11 Platelets were suspended in HEPES-Tyrode
buffer (20 mM HEPES, pH 7.3, 136 mM NaCl, 2.7 mM KCl, 12 mM
NaHCO3, 1 mM MgCl2, and 5.5 mM glucose without CaCl2 and
bovine serum albumin) at a concentration of 3 x 108 platelets/mL.
Neutrophils were isolated from SCD patients’ blood and mouse
bone marrow as described previously.12 The concentration of neu-
trophils was adjusted to 1x107 cells/mL in RPMI1640 medium.
Human and mouse neutrophils were stimulated for 10 min at 37°C
with 0.5 and 10 μM N-formylmethionyl-leucyl-phenylalanine
(fMLP), respectively, and platelets were activated with 0.025 U/mL
thrombin for 5 min at 37°C, unless otherwise stated.
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Intravital microscopy
Male SCD mice were fasted overnight and treated with saline

or 250 mg/kg of hydroxyurea (50 mg/mL) by oral gavage and sub-
sequently with intraperitoneal injection of TNF-α (500 ng), 3 h
prior to imaging. Phosphoric acid (0.01 M) or ARQ 092 (100
mg/10 mL/kg) was administered orally 30 min before imaging.
Platelets and neutrophils were monitored via infusion of DyLight
488-conjugated anti-CD42c (0.1 μg/g body weight) and Alexa
Fluor 647-conjugated anti-Ly-6G antibodies (0.05 μg/g body
weight), respectively. Fluorescence and bright-field images were
recorded using an Olympus BX61W microscope with a 60 × 1.0
NA water immersion objective and a Hamamatsu C9300 high-
speed camera through an intensifier (Video Scope International,
Sterling, VA, USA), and data were analyzed using Slidebook v6.0
(Intelligent Imaging Innovations, Denver, CO, USA). Real-time
images were captured in the inflamed cremaster venules, which
had a diameter of 25-40 μm. The rolling influx of neutrophils
(rolling cells/min) and number of adherent neutrophils were deter-
mined over a 5-min period (number/field/5 min). Five to six differ-
ent venules were monitored in each mouse. Since most platelets
adhered to the top of adherent neutrophils,12 the kinetics of
platelet accumulation was determined by the integrated median
fluorescence intensities of the anti-CD42c antibody which were
normalized to the number of adherent neutrophils and plotted
over time. 

Other methods
Genotyping and chimerism analysis of the SCD mice, neu-

trophil-platelet aggregation assays, survival times, plasma NOx
(nitrites/nitrates) level, flow cytometry, platelet aggregation/
agglutination assays, immunohistochemistry, reactive oxygen
species (ROS) generation, and Ca2+ mobilization are described in
detail in the Online Supplementary Methods. 

Statistics
Data were analyzed using GraphPad Prism 6 software by

ANOVA with the Tukey test, Student t-test, and Mantle-Cox log-
rank test (survival curve). P values less than 0.05 were considered
statistically significant. 

Results

ARQ 092 inhibits activation of neutrophils and platelets
isolated from patients with sickle cell disease

We previously reported that the basal levels of AKT
phosphorylation are significantly higher in neutrophils and
platelets isolated from SCD patients under stable condi-
tions than in those from healthy donors.12 We found that
AKT in human neutrophils and platelets is maximally
phosphorylated 2 min after stimulation with fMLP or
thrombin, respectively (Online Supplementary Figure S2A,B).
Similar results were obtained with mouse neutrophils and
platelets (Online Supplementary Figure S2C,D). To determine
the inhibitory effect of ARQ 092 on AKT phosphorylation,
neutrophils isolated from SCD patients were pretreated
with ARQ 092 and further incubated with or without
fMLP for 2 min, followed by immunoblotting. We
observed that ARQ 092, at doses of 50 and 500 nM,
markedly reduced phosphorylation of AKT but not of PI3K
p85α/b or Src, following fMLP treatment (Figure 1A).
Treatment of patients’ neutrophils with 50 and 500 nM
ARQ 092 significantly inhibited the surface amount of
αMb2 integrin following fMLP stimulation (Figure 1B).

Furthermore, binding of anti-activated αMb2 antibodies
(CBRM1/5) was decreased by treatment with ARQ 092
(Figure 1C). Although 5 nM ARQ 092 caused a moderate
and significant inhibition of AKT phosphorylation, no
inhibitory effect on αMb2 integrin function was observed
(data not shown). Consistent with impaired αMb2 integrin
function, 50 or 500 nM ARQ 092 significantly inhibited
binding of soluble fibrinogen, a ligand for αMb2 integrin,
to fMLP-stimulated neutrophils (Figure 1D). The surface
expression of PSGL-1 was not affected by 500 nM ARQ
092 (data not shown). These results suggest that specific
AKT inhibition by ARQ 092 attenuates the membrane
translocation and ligand-binding function of αMb2 integrin
in stimulated neutrophils isolated from SCD patients.
We also tested whether ARQ 092 inhibits the function of

platelet surface molecules. We found that treatment with
50 and 500 nM ARQ 092 inhibited AKT phosphorylation
in thrombin-stimulated platelets from SCD patients, with-
out affecting PI3K or Src phosphorylation (Figure 1E).
Treatment of patients’ platelets with 50 and 500 nM ARQ
092 significantly reduced P-selectin exposure, an indicator
of α granule secretion, after stimulation with 0.025 U/mL
thrombin (Figure 1F). As seen in neutrophils, while 5 nM
ARQ 092 caused a significant but not complete inhibition
of AKT phosphorylation, minimal inhibitory effects on P-
selectin exposure were observed (data not shown). We found
that treatment with ARQ 092 did not affect the surface
expression of GPIbα but impaired platelet agglutination
induced by binding of von Willebrand factor to GPIbα of
the GPIb/IX/V complex (Figure 1G,I). This suggests that
AKT inhibition impairs the ligand-binding function of
GPIbα. In addition, thrombin-induced aggregation of
patients’ platelets was also inhibited by 50 and 500 nM
ARQ 092 (Figure 1J). However, a higher concentration of
thrombin attenuated the inhibitory effect of ARQ 092
(Online Supplementary Figure S3A), implying that the
increased concentration of thrombin induces other signal-
ing pathways which are independent of AKT. Similar
results were obtained with cross-linked collagen-related
peptide, a GPVI-selective ligand (Online Supplementary
Figure S3B,C). Our results indicate that specific AKT inhibi-
tion by ARQ 092 effectively blocks α-granule secretion and
the adhesive function of activated platelets isolated from
SCD patients.

ARQ 092 attenuates heterotypic aggregation of sickle
cell patients’ neutrophils and platelets under stirring 
conditions
Heterotypic cell-cell interactions can cause vaso-occlu-

sion in SCD patients.13 Since ARQ 092 inhibited the func-
tion of surface molecules on neutrophils and platelets iso-
lated from SCD patients, we investigated whether ARQ
092 affects heterotypic cell-cell aggregation in vitro.
Neutrophils and platelets isolated from SCD patients
aggregated under stirring conditions mimicking venous
shear, creating a new cell population (R1 gate) in which
most cells were positive for both L-selectin (a leukocyte
marker) and CD41a (αIIb, a platelet marker) (Figure 2A). As
quantified by the number of cell-cell aggregates (R3) in the
R1 gate, pre-treatment of neutrophils or platelets with 500
nM ARQ 092 moderately but significantly decreased neu-
trophil-platelet aggregation (Figure 2A-B). When both cell
types were treated with ARQ 092, the number of aggre-
gates was further reduced. Since aggregated platelets with-
out associated neutrophils are not detected in the R1 gate,
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Figure 1. ARQ 092 inhibits activation of neutrophils and platelets isolated from SCD patients in vitro. (A-D) Neutrophils or (E-J) platelets isolated from SCD patients
were pretreated with vehicle (0.1% DMSO), or 50 or 500 nM ARQ 092 and then incubated with or without 0.5 μM fMLP or 0.025 U/mL thrombin for 2 min, respec-
tively. (A) Immunoblotting was performed using equal amounts (50 μg) of neutrophil lysate protein, followed by densitometry (n = 3). (B-D) Flow cytometry was per-
formed using phycoerythin-conjugated control IgG or antibodies against total (ICRF44) or activated αMb2 (CBRM1/5), or DyLight 488-conjugated fibrinogen. The geo-
metric mean fluorescence intensity of antibodies was normalized to that of control IgG, and data are presented as fold increase compared with vehicle-treated,
unstimulated cells. (E) Immunoblotting was performed using equal amounts (50 μg) of platelet lysate protein, followed by densitometry (n = 3). (F) Flow cytometry
was performed to measure P-selectin exposure. (G-H) Platelets were stimulated with (G) 0.025 or (H) 0.05 U/mL thrombin. The surface amount of GPIbα was meas-
ured by flow cytometry. (I) Platelet agglutination was induced by 0.5 μg/mL vWF and 0.1 mg/mL ristocetin. (J) Platelet aggregation was induced by 0.025 U/mL throm-
bin. The representative agglutination or aggregation trace was obtained from three independent experiments. Data represent the mean ± SD (n = 3-4). *P<0.05,
**P< 0.01, ***P<0.001, and ****P<0.0001 versus unstimulated vehicle control (or between two groups), ANOVA and the Tukey test.
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we further measured the fluorescence intensities of anti-
CD41a antibodies in the gate. Pretreatment of neutrophils
or platelets with ARQ 092 significantly inhibited the anti-
body signal, and the inhibitory effect was further increased
when both cell types were treated with the inhibitor
(Figure 2C). As a control, neutrophil-platelet aggregation
was not affected by either anti-L-selectin or anti-CD41a
antibodies at a concentration used for cell labeling or even
at a 10-fold higher concentration (Online Supplementary
Figure S4). Thus, these results show that ARQ 092 effec-
tively blocks heterotypic aggregation of patients’ neu-
trophils and platelets in vitro.

ARQ 092 specifically inhibits AKT phosphorylation 
in neutrophils and platelets and reduces cell activation
in sickle cell disease mice ex vivo
Recent studies using mouse xenograft tumor models

demonstrated that oral administration of 75-100 mg/kg of
ARQ 092 significantly delays tumor growth.26 Importantly,
the authors showed that after oral administration of 100
mg/kg of ARQ 092 to mice, the maximum plasma concen-
tration reached around 2 μM at 30 min and the plasma
level remained around 300 nM at 8 h.26 Thus, we sought to
determine the ex vivo effect of ARQ 092 on AKT phospho-
rylation in neutrophils and platelets isolated from SCD
mice. Vehicle or 100 mg/kg of ARQ 092 was administered
orally to the mice. Blood and bone marrow were collected,
30 min after treatment, to isolate platelets and neutrophils,
respectively. No spontaneous bleeding was observed in the
abdominal cavity of ARQ 092-treated SCD mice. As a con-
trol, ARQ 092 at 100 mg/kg did not alter the number of cir-
culating blood cells in wild-type mice (Table 1) and had no
inhibitory effect on splenomegaly in SCD mice (data not
shown). We found that phosphorylation of AKT, but not of
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Figure 2. ARQ 092 perturbs het-
erotypic aggregation of neu-
trophils and platelets from SCD
patients under stirring condi-
tions. Neutrophils and platelets
isolated from SCD patients were
pretreated with vehicle [0.1%
DMSO (-)] or 500 nM ARQ 092
and then incubated with FITC-
conjugated anti-L-selectin and
APC-conjugated anti-CD41a
antibodies, respectively.
Thrombin-activated platelets
were mixed with neutrophils
under stirring conditions, fol-
lowed by flow cytometric analy-
sis. R1, leukocyte-platelet aggre-
gates; R2, neutrophils; and R3,
the number of cell aggregates in
the R1 gate. (B) Cell-cell aggre-
gation was measured by the
number of cell-cell aggregates
(R3). (C) Heterotypic (neutrophil-
platelet) interaction was meas-
ured by the fluorescence intensi-
ties of anti-CD41a antibodies in
the R1 gate. Data represent the
mean ± SD (n = 4). *P<0.05,
**P<0.01, ***P<0.001, and
****P<0.0001 versus vehicle
control (or between two groups),
ANOVA and the Tukey test.

A

B C

Table 1. The number of circulating blood cells in wild-type mice after oral administration of ARQ 092.
WBC NE LY MO RBC PLT MPV

(103/μL) (103/μL) (103/μL) (103/μL) (106/μL) (103/μL) (fL)

Vehicle 3.6 ± 0.4 0.7 ± 0.2 3.7 ± 1.1 0.1 ± 0.0 7.6 ± 1.5 888 ± 116 8.2 ± 1.7
ARQ 092 2.7 ± 1.0 0.6 ± 0.1 2.9 ± 0.7 0.1 ± 0.1 7.4 ± 1.2 853 ± 55.9 9.2 ± 1.8

Vehicle (0.01 M phosphoric acid) or ARQ 092 (100 mg/kg) was administered orally to wild-type mice. Blood was collected 30 min after treatment and counted using an auto-
mated hematology analyzer (ADVIA 120, Siemens AG, Germany). Data represent the mean ± SD (n = 6 mice per group). WBC: white blood cells; NE: neutrophils; LY: lymphocytes;
MO: monocytes; RBC: red blood cells; PLT: platelets; MPV: mean platelet volume.



Src and PI3K, was disrupted in fMLP-stimulated neu-
trophils isolated from SCD mice treated with ARQ 092,
compared to those treated with vehicle (Figure 3A). The
membrane translocation of αMb2 integrin and soluble fib-
rinogen binding were significantly impaired in neutrophils
from ARQ 092-treated mice (Figure 3B, C). Consistently,
oral administration of ARQ 092 abrogated AKT phospho-
rylation in thrombin-activated platelets without affecting
Src or PI3K phosphorylation (Figure 3D). P-selectin expo-
sure and platelet aggregation were significantly reduced in
platelets,  activated with either thrombin or cross-linked
collagen-related peptide, from ARQ 092-treated SCD mice,
(Figure 3E,F). As a control, treatment of isolated neutrophils
and platelets with 50 and 500 nM ARQ 092 in vitro specifi-

cally inhibited AKT phosphorylation following agonist
stimulation (Online Supplementary Figure S5). In addition,
treatment with ARQ 092 also inhibited AKT phosphoryla-
tion in TNF-α-stimulated neutrophils in vitro (Online
Supplementary Figure S6). Together, these results indicate
that oral administration of 100 mg/kg of ARQ 092 signifi-
cantly attenuates the activation state of neutrophils and
platelets in SCD mice by specific inhibition of AKT.

Oral administration of hydroxyurea and ARQ 092
reduces cell-cell interactions in sickle cell disease 
mice challenged with tumor necrosis factor-α
A previous study showed that oral administration of 250

mg/kg of hydroxyurea partially inhibits leukocyte adhesion

Effect of ARQ 092 on acute vaso-occlusion in SCD
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Figure 3. Oral administration of
ARQ 092 blocks AKT phosphoryla-
tion and activation of neutrophils
and platelets isolated from SCD
mice ex vivo. Vehicle (0.01 M
phosphoric acid) or ARQ 092, 100
mg/kg, was given orally to SCD
mice. Blood and bone marrow were
collected 30 min after treatment.
Isolated (A-C) neutrophils or (D-F)
platelets were incubated with or
without 10 μM fMLP or 0.025
U/mL thrombin for 2 min, respec-
tively. (A and D) To determine the
phosphorylation levels of Src, PI3K,
and AKT, equal amounts (50 μg) of
cell lysate protein were
immunoblotted, followed by densit-
ometry (n = 3). (B and C) The sur-
face amount of αMb2 and soluble
fibrinogen binding were measured
by flow cytometry. (E) P-selectin
exposure was measured by flow
cytometry. (F) Platelet aggregation
was induced by 0.025 U/mL throm-
bin or 0.25 μg/mL cross-liked colla-
gen-felated peptide (CRP). The rep-
resentative aggregation traces
were obtained from two independ-
ent experiments. All other data rep-
resent the mean ± SD (n = 3).
*P<0.05, ***P<0.001, and
****P<0.0001 versus unstimulat-
ed vehicle control (or between two
groups), ANOVA and Tukey test.



to the venules of SCD mice.8 Thus, we investigated whether
oral administration of a single dose of ARQ 092 (100 mg/kg)
or co-administration with hydroxyurea (250 mg/kg) affects
neutrophil-endothelial cell and neutrophil-platelet interac-
tions in the cremaster venules of SCD mice challenged with
TNF-α which induces acute vaso-occlusive events in the
mice.8,29 Due to the different pharmacokinetics and mecha-
nisms of action,8,26,31 SCD mice were treated with saline or
hydroxyurea by oral gavage prior to intraperitoneal injection
of TNF-α. For ARQ 092, vehicle or the compound was given
orally 2.5 h after the TNF-α injection, followed by surgical
procedures (Figure 4A). No spontaneous bleeding was

observed at the surgical site in any of the mice. We found
that compared to the vehicle control, treatment with
hydroxyurea or ARQ 092 alone significantly decreased the
number of adherent neutrophils with a minimal increase in
the rolling influx (Figure 4B-D, Online Supplementary Videos 1-
4). No differences were observed between the effects of the
two vehicle controls. Compared to hydroxyurea or ARQ
092 treatment, co-administration of both hydroxyurea and
ARQ 092 significantly enhanced the rolling influx and
decreased the number of adherent neutrophils in the venules
(Online Supplementary Video 5). To investigate platelet-neu-
trophil interactions, we measured the fluorescence intensi-
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Figure 4 (A-G). Oral administration of hydroxyurea and ARQ 092 has numerous beneficial effects
in TNF-α-challenged SCD mice. Intravital microscopy was performed as described in the Methods.
Neutrophils and platelets were labeled by infusion of Alexa Fluor 647-conjugated anti-Ly-6G and
DyLight 488-conjugated anti-CD42c antibodies, respectively. (A) Timeline for each treatment and
surgery for intravital microscopy (IVM) in SCD mice. S: saline; HU: hydroxyurea; PA: 0.01 M phosphor-
ic acid. (B) Representative images at various time-points. The time “0” was set as the image capture
was initiated for each vessel. (C, D) Number of rolling (for 1 min) and adherent neutrophils (for 5
min). Data represent the mean ± SEM (n = 7-8 mice). (E) The integrated median fluorescence inten-
sities of anti-CD42c antibodies (F platelets) were plotted over time. (F) Survival curves. Survival was
significantly improved in the groups treated with hydroxyurea alone (P = 0.0028) or both hydroxy -
urea and ARQ 092 (P=0.0017), compared to each vehicle control. Mantel-Cox log-rank test. (G)
Plasma NOx levels were measured as described in the Methods. Data represent the mean ± SD (n
= 7-8 mice per group).
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ties of anti-CD42c antibodies. Treatment with hydroxyurea,
ARQ 092 or both abrogated platelet-neutrophil interactions,
compared to vehicle controls (Figure 4E). These results sug-
gest that oral administration of both hydroxyurea and ARQ
092 efficiently inhibits acute vaso-occlusive events in TNF-
α-challenged SCD mice.

Hydroxyurea alone or with ARQ 092, but not ARQ 092
alone, prolongs survival times of sickle cell disease
mice challenged with tumor necrosis factor-α
We and others reported that a surgical procedure to

expose the cremaster muscle after intraperitoneal injection
of TNF-α in SCD mice leads to death within several hours

as a result of acute vaso-occlusive events.8,9,29 Compared to
the vehicle controls (saline, S; 0.01 M phosphoric acid, PA),
treatment with hydroxyurea or both hydroxyurea and
ARQ 092 significantly prolonged survival times in TNF-α-
challenged SCD mice, whereas treatment with ARQ 092
alone did not improve survival (S versus hydroxyurea,
P=0.0028; PA versus hydroxyurea + ARQ 092, P=0.0017;
ARQ 092 versus hydroxyurea + ARQ 092, P=0.0087; and
hydroxyurea versus hydroxyurea + ARQ 092, P=0.31)
(Figure 4F). Fifty percent of SCD mice treated with vehicle
(S), hydroxyurea, vehicle (PA), ARQ 092, and both
hydroxy urea and ARQ 092 died at 4.0, 5.5, 4.0, 4.1, and >6
hours, respectively, after TNF-α injection.
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Figure 4 continued (H-M). Oral administration of hydroxy -
urea and ARQ 092 has numerous beneficial effects in
TNF-α-challenged SCD mice. (H-K) After recording survival
times, the cremaster muscle was taken out for immuno-
histochemistry. Muscle sections were labeled with control
IgG or rat monoclonal antibodies against E-selectin or
ICAM-1 and then with DyLight 488-conjugated anti-rat IgG
antibodies, followed by incubation with APC-conjugated
anti-PECAM-1 antibodies and a mounting reagent contain-
ing DAPI. (H and J) Representative images. Bar = 10 μm.
(I and K) The fluorescence intensities of antibodies. Data
represent the mean ± SD (n = 18-22 vessels in 5 mice per
group). (L-M) After recording survival times, lungs were
taken out for histochemistry. Neutrophils were stained
with naphthol AS-D chloroacetate. (L) Representative
images. (M) The number of transmigrated neutrophils
(arrow heads) was quantified in the field of view (110
mm2). Data represent the mean ± SD (n = 36-42 sections
in 5-6 mice per group). *P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001 versus each vehicle control (or
between two groups), ANOVA and the Tukey test. S: saline;
HU: hydroxyurea; PA: phosphoric acid.
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Hydroxyurea alone, but not with ARQ 092, enhances
plasma levels of nitric oxide metabolites in sickle cell
disease mice challenged with tumor necrosis factor-α
We recently reported that a single intravenous infusion

of hydroxyurea significantly enhances plasma NOx lev-
els in hemizygous control (Hbb+/-) and Berkeley (Hbb-/-)
mice.9 We further measured the plasma NOx levels in
TNF-α-challenged SCD mice after oral administration of
hydroxy urea, ARQ 092, or both. The plasma NOx levels
were significantly elevated in the mice after oral admin-
istration of hydroxyurea, but not ARQ 092, compared to
the vehicle control (Figure 4G). Co-administration of
hydroxyurea and ARQ 092 increased the plasma NOx
level by 1.3-fold relative to the vehicle (PA) control, but
this increase was not significantly different from that fol-
lowing administration of vehicle controls or hydroxyurea
alone.

Co-administration of hydroxyurea and ARQ 092 
downregulates the expression of E-selectin and 
intercellular adhesion molecule-1 in sickle cell disease
mice challenged with tumor necrosis factor-α
E-selectin and intercellular adhesion molecule-1 (ICAM-

1) expressed on activated endothelial cells are required for
neutrophil rolling and adhesion, respectively, during vascu-

lar inflammation.32 Immunohistochemistry of cremaster
muscle sections showed that, compared to the vehicle con-
trol, treatment with hydroxyurea or both hydroxyurea and
ARQ 092, but not ARQ 092 alone, significantly reduced
the expression of E-selectin (Figure 4H,I). ICAM-1 expres-
sion was significantly decreased in mice treated with
hydroxyurea, ARQ 092, or both, compared to each vehicle
control (Figure 4J,K). These results imply that, unlike
AKT2-specific inhibition which perturbs expression of
both E-selectin and ICAM-1,9 inhibition of all AKT iso-
forms may have additional effects on vascular endothelial
cells of TNF-α-challenged SCD mice.

Co-administration of hydroxyurea and ARQ 092 
efficiently blocks neutrophil transmigration in sickle 
cell disease mice
Neutrophils rapidly transmigrate from the pulmonary

microvasculature and cause lung injury during inflamma-
tion. We found that oral administration of hydroxyurea or
ARQ 092 significantly blocked neutrophil transmigration
into the alveoli of TNF-α-challenged SCD mice (Figure
4L,M). Co-administration of hydroxyurea and ARQ 092,
compared to hydroxyurea or ARQ 092 alone, further
decreased the number of transmigrated neutrophils. These
results suggest that hydroxyurea with AKT inhibition effi-
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Figure 5. Co-administration of hydroxyurea and ARQ 092 efficiently inhibits αMb2 integrin function and ROS generation in stimulated neutrophils isolated from SCD mice
ex vivo. Vehicle (0.01 M phosphoric acid, -), hydroxyurea (HU), ARQ 092, or both were given orally to TNF-α-challenged SCD mice as described in Figure 4A. Bone marrow
was collected at 3 h after TNF-α injection. Isolated neutrophils were incubated with or without fMLP. (A, B) The surface level of αMb2 integrin and soluble fibrinogen binding
were measured by flow cytometry. (C) Neutrophils were pretreated with Ca2+ dye and incubated with fMLP for 200 s and 2 mM CaCl2 was then added. A representative
graph was obtained from three independent experiments. (D) Neutrophils were incubated with DCFH-DA prior to fMLP stimulation. Intracellular ROS generation was meas-
ured by the DCF signal in flow cytometry. (E, F) Neutrophils were mixed with Amplex red reaction solution and treated with or without fMLP. Extracellular H2O2 was detected
by absorbance (560 nm) as described in the Methods. The quantification graph was obtained at the 15 min mark of the reaction. Data represent the mean ± SD (n = 4-
5). *P<0.05, **P<0.01, and ***P<0.001 versus unstimulated vehicle control (or between two groups), ANOVA and the Tukey test.
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ciently reduces lung inflammation in TNF-α-challenged
SCD mice.

Co-administration of hydroxyurea and ARQ 092 
efficiently blocks numerous functions of neutrophils 
and platelets isolated from sickle cell disease mice
challenged with tumor necrosis factor-α ex vivo
We further examined which neutrophil and platelet

functions are efficiently inhibited by both drugs.
Hydroxyurea, ARQ 092, or both were given orally to TNF-
α-challenged SCD mice as described in Figure 4A without
surgery. Blood and bone marrow were collected 3 h after
TNF-α treatment to isolate platelets and neutrophils,
respectively. We found that following stimulation of neu-
trophils with fMLP, the surface amount of αMb2 integrin
and soluble fibrinogen binding were significantly inhibited
by ARQ 092 or both hydroxyurea and ARQ 092, but not
hydroxyurea alone, compared with vehicle control (Figure
5A,B). Although studies showed that an elevation in
cytosolic Ca2+ levels is critical for neutrophil activation and
that deletion or inhibition of neutrophil AKT2 impairs Ca2+

mobilization following fMLP stimulation,33 Ca2+ release and
influx in fMLP-stimulated neutrophils from SCD mice
were not affected by any treatment (Figure 5C). Since
hydroxyurea produces NO species protecting against
oxidative stress5,6 and neutrophil AKT2 is important for
ROS generation by activating the NADPH oxidase 2 com-
plex,20 we also measured ROS generation. As measured by
the DCF signal, intracellular ROS generation was not
reduced in fMLP-stimulated neutrophils isolated from
TNF-α-challenged SCD mice after oral administration of
hydroxyurea or ARQ 092 alone (Figure 5D). When the
mice were treated with both drugs, however, the DCF sig-
nal was significantly decreased in stimulated neutrophils.
Similar results were obtained using Amplex red which
detects extracellular H2O2 (Figure 5E,F).
We further investigated the combined effect of hydroxy -

urea and ARQ 092 on platelet function ex vivo. P-selectin
exposure was significantly reduced in thrombin-activated
platelets isolated from TNF-α-challenged SCD mice treat-
ed with hydroxyurea or ARQ 092 (Figure 6A). The
inhibitory effect was further enhanced in platelets from the
mice treated with both drugs. In platelets, unlike neu-
trophils, we observed that treatment with hydroxyurea,
ARQ 092, or both equally inhibited Ca2+ influx with little
effect on Ca2+ release during thrombin activation (Figure
6B-D). We also found that oral administration of hydroxy -
urea or ARQ 092 did not affect the surface expression of
GPIbα but impaired von Willebrand factor-mediated agglu-
tination of platelets isolated from TNF-α-challenged SCD
mice (Online Supplementary Figure S7 and Figure 6E). Co-
administration of both drugs slightly increased the
inhibitory effect on agglutination. Similar results were
obtained from platelet aggregation assays (Figure 6F).
Moreover, oral administration of hydroxyurea, ARQ 092,
or both markedly reduced the generation of intracellular
ROS in thrombin-activated platelets isolated from TNF-α-
challenged SCD mice (Figure 6G). Extracellular H2O2 gener-
ation was weakly decreased by hydroxyurea or ARQ 092
but significantly impaired by both drugs (Figure 6H,I).
Although the precise mechanism(s) by which hydroxyurea
inhibits platelet functions remains to be determined, our
results suggest that the combination therapy of hydroxy -
urea and ARQ 092 efficiently inhibits numerous platelet
functions in TNF-α-challenged SCD mice.

The short-term beneficial effect of hydroxyurea results
from nitric oxide production
Previous studies suggested that the inhibitory effect of

hydroxyurea on cell-cell interactions results from NO pro-
duction in vivo.8 Thus, we sought to determine whether
hydroxyurea-generated NO is important for the inhibitory
mechanism of the drug. Using water-soluble carboxy-PTIO
(a NO scavenger that has no effect on NO synthase activi-
ty),34 we repeated our ex vivo studies shown in Figures 5 and
6. We found that PTIO treatment itself did not affect the
membrane translocation and ligand binding of αMb2 inte-
grin in fMLP-stimulated neutrophils (Figure 7A, B) or P-
selectin exposure in thrombin-activated platelets (Figure
7C). In neutrophils, hydroxyurea alone had a small effect
on the function of αMb2 integrin, and PTIO treatment nul-
lified the effect of hydroxyurea, but not ARQ 092, on
αMb2 membrane translocation and fibrinogen binding
(Figure 7A,B). The potentiated inhibitory effect of both
drugs was restored with PTIO treatment to a level similar
to the inhibitory effect of ARQ 092 alone. We also found
that administration of PTIO reversed the inhibitory effect
of hydroxyurea, but not ARQ 092, on P-selectin exposure
in activated platelets (Figure 7C). The synergistic effect of
both hydroxyurea and ARQ 092 was abolished by PTIO
treatment, and the inhibitory effect of both drugs with
PTIO treatment was similar to that of ARQ 092 alone.
Thus, these results imply that the synergistic effects of
both hydroxyurea and ARQ 092 on neutrophil-platelet
interactions result from two different signaling pathways:
direct NO production by hydroxyurea and AKT inhibition
by ARQ 092.

Discussion

ARQ 092 is an orally-available, selective AKT inhibitor
which is currently in phase Ib clinical trials for the treat-
ment of certain cancers.28 In the present study, we showed
that ARQ 092 reduces the adhesive function of neutrophils
and platelets isolated from SCD patients in vitro.
Importantly, oral administration of a single dose of ARQ
092 abrogated AKT phosphorylation in isolated neu-
trophils and platelets following agonist stimulation, signif-
icantly reduced cell-cell interactions in cremaster venules,
and decreased neutrophil transmigration into the alveoli of
TNF-α-challenged SCD mice. The inhibitory effects and
survival were increased when the mice were pretreated
with hydroxyurea. Thus, our studies provide important
evidence that a specific inhibitor of AKT may be beneficial
to treat acute vaso-occlusive events in SCD patients. Since
AKT signaling is crucial for the function of intravascular
cells during numerous vascular diseases,12,17-21,23 ARQ 092 is
likely to inhibit the activity of all AKT isoforms in intravas-
cular cells and thereby attenuate the process of thrombosis
and inflammation in SCD patients.
In addition to sickled red blood cells and activated

endothelial cells, activation and adhesion of neutrophils
and platelets contribute to the vaso-occlusive complica-
tions of SCD.35 Our study shows that ARQ 092 reduces the
ligand-binding function of αMb2 integrin in stimulated
neutrophils isolated from SCD patients. Importantly, we
found that ARQ 092 inhibits αMb2 integrin function in
neutrophils isolated from SCD mice after oral administra-
tion of the inhibitor. Although oral administration of
hydroxyurea or ARQ 092 alone did not affect intracellular
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Figure 6. Co-administration of hydroxyurea and ARQ 092 efficiently inhibits numerous functions of activated platelets isolated from SCD mice ex vivo. Vehicle (0.01
M phosphoric acid, -) or drugs were given orally to TNF-α-challenged SCD mice as described in Figure 5. Blood was collected 3 h after TNF-α injection. Isolated
platelets were treated with or without thrombin. (A) Flow cytometry was performed to measure P-selectin exposure. (B-D) Platelets were pretreated with Ca2+ dye and
incubated with thrombin for 5 min and 2 mM CaCl2 was then added. Ca2+ release (C) and influx (D) were measured and quantified by the AUC (area under the curve,
arbitrary units). (E) Platelet agglutination was induced by 10 μg/mL vWF and 10 μg/mL botrocetin. (F) Platelet aggregation was induced by thrombin. The represen-
tative agglutination or aggregation trace was obtained from three independent experiments. (G) Platelets were incubated with DCFH-DA prior to thrombin stimulation.
Intracellular ROS generation was measured by the DCF signal in flow cytometry. (H-I) Platelets were mixed with Amplex red reaction solution and treated with or with-
out thrombin. Extracellular H2O2 was detected by absorbance (560 nm) as described in the Methods. The quantification graph was obtained at the 30 min mark of
the reaction. Data represent the mean ± SD (n = 3-4). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 versus unstimulated vehicle control (or between two
groups), ANOVA and the Tukey test.
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ROS generation in fMLP-stimulated neutrophils isolated
from the mice, co-administration of hydroxyurea and ARQ
092 significantly decreased ROS generation, suggesting
that combined therapy may efficiently attenuate oxidative
stress conditions in SCD patients. Consistent with previ-
ous reports showing that the activation and adhesive func-
tion of platelets is regulated by AKT,17-19,36 we found that
ARQ 092 significantly impairs P-selectin exposure and
GPIbα-mediated agglutination in platelets from SCD
patients in vitro and in SCD mouse platelets ex vivo. In sup-
port of the importance of neutrophil αMb2 integrin and
platelet P-selectin and GPIbα for neutrophil-platelet inter-
actions,13 we observed that specific AKT inhibition in both
neutrophils and platelets isolated from SCD patients effec-
tively decreases heterotypic cell-cell aggregation. Thus, our
results suggest that co-administration of hydroxyurea and
ARQ 092 is beneficial to inhibit cell-cell interactions during
vaso-occlusion in SCD. Most AKT inhibitors, including
ARQ 092, are being developed as anti-cancer drugs.25 Given
the fact that some cancer patients are at high risk of throm-
bogenesis,37 our results also provide indirect evidence that
ARQ 092 may be an effective drug in cancer patients with
thrombotic complications.
It is believed that leukocyte adhesion to endothelial cells

initially mediates cell-cell interactions and aggregation in
the vessels of SCD patients and induces the inflammatory
process.35 Our studies demonstrate that oral administration
of a single dose of both hydroxyurea and ARQ 092 effi-
ciently inhibits neutrophil-endothelial cell and neutrophil-
platelet interactions in cremaster venules and reduces neu-
trophil recruitment into the alveoli of TNF-α-challenged

SCD mice. Interestingly, survival was improved by
hydroxyurea alone or both hydroxyurea and ARQ 092, but
not ARQ 092 alone. We previously reported that intra-
venous infusion of an AKT2 inhibitor decreases E-selectin
and ICAM-1 expression on cremaster vessels of TNF-α-
challenged SCD mice.9 However, oral administration of
ARQ 092 resulted in a significant reduction in the expres-
sion of ICAM-1, but not E-selectin. Although we cannot
eliminate the possibility of off-target effects of these AKT
inhibitors, these results imply that inhibition of endothelial
cell AKT1 and/or AKT3 may regulate E-selectin expression
during inflammation. Furthermore, our findings that ARQ
092 alone significantly decreases cell-cell interactions but
has no benefit on survival in TNF-α-challenged SCD mice
may limit usage of this inhibitor as a supplement to
hydroxyurea therapy in SCD patients.
Oxidative stress results in reduced NO bioavailability in

SCD patients and mice, which in turn aggravates inflam-
matory conditions.38,39 Hydroxyurea has many beneficial
effects in SCD patients. Importantly, preclinical and clini-
cal studies demonstrated that hydroxyurea increases the
plasma level of NO species and stimulates a cGMP-signal-
ing pathway.5,6,8,9 As seen in SCD mice after intravenous
infusion of hydroxyurea,9 plasma NOx levels were also
elevated after oral administration of hydroxyurea to SCD
mice. Although combination therapy with hydroxyurea
and ARQ 092 showed beneficial effects on acute vaso-
occlusive events and survival in TNF-α-challenged SCD
mice, the plasma NOx levels increased by hydroxyurea
treatment seemed to be slightly decreased by the dual ther-
apy (hydroxyurea versus hydroxyurea + ARQ 092¸
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Figure 7. Hydroxyurea (HU) reduces neutrophil and platelet activation via NO
production. SCD mice were pretreated by intravenous injection of PTIO, a NO
scavenger (1 mg/kg) 30 min prior to TNF-α challenge. Vehicle (0.01 M phos-
phoric acid, -) or drugs were given orally to TNF-α-challenged SCD mice as
described in Figure 5. Blood and bone marrow were collected 3 h after TNF-α
injection. Isolated (A, B) neutrophils and (C) platelets were treated with or with-
out fMLP (for 10 min) or thrombin (for 5 min), respectively. Flow cytometry was
performed to measure (A, B) the surface level of αMb2 integrin and soluble fib-
rinogen binding in stimulated neutrophils and (C) P-selectin exposure in stimu-
lated platelets. Data represent the mean ± SD (n = 3). *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001 versus unstimulated vehicle control (or
between two groups), ANOVA and the Tukey test.
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P=0.067, Student t-test.). Studies showed that endothelial
cell AKT1 plays an important role in acute inflammation
and angiogenesis, which is associated with phosphoryla-
tion of endothelial NO synthase.21,23,40,41 Although ARQ 092
may inhibit endothelial cell AKT1-NO synthase signaling,
the plasma NOx level was not changed by ARQ 092 treat-
ment alone in TNF-α-challenged SCD mice, implying that
endothelial NO synthase-derived NO production may not
be important for maintaining the basal level of plasma
NOx in SCD mice. Alternatively, our finding that a NO
scavenger, PTIO, does not alter the inhibitory effect of
ARQ 092 on platelet and neutrophil function (Figure 7) sug-
gests that ARQ 092 is unlikely to affect cellular NO gener-
ation. Since hydroxyurea serves as a NO donor, further
studies are required to determine how ARQ 092 influences
the production of hydroxyurea-induced NOx in TNF-α-
challenged SCD mice.
In addition to hydroxyurea, many drugs targeting cell

adhesion, inflammation, induction of fetal hemoglobin,
coagulation, or platelet activation/aggregation are cur-
rently in clinical trials for the treatment of vaso-occlusive
crises in SCD patients.35,42 In particular, preclinical and
clinical studies with rivipansel (GMI-1070, a pan-selectin
inhibitor) revealed that inhibition of leukocyte-endothe-
lial cell interactions attenuates vaso-occlusion and
improves survival in SCD mice,29 and reduces time to res-
olution of vaso-occlusive events and requirement for opi-
oid analgesia in SCD patients.43 Nevertheless, complete
inhibition of leukocyte-endothelial cell interactions could
cause side effects by disrupting immune responses. We
found that oral administration of ARQ 092 significantly,

but not completely, inhibited cell-cell interactions in
microvessels of TNF-α-challenged SCD mice.
Importantly, when combined with hydroxyurea, ARQ
092 showed synergistic effects on acute vaso-occlusive
events and improved survival of the mice. In addition, our
studies demonstrated that 50-500 nM ARQ 092 is effica-
cious in inhibiting platelet and neutrophil functions. In
cancer patients, the plasma concentration of ARQ 092
reached 2.6, 6.4, and 8.1 µM after oral administration of
20, 40, and 60 mg per day, respectively, for 15 days
(unpublished data). Thus, a minimal oral dose of ARQ 092
may be sufficient to attenuate vaso-occlusive events in
SCD patients. We reported that neutrophils and platelets
isolated from SCD patients, compared to healthy donor
cells, exhibit a significant increase in the basal level of
AKT phosphorylation without altering its expression.12
Since the AKT signaling pathway is aberrantly activated
in many types of cancers,44 our studies provide strong evi-
dence that in addition to anti-cancer therapy, ARQ 092
has the potential to be developed for the treatment of
acute vaso-occlusive episodes in SCD patients, possibly
in combination with hydroxyurea. 
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