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ABSTRACT

ickle cell disease (SCD), considered the most common monogenic dis-

ease worldwide, is a severe hemoglobin disorder. Although the genetic

and molecular bases have long been characterized, the pathophysiolo-
gy remains incompletely elucidated and therapeutic options are limited. It
has been increasingly suggested that innate immune cells, including mono-
cytes, neutrophils, invariant natural killer T cells, platelets and mast cells,
have a role in promoting inflammation, adhesion and pain in SCD. Here we
provide a thorough review of the involvement of these novel, major protag-
onists in SCD pathophysiology, highlighting recent evidence for innovative
therapeutic perspectives.

Introduction

Sickle cell disease (SCD) is a life-threatening genetic hemoglobin disorder, char-
acterized by chronic hemolytic anemia, recurrent painful vaso-occlusive events and
progressive multiple organ damage.' It is a global health issue, affecting millions of
people worldwide, and its incidence is expected to increase to 400,000 neonates
born per year by 2050.> The genetic and molecular bases are fully characterized:
SCD originates from a single nucleotide mutation of the B-globin gene, leading to
polymerization of the abnormal deoxygenated hemoglobin S (HbS), which results
in obstruction of small vessels by sickle-shaped red blood cells (RBC). However, in
the last two decades, the pathophysiology has been found to be much more com-
plex than originally thought, involving many factors other than RBC. Innate
immune cells include circulating cells, such as monocytes, dendritic cells, neu-
trophils, eosinophils, basophils, natural killer (NK) cells, invariant natural killer T
(iNKT) cells and platelets, along with tissue-resident macrophages and mast cells.

Here we review the evidence for a contribution of innate immune cells to the

pathophysiology of SCD.

Monocytes

Monocytes have long been considered important in SCD pathophysiology.
Monocytosis is common in SCD and is positively correlated with markers of
hemolysis and negatively with hemoglobin level.* The absolute monocyte count is
lower in SCD children being treated with hydroxyurea than in those not receiving
such treatment, which may reflect another positive effect of hydroxyurea in SCD.*
In vitro, the interaction of RBC from SCD patients with cultured human umbilical
vein endothelial cells was responsible for enhanced cellular oxidant stress, resulting
in a two-fold increase in transendothelial migration of human peripheral blood
monocytes.” More importantly, monocytes from SCD patients display an activated
profile, with increased expression of CD11b on their surface and increased produc-
tion of interleukin (IL)-1f and tumor necrosis factor (TNF)-a as compared with
healthy control monocytes.®® Upregulation of CD1 molecules on monocytes has
been described, reflecting the activated status of these cells.” Mononuclear cells
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from SCD patients also show increased production of
superoxide anions, which may be explained by the upreg-
ulation of NADPH oxidase components in SCD mono-
cytes.'” Another sign of SCD monocyte activation is
increased numbers of circulating tissue factor-positive
monocytes, which contribute to the coagulation abnor-
malities observed in SCD patients.” Tissue factor expres-
sion on monocytes from SCD children was found to be
positively correlated with pain rate, C-reactive protein
level and reticulocyte percentage and negatively with
hemoglobin concentration, suggesting a role for hemolysis
and inflammation in SCD monocyte activation.”

In turn, as compared with normal monocytes, activated
monocytes from SCD patients can activate endothelial
cells via the nuclear factor (NF)-kB pathway, resulting in
enhanced expression of E-selectin, intracellular adhesion
molecule 1 ICAM-1) and vascular cell adhesion molecule
1 (VCAM-1).° Endothelial activation is mediated by IL-1f
and TNF-a, produced by SCD monocytes, as demonstrat-
ed by its abrogation with antibodies targeting these two
pro-inflammatory cytokines.® Recently, a prominent role
for the monocyte-TNF-a—endothelial activation axis was
reported in transgenic sickle mice, with more global bene-
fits from the TNEF-a blockers etanercept and infliximab
than from the IL-1p blocker anakinra.*

Regarding the suspected mechanisms of monocyte acti-
vation, a role for hypoxemia was first suggested by a neg-
ative correlation between nocturnal oxygen saturation and
CD11b expression in monocytes from children with
SCD.? The amount of circulating platelet-monocyte aggre-
gates has been reported to be increased in SCD patients as
compared with that in healthy controls, suggesting a pos-
sible activation of monocytes by platelets, which are
known to be activated in SCD.” In whole blood from SCD
patients, the formation of platelet-monocyte aggregates is
mediated by a P-selectin/P-selectin glycoprotein ligand 1
(PSGL-1) interaction, which may activate monocytes."”
Other interesting results came from the demonstration
that placental growth factor (PIGF) released by RBC can
activate monocytes from SCD patients, resulting in
increased production of several pro-inflammatory
cytokines and chemokines, including IL-1f, TNF-a,
monocyte chemoattractant protein 1 (MCP-1),
macrophage inflammatory protein-1f (MIP-1p), IL-8 and
vascular endothelial growth factor (VEGEF), via the activa-
tion of Flt-1 and the PISK/AKT and ERK-1/2 pathways."*"
Placental growth factor plasma levels are higher in SCD
patients than in healthy controls and positively correlated
with anemia, pulmonary hypertension and the incidence
of vaso-occlusive crises (VOC).”"* Monocyte activation
may also be mediated by interactions with sickle RBC
since epinephrine-activated sickle RBC can promote
monocyte adhesion to human umbilical vein endothelial
cells.” As demonstrated in vitro and in whole blood from
SCD patients, plasma fibronectin creates a bridge between
two integrin a4pl molecules on monocytes and on SS
reticulocytes, mediating the formation of monocyte-retic-
ulocyte aggregates.” The interaction between 04f1 on
monocytes and Lutheran/basal cell adhesion molecule
(Lu/BCAM) on RBC may contribute to the formation of
monocyte-RBC aggregates.”” A role for heme, released by
intravascular hemolysis, in inducing monocyte activation
could be suspected, but contrary to lipopolysaccharide,
heme was recently found to be insufficient to induce IL-6
production by monocytes from SCD patients, although it

may potentiate the effects of lipopolysaccharide.”

New insights into the role of monocytes in SCD patho-
physiology have recently been provided by the descrip-
tion of a patrolling monocyte subset expressing a very
high level of heme oxygenase-1 (HO-1") in SCD
patients.” Patrolling monocytes are CD14°*CD16* mono-
cytes able to scavenge cellular debris derived from the
damaged vascular endothelium. In vitro, HO-1* expres-
sion was induced in patrolling monocytes on co-culture
with hemin-treated endothelial cells, and HO-1" cells had
higher levels of endothelial cell-derived material than
HO-1"" cells, which suggests that patrolling monocytes
take up debris from heme-exposed endothelial cells,
resulting in HO-1" expression.” Importantly, mice lacking
patrolling monocytes displayed more vascular stasis in
the presence of sickle RBC than did control mice and this
effect was attenuated by the transfer of patrolling mono-
cytes, which supports a role for these cells in preventing
VOC. Among patients on chronic transfusion exchange
therapy, those with recent VOC or a history of recurrent
VOC showed the lowest number of HO-1" patrolling
monocytes.” Hence, SCD patrolling monocytes may play
an important role in scavenging cellular debris derived
from heme-exposed endothelial cells, thus reducing the
risk of VOC. Patrolling monocytes can also take up
endothelial-adherent sickle RBC, especially during VOC,
and HO-1 upregulation increases the survival of the
patrolling monocytes by counteracting the cytotoxic
effects of RBC-engulfed material.” Further investigations
are required to determine whether patrolling monocytes
in SCD can remove other blood cells attached to the
endothelium, such as neutrophils.

The main findings on the involvement of monocytes in
SCD pathophysiology are summarized in Figure 1.

Dendritic cells

Alloimmunization is a major complication of RBC trans-
fusion both in adults and children with SCD, but its
pathogenesis remains poorly understood. A role for den-
dritic cells in the mechanisms underlying alloimmuniza-
tion was recently demonstrated in heme-exposed mono-
cyte-derived dendritic cells from alloimmunized SCD
patients as compared with non-alloimmunized patients
and healthy controls.” I vitro, heme downregulated mat-
uration of monocyte-derived dendritic cells from non-
alloimmunized patients and healthy controls, which
resulted in inhibited priming of pro-inflammatory CD4*
type 1 T cells by the dendritic cells. By contrast, in alloim-
munized patients, heme did not affect the maturation of
dendritic cells or their ability to prime Th1 cells. Hence,
the defective anti-inflammatory response to heme in
alloimmunized patients may result in alterations in T-cell
profile with an increase in pro-inflammatory (Th1) and a
decrease in anti-inflammatory (Treg) T-cell subsets.
Further investigations are required as they may open new
therapeutic perspectives to prevent this potentially life-
threatening complication.

It has also been suggested that dendritic cells may play
a role in the pathogenesis of SCD-related orthopedic com-
plications, such as osteonecrosis, osteoporosis and
osteopenia, with there being an overexpression of bone
morphogenetic protein (BMP)-6 in monocyte-derived den-
dritic cells from SCD patients with orthopedic complica-
tions as compared with SCD patients without orthopedic
complications and healthy controls.” However, further



investigations are required to confirm the role of dendritic
cells and the BMP/SMAD signaling pathway in SCD bone
complications.

Neutrophils

Neutrophils have long been suspected to be involved in
the pathophysiology of SCD. The absolute neutrophil
count is higher in SCD patients in steady-state than in eth-
nicity-matched healthy controls and is positively correlat-
ed with SCD severity.” A high leukocyte count is also a
risk factor for early death, acute chest syndrome (ACS),
hemorrhagic  stroke and sickle nephropathy.”®
Conversely, decreased neutrophil count may have positive
effects, as suggested by a report of an alleviated SCD phe-
notype in a patient with associated congenital neutropenia
who experienced the first episodes of VOC after the intro-
duction of granulocyte colony-stimulating factor (G-CSF)
to treat neutropenia.” Thus, G-CSF and granulocyte-
macrophage colony-stimulating factor (GM-CSF) should
be strictly avoided in SCD patients because myeloid
growth factors are responsible for VOC and ACS.**
Hydroxyurea may have clinical benefit for SCD patients
even in the absence of elevated fetal hemoglobin (HbF)
level, but a decrease in neutrophil count is always
observed in such cases, and hydroxyurea seems most
effective in patients with the greatest reduction in neu-
trophils.*

In addition to these quantitative aspects, several studies
have highlighted the activated state of neutrophils from
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SCD patients, with increased adhesive properties at base-
line and even more during VOC.*¥ Clinical manifesta-
tions of SCD have been found to be associated with the
expression of adhesion molecules on leukocytes.”
Hydroxyurea may also benefit SCD patients by suppress-
ing neutrophil activation and correcting the dysregulated
expression of adhesion markers on these cells.** An
important step in understanding the role of neutrophils in
SCD pathophysiology was the intravital microscopy
demonstration in SCD mice of increased neutrophil adhe-
sion to the endothelium but also to sickle RBC in postcap-
illary venules.” In this model, mice deficient in endothelial
P-selectin and E-selectin displayed defective leukocyte
recruitment to the vessel wall and were protected against
vaso-occlusion. E-selectin was found to induce a second-
ary wave of activating signals, resulting in the clustering of
activated macrophage-1 antigen (Mac-1) on the leading
edge of adherent neutrophils, thereby allowing for the
capture of sickle RBC and platelets. Here again, inactiva-
tion of E-selectin or Mac-1 prevented neutrophil-RBC and
neutrophil-platelet interactions, thereby improving blood
flow in the microcirculation and mouse survival.” These
findings suggest that interactions between activated
endothelium, activated neutrophils, captured sickle RBC
and platelets can contribute to decreased blood flow, fur-
ther accentuating RBC sickling, neutrophil recruitment
and tissue ischemia.® In blood samples from SCD
patients, studied in microfluidic flow chambers, neu-
trophils rolling on E-selectin under shear stress were found
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Scavenging of cellular debris and endothelial-attached sickle RBC

Figure 1. Monocytes in sickle cell disease. Interaction of sickle red blood cells (RBC) with endothelial cells enhances cellular oxidant stress, resulting in increased
transendothelial migration of blood monocytes. Suspected mechanisms of monocyte activation in sickle cell disease (SCD) involve hypoxemia, platelet-monocyte
aggregates mediated by P-selectin/P-selectin glycoprotein ligand 1 interaction, RBC/reticulocyte-monocyte interactions, placental growth factor released from RBC
and co-stimulation of toll-like receptor 4 by heme and lipopolysaccharide. SCD activated monocytes display increased expression of CD1, CD11b and tissue factor
on their surfaces, as well as increased production of interleukin-1 and tumor necrosis factor-c.. In turn, activated monocytes activate endothelial cells through the
nuclear factor-kB pathway, resulting in enhanced expression of intercellular adhesion molecule 1, vascular cell adhesion molecule 1 and E-selectin. Patrolling mono-
cytes uptake cellular debris derived from heme-exposed endothelial cells, thus leading to high expression of heme oxygenase-1. Patrolling monocytes also scavenge
endothelium-adherent sickle RBC. HO-1: heme oxygenase-1; ICAM-1: intercellular adhesion molecule 1: IL1-f: interleukin 1 beta; LPS: lipopolysaccharide; Lu/BCAM:
Lutheran/basal cell adhesion molecule; NF-kB: nuclear factor kappa B; PIGF: placental growth factor; PSGL-1: P-selectin glycoprotein ligand 1; TF: tissue factor; TLR4:
toll-like receptor 4; TNF-a: tumor necrosis factor alpha; VCAM-1: vascular cell adhesion molecule 1.
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to promote a catch-bond formation between endothelial
cell E-selectin and neutrophil L-selectin via tetrasaccharide
sialyl Lewis* (sLe*) expressed on L-selectin.* This interac-
tion triggers the activation of high-affinity f,-integrins,
which leads to the formation of shear-resistant bonds
with ICAM-1 on inflamed endothelium. Rivipansel, a syn-
thetic pan-selectin antagonist previously shown to
improve blood flow and survival in SCD mice, effectively
blocks E-selectin recognition of sLe* on L-selectin, thereby
inhibiting neutrophil adhesion.”* In a prospective multi-
center, randomized, placebo-controlled, double-blind,
phase II trial of 76 SCD patients, those in the rivipansel arm
showed a non-significant trend toward reduced time to res-
olution of VOC, and a significant 83% reduction in mean
cumulative intravenous opioid analgesic use.” These results
have supported an ongoing phase 1II trial of rivipansel for
SCD VOC #NCT02187003). However, the most encourag-
ing results were obtained with another selectin antagonist
specifically targeting P-selectin. In a randomized, placebo-
controlled, double-blind, phase II trial of 198 SCD patients,
treatment with crizanlizumab, a humanized monoclonal
antibody directed against P-selectin, significantly reduced
the median rate of VOC per year by 45%." A phase III trial
with  crizanlizumab is  currently in  progress
(#NCT03814746) and this drug was recently approved by
the US Food and Drug Administration. Among other poten-
tial therapeutic agents targeting neutrophils, sevuparin, a
novel drug candidate derived from heparin, was found to
inhibit adhesion of RBC and leukocytes from SCD patients
to human umbilical vein endothelial cells and prevented
vaso-occlusion in sickle mice via a multimodal mechanism
of action, including P- and L-selectin binding.** Therefore,
a phase II clinical trial of sevuparin for preventing VOC in
SCD patients is ongoing (#NCT02515838). Intravenous
immunoglobulin could also inhibit RBC-neutrophil interac-
tions and neutrophil adhesion to endothelium in sickle mice
by inhibiting Mac-1, and no adverse effects were observed
in a phase I clinical trial of intravenous immunoglobulin in
SCD patients.” A phase II trial is currently ongoing
#NCTO01757418).

An important point is that activated platelets as well as
endothelial cells express P-selectin, which binds to PSGL-1
on neutrophils, thereby enhancing the formation of
platelet-neutrophil aggregates.” In SCD mice, such
platelet-neutrophil aggregates have been observed in pul-
monary arteriole microemboli, with resolution after selec-
tive platelet P-selectin inhibition, which suggests the
potential therapeutic interest of targeting P-selectin to pre-
vent ACS.” In the crizanlizumab phase II trial, the ACS
rate did not differ between the active-treatment group and
the placebo group, but this finding may be explained by
the rarity of ACS in this trial, and further studies are need-
ed to determine whether P-selectin blockade prevents ACS
in SCD patients.” The platelet-neutrophil association is
also mediated by interactions between glycoprotein Iba
(GPIbay) on platelets and Mac-1 on neutrophils, which is
positively regulated by the serine/threonine kinase isoform
AKT?2 in neutrophils during vascular inflammation.” Here
again, specific inhibition of AKT or GPIba was recently
found to attenuate in vitro neutrophil-platelet aggregation in
SCD patients’ blood, thereby opening new therapeutic per-
spectives for the prevention and treatment of VOC.**

Besides selectin-dependent interactions, adhesion of
neutrophils to activated endothelium is modulated by dif-
ferent mediators, such as endothelin-1, with elevated plas-

ma levels in SCD patients. In SCD mice, endothelin-1
appears to upregulate TNF-a—induced Mac-1 expression
on neutrophils. Blocking endothelin receptors, especially
the endothelin B receptor, on neutrophils strongly attenu-
ates their recruitment, as demonstrated by intravital
microscopy of SCD mice and microfluidic microscopy of
SCD human blood.”

Another major point is that SCD patients, like SCD
mice, display very high proportions of aged neutrophils,
which have been positively correlated with endothelial
adhesion, Mac-1 expression and the formation of neu-
trophil extracellular traps (NET).” Neutrophil aging
appears to be mediated by microbiota via TLR/Myd88 sig-
naling, and depletion of gut microbiota with antibiotics in
SCD mice led to a significant reduction in the number of
aged neutrophils, along with improved blood flow and
increased survival. A reduced number of aged neutrophils
has been reported in SCD patients receiving penicillin,
which suggests an additional positive impact of prophy-
lactic antibiotic treatment, mediated by microbiota deple-
tion and reduction in the number of aged neutrophils.”
Moreover, bone marrow from SCD mice showed an accu-
mulation of aged neutrophils, possibly impairing
osteoblast function; thus, by reducing the number of aged
neutrophils, microbiota depletion may improve osteoblast
function and bone loss in SCD.*

In both SCD mice and patients, elevated plasma heme
levels during VOC were found to promote the formation
of NET, which are decondensed chromatin with granular
enzymes released by activated neutrophils.” In SCD mice,
the presence of NET in the lungs contributes to acute lung
injury and is associated with hypothermia and death,
which can be prevented by clearing NET with DNAse I or
by scavenging heme with hemopexin.” Together with
heme being able to trigger ACS in SCD mice, these results
suggest that NET induced by heme may be involved in the
pathogenesis of ACS.” Heme may also contribute to a sus-
ceptibility to infections in SCD patients by inducing HO-
1 expression during neutrophilic differentiation, thereby
impairing the ability of neutrophils to mount a bactericidal
oxidative burst. Indeed, a novel neutrophil progenitor sub-
set expressing high levels of HO-1 was recently identified
in the bone marrow of SCD children but not healthy con-
trols.”

The main findings on the involvement of neutrophils in
SCD pathophysiology are summarized in Figure 2.

Eosinophils

Independently of parasitic infections, eosinophils are
more numerous in steady-state SCD patients than in
healthy controls and display an activated phenotype.®®
An increase in absolute eosinophil count appears to result
from an increased level of GM-CSF in SCD.* In vitro, adhe-
sion of circulating eosinophils to fibronectin was found to
be enhanced in SCD patients and mediated by a4fpl
(VLA-4), lymphocyte function-associated antigen 1 (LFA-
1) and Mac-1 integrins.” Subsequently, eosinophils from
SCD patients were found to demonstrate greater sponta-
neous migration and release higher levels of peroxidase,
eosinophil-derived neurotoxin and reactive oxygen
species (ROS) than eosinophils from healthy controls.”
Hydroxyurea treatment seems to reduce absolute
eosinophil count and eosinophil adhesion and degranula-
tion, which suggests an additional beneficial effect of
hydroxyurea in SCD.%®
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Basophils

Few studies have focused on basophils in SCD. In a
cohort of 54 SCD patients and 27 healthy controls, basophil
count and degranulation, assessed by flow cytometry with
the Basotest, were similar in patients and controls.” Further
studies are required to determine whether activated

basophils could contribute to SCD pathophysiology.

Natural killer cells

The absolute number of NK cells has been reported to
be increased in SCD patients not receiving disease-modi-
fying therapy (hydroxyurea or chronic transfusions) as
compared to the numbers in healthy controls and patients
on hydroxyurea.*® Further enhancement during VOC has
also been reported.” More importantly, the cytotoxicity of
NK cells from SCD patients not on disease-modifying
therapy, unlike that of patients receiving hydroxyurea or
exchange transfusions, seems significantly increased com-
pared with the cytotoxicity of NK cells from controls.”
Because NK cells are capable of graft rejection, this obser-
vation of NK cell number and function normalization with
hydroxyurea may explain why SCD patients receiving
hydroxyurea before bone-marrow transplantation seem to
have a reduced risk of graft rejection.” This finding raises
the question of whether it would be beneficial to combine
hydroxyurea with chronic transfusion in the pretransplant

period, especially with non-myeloablative or HLA-mis-
matched transplants.

As for INKT cells, a potential role for NK cells in SCD
pulmonary inflammation was described in SCD mice. The
mRNA level of adenosine A, receptor (A;:R) was
increased six-fold in pulmonary NK cells from SCD mice
as compared with the level in control mice, and activating
AR on NK cells decreased the number of these cells and
improved baseline pulmonary function.”

Invariant natural killer T cells

iNKT cells are known to contribute to hepatic and renal
ischemia-reperfusion injury in mice.”” Their role has,
therefore, been investigated in SCD, which is character-
ized by repeated microvascular ischemia-reperfusion
injury. Lung, liver and spleen iNKT cells were found to be
more numerous, more activated and more responsive to
hypoxia-reoxygenation in SCD mice than in control
mice.”* Similarly, SCD patients have shown enhanced lev-
els of circulating iNKT cells, together with increased levels
of activation markers and increased interferon (IFN)-y pro-
duction, especially during VOC.” Treating SCD mice with
anti-CD1d antibody to inhibit iNKT-cell activation ame-
liorated pulmonary dysfunction and decreased pulmonary
levels of IFN-y and CXCR3, which suggests an important
role of this pathway in SCD pulmonary inflammation.” In
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Figure 2. Neutrophils in sickle cell disease. Neutrophils rolling on E-selectin under shear stress promote catch-bond formation between E-selectin and L-selectin via
sLe* expressed on L-selectin. This interaction triggers activation of high-affinity f.-integrins, which leads to shear-resistant bonds with intercellular adhesion molecule
1. Neutrophil adhesion also occurs through interactions between P-selectin glycoprotein ligand 1 (PSGL-1) and endothelial P-selectin, which is upregulated in
response to toll-like receptor 4 activation by heme released from red blood cells (RBC). E-selectin induces a secondary wave of activating signals, which leads to the
clustering of activated macrophage-1 antigen (Mac-1) on the leading edge of adherent neutrophils, allowing for the capture of sickle RBC. Endothelin-1 promotes
Mac-1 expression through the endothelin B receptors on neutrophils. Activated platelets express P-selectin, which binds PSGL-1, thereby enhancing the formation
of platelet-neutrophil aggregates. The platelet-neutrophil association is also mediated by interactions between glycoprotein Iba and Mac-1, which is positively regu-
lated by AKT2 in neutrophils during vascular inflammation. Neutrophil aging is promoted by the microbiota via TLR/Myd88 signaling and is positively correlated with
Mac-1 expression and neutrophil extracellular trap (NET) formation. Heme also promotes NET formation, possibly via generation of reactive oxygen species in neu-
trophils, and induces expression of heme oxygenase-1 during neutrophilic differentiation, thereby impairing the bactericidal oxidative burst. ESL-1: E-selectin ligand-
1; ET: endothelin; GP: glycoprotein; HO-1: heme oxygenase-1; ICAM-1: intercellular adhesion molecule 1; ROS: reactive oxygen species; TLR: toll-like receptor.
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the same line of evidence, crossing SCD mice with lym-
phocyte-deficient mice resulted in decreased pulmonary
dysfunction, whereas the adoptive transfer of iNKT cells
reconstituted injury.

In SCD mice, pulmonary iNKT-cell activation was asso-
ciated with a nine-fold increase in A;,R mRNA level as
compared with the level in control mice. Treating SCD
mice with an A,R agonist improved pulmonary inflam-
mation and prevented further hypoxia-reoxygenation—
induced lung injury by inhibiting iNKT-cell activation.” In
SCD patients, AR was induced during VOC in CD4* but
not CD4 iNKT cells.” This induction may serve to inhibit
iNKT-cell activation over time in a counter-regulatory
mechanism, thereby limiting the extent of the inflamma-
tory immune response. AR transcription seems to be
induced by NF-«kB activation because the use of NF-«xB
inhibitors in cultured human iNKT cells blocked the
induction of A, R mRNA and protein.” Furthermore,
iNKT cells from SCD patients showed concomitant high
expression of A,R and CD39, the ecto-ATPase that con-
verts ATP and ADP to AMP, thereby resulting in increased
adenosine production, which limits iNKT-cell activation.”
In a phase I trial of the AR agonist regadenoson in 27
adult SCD patients, iNKT-cell activation, measured by
phospho-NF-«B, IEN-y and A,.R expression, was increased
in patients as compared with controls and during VOC as
compared with steady-state.”* A 24-hour infusion of
regadenoson during VOC decreased the activation of
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iNKT cells by 50%, to levels similar to those in steady-
state patients and in controls, without any reported toxic-
ity. However, in a phase II, randomized, placebo-con-
trolled trial of 92 SCD patients, a 48-hour infusion of
regadenoson at the same dose during VOC did not signif-
icantly decrease iNKT-cell activation or the severity of the
crises.”

Another approach based on iNKT-specific depletion
with the humanized IgGlk monoclonal antibody
NKTT120 is currently under investigation, and it has
already been shown that a single intravenous bolus pro-
duces rapid, specific and sustained iNKT-cell depletion,
thereby allowing for a regimen of infusion every 3
months.”” Because iNKT cells play important roles in
immunity, there are legitimate concerns about a possible
increase in susceptibility to infections, but no adverse
effect was reported in a first multicenter, single-ascending-
dose trial designed to determine the pharmacokinetics,
pharmacodynamics and safety in SCD patients in steady-
state. The next step should be a randomized, double-
blind, placebo-controlled trial to assess the efficacy of
NKTT120 in preventing VOC occurrence.

Platelets

Platelets are essential in hemostasis and thrombosis, but
they are also important mediators of vascular inflamma-
tion. Platelets were found to be activated in SCD patients
in steady-state and even more so during VOC.?” Platelet
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Figure 3. Mast cells in sickle cell disease. Histamine released from mast cells (MC) stimulates endothelial H, and H, receptors, thereby inducing the release of von
Willebrand factor and expression of P-selectin. Tryptase released from MC activates protease-activated receptor 2 on peripheral nerve endings, thus contributing to
nociceptor sensitization and stimulating the release of substance P (SP). SP released from MC and from sensory nerve endings increases plasma extravasation via
neurokinin 1 receptor (NK1R) and promotes neurogenic inflammation. SP also acts on MC via NK1R and MAS-related G-protein-coupled receptor X2 (MRGPRX2),
thus inducing more SP release in an amplification loop of MC activation. MRGPRX2 stimulation by SP induces the release of several cytokines and chemokines, which
promotes immune cell recruitment. MC degranulation in response to morphine is also mediated by MRGPRX2. Hemolysis in sickle cell disease (SCD) may contribute
to MC activation because it is responsible for nitric oxide depletion, which is known to activate MC. MC activation appears to contribute to endothelial dysfunction in
SCD, via endoplasmic reticulum stress-mediated P-selectin expression and increased endothelial permeability. NO: nitric oxide; PAR-2: protease-activated receptor

2; RBC: red blood cell; VWF: von Willebrand factor.
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Table 1. The main potential therapeutic agents targeting innate immune cells in sickle cell disease. ®

Therapeutic agent Targeted innate immune cells Mechanism of action Study ID # Phase

Hydroxyurea Neutrophils, eosinophils, Multimodal mechanism including FDA-approved 11

monocytes, NK cells, platelets myelosuppression

Crizanlizumab (SEG101)  Neutrophils, platelets P-selectin inhibitor NCT03814746 1
(monoclonal antibody) FDA-approved

Rivipansel (GMI-1070) Neutrophils, platelets Pan-selectin inhibitor NCT02187003 11

Sevuparin Neutrophils, platelets Multimodal mechanism including NCT02515838 11
P- and L-selectin inhibition

IVIG Neutrophils Inhibits neutrophil adhesion NCT01757418 11
and RBC-neutrophil interactions

NKTT120 iNKT cells iNKT cell depletion NCT01783691 |
(monoclonal antibody)

Ticagrelor Platelets ADP receptor antagonist NCT03615924 11

ID #:identification number; NK cells: natural killer cells; FDA: US Food and Drug Administration; IVIG: intravenous immunoglobulin; RBC: red blood cell; iNKT cells: invariant nat-
ural killer T cells; ADP: adenosine diphosphate.
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Figure 4. Main roles of innate immune cells in sickle cell disease. Innate immune cells promote inflammation, adhesion and pain in sickle cell disease (SCD).
Monocytes may be activated by several mechanisms, including interactions with red blood cells (RBC), reticulocytes and platelets, as well as toll-like receptor 4 (TLR4)
stimulation by heme and lipopolysaccharide. Activated monocytes produce pro-inflammatory cytokines, such as interleukin (IL)-18 and tumor necrosis factor-o, which
activate endothelial cells, resulting in enhanced expression of adhesion molecules. The interaction of sickle RBC with endothelial cells induces cellular oxidant stress,
which leads to transendothelial migration of blood monocytes. Patrolling monocytes scavenge endothelium-adherent sickle RBC and take up cellular debris derived
from heme-exposed endothelial cells, thereby leading to high expression of heme oxygenase-1. Macrophages may be activated by heme, released from RBC in SCD,
resulting in increased production of pro-inflammatory cytokines, especially IL-18, through activation of the NLRP3 inflammasome. Elevated plasma levels of sphin-
gosine-1-phosphate (S1P) induce IL-6 expression via S1P receptor 1 (S1PR1), and IL-6 in turn promotes S1PR1 expression by macrophages, leading to a vicious cycle
of chronic inflammation. Neutrophil adhesion involves endothelial P-selectin, which is upregulated in response to TLR4 activation by heme in SCD. Heme may also
promote neutrophil extracellular trap formation via the generation of reactive oxygen species (ROS) in neutrophils. Endothelial E-selectin induces the clustering of
macrophage-1 antigen (Mac-1) on the leading edge of adherent neutrophils, allowing for the capture of sickle RBC. P-selectin is also expressed by platelets, which
promotes the formation of platelet-neutrophil aggregates. The platelet NLRP3 inflammasome is activated in SCD, via HMGB1/TLR4 and Bruton tyrosine kinase, lead-
ing to enhanced production of pro-inflammatory cytokines, including IL-1B. Increased platelet activation may also result from depletion of nitric oxide (NO), secondary
to the release of free hemoglobin from RBC. Activated platelets release soluble CD40L and thrombospondin, which binds CD36 on both endothelial cells and RBC,
thereby promoting RBC adhesion to microvascular endothelium. Mast cell activation in SCD may be mediated by ischemia-reperfusion, hemolysis with NO depletion,
and chronic inflammation. Substance P released from mast cells promotes neurogenic inflammation and pain, but it also activates mast cells themselves via neu-
rokinin 1 receptor and MAS-related G-protein-coupled receptor X2, thereby inducing a vicious cycle of substance P release as well as the release of pro-inflammatory
cytokines and chemokines, which promotes immune cell recruitment. Histamine released from mast cells also induces plasma extravasation and endothelial P-
selectin expression. Invariant natural killer T-cell activation in SCD is associated with increased interferon-y production and A,, receptor expression. Adhesion of cir-
culating eosinophils to fibronectin in SCD is mediated by several integrins, including Mac-1, and activated eosinophils are responsible for enhanced ROS production.
A,,R: adenosine A,, receptor; BTK: Bruton tyrosine kinase; Hb: hemoglobin; HO-1: heme oxygenase-1; IFN: interferon; iNKT cell: invariant natural killer T cell; LPS:
lipopolysaccharide; MRGPRX2: MAS-related G-protein-coupled receptor X2; NET: neutrophil extracellular traps; NK1R: neurokinin 1 receptor; PIGF: placental growth
factor; TLR: toll-like receptor 4; TNF-o: tumor necrosis factor alpha.
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activation was positively correlated with pulmonary arte-
rial hypertension, and activated platelets might contribute
to this severe complication of SCD by promoting in situ
thrombosis and releasing vasoactive molecules or mito-
genic mediators.” Recently, elevated plasma levels of sol-
uble CD40L and thrombospondin-1, two platelet-derived
molecules, were reported in SCD patients with a history
of ACS, which suggests a role for activated platelets in the
pathogenesis of this syndrome.”” In support of this
hypothesis, antiplatelet agents such as the ADP receptor
antagonist clopidogrel significantly improved lung injury
in SCD mice.™ As described above, activated platelets can
form aggregates with several cells, including RBC, mono-
cytes and neutrophils, and platelet—neutrophil aggregates
may contribute to pulmonary arteriole microemboli in
SCD mice.” By releasing thrombospondin, which binds
CD36 on both endothelial cells and RBC, platelets also
promote sickle RBC adhesion to microvascular endotheli-
um, resulting in vaso-occlusion.” These findings have sup-
ported clinical trials of two antiplatelet agents in SCD
patients, namely the ADP receptor antagonists prasugrel
and ticagrelor. However, a phase III trial of prasugrel in
SCD children did not find a significant reduction of VOC
rate, and ticagrelor did not affect diary-reported pain in a
phase IIb trial of young adults with SCD.** A ticagrelor
phase III trial on VOC rate in children with SCD is cur-
rently ongoing (#NCT03615924).

Increased platelet activation in SCD may result from
decreased nitric oxide bioavailability and endothelial dys-
function with an abnormal prothrombotic microvascula-
ture.” However, new insights into mechanisms of platelet
activation in SCD were provided by the recent demon-
stration that the platelet NLRP3 inflammasome is activat-
ed in SCD patients in steady-state, and even more during
VOC, via HMGB1/TLR4 and Bruton tyrosine kinase
(BTK).” The NLRP3 inflammasome mediates platelet acti-
vation/aggregation and thrombus formation via recogni-
tion of various pathogen-associated molecular patterns
(PAMP) and damage-associated molecular patterns
(DAMP) from injured tissues, such as HMGB1, whose
level was found to be higher in plasma from SCD patients
than in plasma from healthy controls.” The platelet
NLRPS inflammasome is involved in IL-1B signaling and
platelets from SCD patients were found to produce
increased amounts of pro-inflammatory cytokines, includ-
ing IL-1B.% In vitro, pharmacological or antibody-mediated
inhibition of HMGB1/TLR4 and BTK decreased the ability
of SCD patients’ plasma to induce caspase-1 activation in
platelets from healthy controls. Similarly, in sickle mice,
inhibition of NLRP3 or BTK reduced caspase-1 activity
and platelet aggregation.” These findings may open ther-
apeutic perspectives in SCD, especially for the BTK
inhibitor ibrutinib, which is approved by the US Food and
Drug Administration to treat B-cell malignancies.

Macrophages

A polarization of liver macrophages into a M1 pro-
inflammatory phenotype was recently described in SCD
mice, with higher expression of TNF-o and IL-6 by these
cells than by liver macrophages from control mice.* This
could contribute to the pathogenesis of SCD liver damage
because pro-inflammatory  activation of liver
macrophages is known to induce monocyte recruitment,
with enhanced cytokine production leading to hepato-
cyte apoptosis and fibrosis. Additionally, administration

of hemopexin to SCD mice attenuated the pro-inflamma-
tory status of liver macrophages, which strongly suggests
a role for heme in inducing the SCD macrophage pheno-
typic switch toward an M1 phenotype.* Macrophages
may also be a major source of IL-1f in SCD because heme
induces IL-1f processing through NLRP3 inflammasome
activation in macrophages.®

Infiltration of macrophages has been described in kid-
neys of SCD mice, with macrophage stimulating protein 1
(MSP1) accumulation in glomerular capillaries.*® MSP1 acti-
vates RON kinase on glomerular endothelial cells, leading
to the phosphorylation of ERK and AKT and resulting in
increased von Willebrand factor expression, cell motility
and glomeruli permeability. Treating SCD mice with a
RON inhibitor (BMS-777607) attenuated glomerular
endothelial injury, which suggests that this molecule could
be used to prevent renal disease in SCD patients.”

Another interesting finding concerns sphingosine-1-
phosphate (S1P), a biolipid contributing to chronic inflam-
mation, whose plasma levels are elevated in SCD patients
and mice. In SCD mice, S1P induces IL-6 expression in
macrophages via S1P receptor 1 (S1PR1) and IL-6 in turn
promotes S1PR1 expression in macrophages of several
organs, which leads to a vicious cycle promoting chronic
inflammation and tissue damage.” Treating SCD mice
with a SI1PR1 antagonist (FTY720) reduced systemic
inflammation and improved tissue damage in the spleen,
liver, kidneys and lungs, which suggests that this drug,
approved by the US Food and Drug Administration to
treat multiple sclerosis as an immunosuppressant, may
benefit SCD patients.”

Mast cells

Growing evidence is suggesting a role for mast cells in the
pathophysiology of SCD. The chronic pain in this disease
shares many characteristics with that encountered in mas-
tocytosis, and the clinical signs of mast cell activation syn-
drome have been described in SCD patients.” Increased
plasma levels of several mast cell mediators, including his-
tamine and substance P, have been reported in steady-state
with further enhancement during VOC.®* The plasma
tryptase level is also slightly increased during VOC as com-
pared with the level in steady-state but without reaching
pathological values, which suggests mast-cell activation
rather than increased numbers of mast cells.” In SCD
patients, plasma histamine level was found to be negatively
correlated with HbF level, a well-known protective factor in
SCD, and positively with absolute neutrophil count,
absolute platelet count and C-reactive protein level, which
suggests a role for inflammation in the mechanisms leading
to mast-cell activation.” Histamine may contribute to SCD
pathogenesis, because stimulation of endothelial histamine
H, and H, receptors induced the release of von Willebrand
factor and P-selectin expression by endothelial cells, thus
promoting adhesion of sickle RBC.” Furthermore, the plas-
ma level of substance P was found to be negatively correlat-
ed with hemoglobin concentration and positively with the
levels of markers of hemolysis.” These findings may reflect
SCD hemolysis being responsible for depletion of nitric
oxide, which is known to induce mast-cell activation.”

Substance P, a neuropeptide released from mast cells
and from sensory nerve endings, acts as a primary pain
neurotransmitter and a neuromodulator. Via neurokinin 1
receptor (NK1R), substance P contributes to neurogenic
inflammation by increasing venular permeability and plas-



ma extravasation, but it also acts on the mast cells them-
selves, promoting a vicious cycle of mast-cell activation
and substance P release.” Furthermore, tryptase released
from mast cells activates protease-activated receptor 2
(PAR-2) on peripheral nerve endings, thus contributing to
nociceptor sensitization and stimulating the release of
substance P, which in turn activates mast cells.” Substance
P and tryptase levels were higher in the skin of SCD mice
than in that of control mice and both proteins colocalized
with activated mast cells.”” Inhibition of mast cells, with
the mast-cell stabilizer cromolyn or the c-kit/tyrosine
kinase inhibitor imatinib, decreased substance P and
tryptase levels as well as systemic inflammation, neuro-
genic inflammation, reflected by Evans blue leakage, and
hyperalgesia. Importantly, these results were confirmed in
transgenic SCD mice lacking mast cells.” In the same line
of evidence, in an SCD patient with chronic myeloid
leukemia, imatinib treatment completely resolved repeat-
ed VOC, and discontinuation of the treatment coincided
with VOC recurrence.” However, this may be explained,
at least in part, by a decrease in leukocyte and neutrophil
counts during imatinib treatment, and further studies are
needed. A clinical trial of imatinib or another c-kit/tyrosine
kinase inhibitor in SCD patients may be considered.

Treating SCD mice with a high-affinity opioid nocicep-
tion receptor agonist, AT-200, known to inhibit the release
of substance P from sensory nerve endings, inhibited mast-
cell activation/degranulation as well as neurogenic inflam-
mation, with a greater antinociceptive effect than that of
morphine.” In SCD mice, morphine was found to stimulate
the release of substance P from mast cells, thereby promot-
ing neurogenic inflammation and hyperalgesia mediated by
mast-cell activation.” In SCD patients, morphine is consid-
ered a reference analgesic for VOC but it may actually have
deleterious effects by inducing the release of mast-cell medi-
ators, including substance P and histamine.” Importantly,
human mast-cell degranulation in response to morphine
was recently found to be mediated by MAS-related G-pro-
tein-coupled receptor X2 (MRGPRX2), which is also a major
receptor for substance P, mediating innate immune cell
recruitment, neurogenic inflammation, and pain.””

Mast-cell activation may have an additional role in pro-
moting blood-brain barrier dysfunction in SCD. In vitro,
activated mast cells from SCD mice induced endoplasmic
reticulum stress in brain endothelial cells, with increased
P-selectin expression and increased endothelial permeabil-
ity." Hence, mast-cell activation may contribute to
endothelial dysfunction in SCD via endoplasmic reticu-
lum stress-mediated P-selectin expression.

The main findings on the involvement of mast cells in
SCD pathophysiology are summarized in Figure 3.

Innate immune cells in sickle cell disease -

The main potential therapeutic agents targeting innate
immune cells in SCD are described in Table 1.

Conclusion

Findings from our review suggest that innate immune
cells do indeed play important roles in SCD in promoting
inflammation, adhesion and pain, the hallmarks of the dis-
ease (Figure 4).

Among suspected mechanisms underlying innate
immune cell activation, free hemoglobin and heme
released by hemolysis may play a crucial role by activating
TLR4 or generating ROS that can activate the inflamma-
some.” Nitric oxide depletion by free hemoglobin may
also contribute, especially to platelet and mast-cell activa-
tion. Innate immune cells usually possess a large repertoire
of receptors, including cytokine and chemokine receptors,
which enables them to respond to various inflammatory
signals. Hence, their activation in SCD is likely promoted
by chronic and acute inflammation. SCD patients have
increased susceptibility to infections, and PAMP, such as
bacterial lipopolysaccharides or endotoxins, could also
contribute, as could DAMP originating from injured tis-
sues following ischemia/reperfusion.

Once activated, innate immune cells release a wide
range of cytokines and chemokines, thus promoting a
vicious cycle of immune cell recruitment and activation.
Pro-inflammatory cytokines produced mainly by mono-
cytes and macrophages, but also by platelets and other
innate immune cells, can activate the endothelium togeth-
er with heme, resulting in increased expression of adhe-
sion molecules. Neutrophils are crucial factors in endothe-
lial adhesion but monocytes and platelets also contribute
to decreased blood flow and vaso-occlusion via the forma-
tion of RBC-monocyte, platelet-monocyte and platelet—
neutrophil aggregates. However, activated innate immune
cells are not just deleterious protagonists in SCD, as illus-
trated by patrolling monocytes, which scavenge endothe-
lial debris and adherent sickle RBC.

Innate immune cells may play a specific role in SCD. For
example, mast cells promote neurogenic inflammation via
substance P release. However, the main complications of
SCD, such as VOC, ACS and stroke, likely result from
interlinked actions of innate immune cells. Further inves-
tigations are required to better understand the involve-
ment of these novel, important protagonists in SCD
pathophysiology, their respective roles in acute and chron-
ic complications, as well as the mechanisms underlying
their activation, in order to develop innovative treatments
targeting innate immune cells in SCD.
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