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Abstract: Microvascular vaso-occlusion driven pain crisis is the hallmark of sickle cell
disease with profound morbidity and increased mortality. Selectins, most notably P-selectins
have an integral role in this phenomenon. P-selection was first identified in 1989. In 2019,
after 3 decades of basic, translational, and clinical work with this pathway, the US Food and
Drug Administration approved a P-selectin antibody, crizanlizumab to reduce frequency of
pain crisis in patients more than 16 years with sickle cell disease. We review the funda-
mentals of P-selectin pathobiology, P-selectin blocking agents, clinical data with the use of
crizanlizumab and prospects of this novel class of drugs in the context of other treatments for
painful vaso-occlusive episodes.
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Introduction
Sickle cell disease (SCD) is an inherited red blood cell (RBC) disorder resulting
from a GAG—GTG substitution (glutamic acid—valine) in the sixth codon of the
B-globin subunit of human adult hemoglobin. The resultant variant hemoglobin, Hb
S, polymerizes upon deoxygenation, leading to distortion of the RBC shape and
rheologic impairment. The downstream effects of this phenomenon include chronic
hemolytic anemia, microvascular occlusion, and activation of microvascular
endothelium and inflammation, which culminate in chronic organ damage, impaired
quality of life, and early mortality. Painful vaso-occlusive episodes (VOEs) or
sickle cell-related pain crises are characteristic of SCD and are responsible for
73.7% of emergency department visits and ~95% of hospital admissions.'* VOEs
are manifested as acute and recurrent attacks of painful extremities and of the back,
joint, abdomen and chest lasting for ~10 days.” VOEs result in a reduced quality of
life, low self-esteem, anxiety, depression, body image dissatisfaction, poor school
performance, social isolation, decreased participation in normal daily activities,
poor peer and family relationships, and an increased mortality risk.*
Polymerization of deoxygenated hemoglobin causes changes in the morphology
of erythrocytes, apparent as sickled RBCs. While sickled RBCs cause occlusion of
smaller vessels, activated and adherent leukocytes are drivers of vaso-occlusion in
postcapillary venules.” The vaso-occlusion leads to tissue ischemia, and VOEs are
often an antecedent to acute chest syndrome. Hepatic sequestration, splenic seques-

tration, priapism, and bacterial infections are more serious but less common acute
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complications seen in patients with SCD.® Long-term
manifestations of SCD include chronic pain, stroke, pul-
monary hypertension, leg ulcers, avascular necrosis of hips
or shoulders, retinopathy, and renal failure.

SCD encompasses multiple autosomal recessive geno-
types in which hemoglobin S may exist in a homozygous
state (HbSS) or in a heterozygous state where it co-exists
with other globin mutations, such as hemoglobin C (HbSC),
hemoglobin D (HbSD), hemoglobin E (HbSE), or (-
thalassemia (HbSP® or HbSP"). There is large phenotypic
variability within each SCD genotype, both in terms of
VOE:s and other sickle cell-related complications. In general,
the sickle cell anemia (SCA) genotypes HbSS and HbSp’
are typically more severe than other milder forms, such as
HbSC and HbSB". HbSD runs a course similar to that of
SCA but can uniquely be associated with cerebrovascular
complications.” Patients with HbSE have mild anemia, with-
out typical SCD manifestations.

P-Selectin and Vaso-Occlusion

There are 3 members of the selectin family of cytoadhe-
sion molecules: E-selectin, P-selectin, and L-selectin.
P-selectin is found in storage granules of resting endothe-
lial cells (Weibel-Palade bodies) and platelets (alpha gran-
ules) and is expressed on cell membranes upon activation.®
P-selectin expression in platelets is a marker of platelet
activation. Some potent activator signals are thrombin,
complement components, reactive oxygen species,
hypoxia, hypoxia-reoxygenation, and heme. P-selectin gly-
coprotein ligand-1 (PSGL-1) is present on leukocytes;
a PSGL-1-like ligand is also expressed on RBCs.” The
P-selectin and PSGL-1 pairing leads to interactions
between endothelial cells and sickled RBCs, endothelial
cells and platelets, platelets and leukocytes, and platelets
and sickled RBCs that underlie SCD complications includ-
ing VOEs. P-selectin mediates platelet activation, coagula-
tion, and inflammation and has been found to be the most
important of all selectins for initiation and maintenance of
the cascade of events triggered by leukocyte adhesion to
vascular endothelium during VOEs.'” Vaso-occlusion is
a complex process heralded by adhesion of sickled RBCs
and leukocytes to the endothelium, leading to vascular
Activated platelet

P-selectin also promotes lung vaso-occlusion in SCD by

obstruction and tissue ischemia.'!

forming arteriolar neutrophil-platelet microemboli.'* The
combination of hypoxia/reperfusion injury, ischemic tissue
damage, inflammation, and altered nociception culminates
in a full-blown VOE.?

P-Selectin and Vascular

Hemodynamics

Abnormal blood flow in the microvasculature is the hall-
mark of SCD. While viscosity is a more important deter-
minant of blood flow in large vessels, individual RBC
deformability is of greater consequence to microcircula-
tory flow."> The tight squeeze of flowing RBCs through
the smallest vessels exposes the entire circumference to
endothelial adhesion molecules.'* In SCD, endothelial
cells chronically express P-selectin.'>'® Contact between
sickled RBCs and endothelial P-selectin is central to initia-
tion of the vaso-occlusive cascade by downstream engage-
ment of multiple adhesion receptor/ligand pairs.'” The
adhesion of sickled RBCs to endothelial cells results in
increased levels of reactive oxygen species within
endothelial cells, which upregulates the expression of
P-selectin on the cell surface.'®'? This positive feedback
cycle accounts for the slower microcirculatory flow of
sickled RBCs."> While P-selectin-mediated adhesion is
a key event in the initiation of VOEs, multiple mechan-
isms are established subsequently.””

P-Selectin Inhibition in Mice Models
with SCD

Adhesion by selectin requires hemodynamic shear stress.?!
Inhibition of P-selectin-mediated adhesion pathways sig-
nificantly reduces the adherence of sickled RBCs and
leucocytes to endothelium and improves microvascular
flow velocities in transgenic mice expressing HbSS.?
Chimeric mice with HbSS but deficient in P-selectin and
E-selectin created by transplanting SCD mice bone mar-
row in nonsickle P- and E-selectin knockout mice are
protected from vaso-occlusion.”> Not surprisingly, trans-
genic P-selectin-deficient SCD mice are protected from
lung vaso-occlusion, which proves the crucial role of

P-selectin in acute chest syndrome as well.**

P-Selectin Inhibition in Humans
with SCD

Thus, P-selectin inhibition has long been postulated to be
of more value in preventing a VOE or, at the most, abort-
ing a VOE 1in its early stage than in treating an established
crisis. Low-dose unfractionated heparin (12- to 50-fold
lower concentration than required for anticoagulation)
can block P-selectin, and pentosan polysulfate sodium
(PPS) has even greater P-selectin-blocking activity than
heparin.”>® In open-label PPS Phase 1/2 studies, it was
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shown that blocking P-selectin via an oral agent in patients
with SCD improved microvascular flow and led to
a significant reduction in soluble vascular cell adhesion
molecule 1 levels—a marker of endothelial injury that is
chronic transfusions and

frequently responsive to

hydroxyurea.”” PPS was not developed further.
Rivipansel, a pan-selectin inhibitor, failed to meet its end-
points in a Phase 3 study, although it had showed
a reduction in the time to VOE resolution and intravenous
opioid use in a Phase 2 trial.”**2° Sevuparin is a modified
form of heparin and a P-selectin and L-selectin inhibitor. It
failed to show benefit in treating VOEs, although it was
shown to prevent VOEs and to normalize blood flow in
animal studies.’® Both drugs were ineffective at treating
VOEs and accelerating recovery, in agreement with the
concept that P-selectin inhibition is not an effective strat-
egy after a VOE has set in. Recently, crizanlizumab—a
monoclonal antibody that inhibits P-selectin function—
was studied for its prophylactic use and yielded positive

results that led to regulatory approval.®!

Crizanlizumab

Crizanlizumab is a humanized immunoglobulin G2k
monoclonal antibody that binds to and inhibits P-selectin,
thereby blocking its interaction with its ligand, PSGL-1
(Figure 1). The drug-binding P-selection on the surface of
activated endothelium and platelets blocks the interaction
between endothelial cells, platelets, sickled RBCs, and
leukocytes—Ieading to improved microvascular flow
dynamics.*? Crizanlizumab may also mitigate a VOE
because of its ability to reverse some, but not all, estab-
lished aberrant adhesive interactions.'® The half-life (t;,,)
of crizanlizumab is 7.6 days, and it is degraded into small
peptides via catabolism.>? The effect of renal or hepatic
impairment on crizanlizumab is not known. Moreover,
hydroxyurea does not seem to have a meaningful impact
on its pharmacokinetics.*” In vitro studies have confirmed
the role of crizanlizumab in preventing a VOE by blocking
leukocyte adhesions; however, this also poses the theore-
tical risk of increased infections due to reduced leukocyte
adhesions.'” Crizanlizumab did not have any effect on
hemolysis.

SUSTAIN Trial

SUSTAIN was a phase 2 multicenter, multinational, ran-
12-month
study that assessed the safety and efficacy of crizanlizu-

domized, placebo-controlled, double-blind,

mab with or without hydroxyurea therapy in 198 patients

erythrocyte Reduced
\ vaso-occlusion

PSGL-1-like

PSGL-1 receptor

Figure | Mechanism of action of crizanlizumab. Crizanlizumab is a monoclonal
antibody that binds to P-selectin. Blockade of P-selectin may prevent cell—cell
interactions between blood cells and endothelial cells, and thus eliminate or reduce
vaso-occlusion. Figure reproduced with permission from®© 2020 Novartis AG.

Abbreviations: GP|ba, glycoprotein |ba; PSGL-1, P-selectin glycoprotein ligand-1.

with SCD with painful VOEs.*® Eligible patients were 16
to 65 years of age, encompassed all SCD genotypes, and
had 2 to 10 VOEs in the 12 months before enrollment.
Although patients were not allowed to initiate hydro-
xyurea, those already receiving hydroxyurea for >6
months and on a stable dose were allowed to continue
receiving the same dose. Subjects were randomized to
placebo, low-dose crizanlizumab (2.5 mg/kg), or high-
dose crizanlizumab (5 mg/kg) in a 1:1:1 ratio. High-dose
crizanlizumab (5 mg/kg, 2 loading doses 2 weeks apart
and then every 4 weeks (maintenance) for a total of 14
doses) resulted in a 45.3% lower annual rate of sickle cell
pain crises compared with placebo (median, 1.63 vs 2.98).
The median time to first crisis was significantly longer
with high-dose crizanlizumab than with placebo (4.07 vs
1.38 months), as was the median time to the second crisis
(10.32 vs 5.09 months), representing crisis-free intervals
that were almost twice as long. This positive effect was
seen regardless of concomitant hydroxyurea use. All gen-
otypes of SCD (HbSS, HbSC, HbSB’, HbSB", and others)
derived benefit. A reduction in the annual crisis rate was
observed in subjects who had experienced 2 to 4 crises and
5 to 10 crises in the previous year (Figure 2).>* The most
common adverse events (arthralgia, diarrhea, pruritus,
vomiting, and chest pain) occurred in >10% of patients
in the active treatment group and at a frequency that was
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Figure 2 SCPC event-free patients in the high-dose crizanlizumab, low-dose crizanlizumab, and placebo subgroups in an ITT population with respect to the annualized crisis

rate in the preceding year.
Note: Data from Kutlar et al.3*
Abbreviations: SCPC, sickle cell pain crisis; ITT, intention to treat.

higher than in the placebo group. The most frequent ser-
ious adverse events were pyrexia, influenza, and pneumo-
nia. However, crizanlizumab did not show an increased
risk of infectious complications compared with placebo.
Acute chest syndrome, hepatic/splenic sequestration, and
priapism were rare (median rate, 0.00 in all groups). No
patients developed a detectable antibody response against
crizanlizumab.

In the SUSTAIN study, 35.8% of subjects in the high-
dose crizanlizumab had no crisis events during the 52-
week study period—a much higher percentage than in
the low-dose crizanlizumab (18.2%) and placebo (16.9%)
groups (Figure 2).>** A post hoc subgroup analysis and
a retrospective trial (SUCCESSOR trial) assessed the effi-
cacy of crizanlizumab, using both the data set from the
same original SUSTAIN trial and data corroborating the
activity of high-dose crizanlizumab at preventing
VOEs.*> 7 These findings led to the US Food and Drug
Administration (FDA) approval of crizanlizumab for the
prevention of VOEs in patients with SCD of all genotypes
who are >16 years of age.>' In the subgroup analysis,
patients who received only high-dose crizanlizumab had
a lower annual crisis rate than those who received crizan-
lizumab with concomitant hydroxyurea (difference from
placebo: —50.0% vs —32.1%).>® Similarly, among the

patients receiving hydroxyurea, low-dose crizanlizumab
was associated with a greater reduction in the annual rate
of VOEs (44.1% lower median rate compared with pla-
cebo) than high-dose crizanlizumab (32.1% lower median
rate compared with placebo).>® The concentration-related
interaction with hydroxyurea leading to a reduced effect at
higher doses of crizanlizumab was erroneously thought to
account for this phenomenon by some authors.*®*° The
trial was not powered to detect differences between sub-
groups, and the sample sizes were small in each subgroup.
Patients with more severe disease are more likely to be put
on hydroxyurea, potentially influencing the results.*® We
believe that high-dose crizanlizumab provides additional
benefit when used in combination with hydroxyurea.

Infusion-Related Reactions with

Crizanlizumab

Several cases of severe pain during or within 24 hours of
the infusion (infusion-related reactions [IRRs] resembling
complement activation-mediated pseudo-allergy)—similar
to those seen with other monoclonal antibodies—have
been noted in postmarketing adverse event reporting.***!
More than two-thirds (16/22) of patients reporting these

IRRs required hospitalization. In the SUSTAIN trial, mild

submit your manuscript

852

Dove

Journal of Pain Research 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Karki and Kutlar

to moderate pain was observed in 5% of patients after
infusions, and no severe hypersensitivity was reported.
Seven cases of complications—such as acute chest syn-
drome, fat embolization syndrome, hemolytic crisis, pneu-
monia, and multiorgan failure—have been reported
following the infusion, but all cases resolved.*' Slowing
or discontinuation of infusions and appropriate treatment
(eg, analgesics, antihistamines) are suggested for mild to
moderate IRRs. Steroids are recommended only for

anaphylaxis.

Crizanlizumab in Patients on

Hydroxyurea
Hydroxyurea is an inhibitor of ribonucleotide reductase
and may cause mild bone marrow suppression.
Hydroxyurea was approved in 1998 for SCA, and, for
almost 2 decades, was the only drug available that modi-
fies the natural history of the disease. Hydroxyurea results
in a 44% reduction in the median annual rate of painful
crises.*> The majority of patients (74%) report low adher-
ence despite its clinical benefits.*> Although hydroxyurea
is still the recommended first-line agent for preventing
VOEs in SCA (although not for all patients with SCD),
the inclusion of patients on hydroxyurea in the SUSTAIN
trial paved the way for its approval and subsequently for
the use of crizanlizumab as an adjunct to hydroxyurea.*>**
High-dose crizanlizumab provided additional benefit in
combination with hydroxyurea, which is only additive and
not synergistic.>>*® The positive effects of hydroxyurea
are likely due to increased fetal hemoglobin, improved
RBC

levels.*> Hydroxyurea also exerts cytotoxic effects that

rheology, and higher circulating nitric oxide
cause a decreased production of neutrophils, reticulocytes,
and platelets.*® In contrast, crizanlizumab targets intercel-
lular adhesion involving RBCs, platelets, neutrophils, and
endothelial cells. While hydroxyurea targets RBCs, crizan-
lizumab targets the vasculature.®> This forms the basis of
additional benefit seen with crizanlizumab for patients
already on hydroxyurea. Thus far, there is no biological
basis for a synergistic or antagonistic interaction between
crizanlizumab and hydroxyurea.

Crizanlizumab Vis-a-Vis Other SCD

Treatments

In the past, multiple pathophysiological targets have been
explored to abrogate VOEs: anticoagulation (aspirin, ticlo-
pidine), antioxidation (w-3 fatty acid, N-acetylcysteine,

l-glutamine, vitamins C and E), and antisickling (sodium
bicarbonate, promazine, cromolyn sodium, piracetam, and
dietary supplements such as folic acid or zinc).*” Apart
from hydroxyurea, an antioxidant and an antiadhesion
antibody have been approved by the FDA in last 3 years
to prevent/treat VOEs. L-Glutamine was evaluated in
a phase 3 trial and is now approved to prevent pain crises
in SCD.*® L-Glutamine is an amino acid required for the
synthesis of nicotinamide adenine dinucleotide.
Exogenous I-glutamine increases the proportion of the
reduced form of nicotinamide adenine dinucleotides in
sickle cell erythrocytes, which reduces oxidative stress
and results in fewer episodes of sickle cell-related pain
(median of 3 episodes vs 4 in the placebo group) and
fewer hospitalizations (median of 2 vs 3 in the placebo
group).”’ ©-3 Fatty acid has been shown to reduce the
annual VOE rate, hospitalization rates for VOEs, and the
number of hospital admission days.>® Allogeneic hemato-
poietic cell transplant and autologous stem cell-based gene
therapy are attractive options for curing SCD in eligible
patients.’! Gene therapy has cured a few patients in small
single-arm studies, but it has not generated any FDA
approvals thus far. Voxelotor, a sickle cell hemoglobin
polymerization inhibitor, was approved for SCD after it
was shown to improve hemoglobin levels and reduce
hemolysis, but it did not lead to a statistically significant
reduction in the incidence of VOEs.>? There is a paucity of
data from patients receiving crizanlizumab in combination
with these therapies, and no clear guidelines exist on how
to combine or sequence these therapies.

Role of P-Selectin Beyond

Vaso-Occlusive Pain Crisis

Platelet P-selectin enhances platelet aggregation and
thrombus formation through binding to PSGL-1.>*> The
increased risk of thromboses in SCD is well known—in
tandem with vaso-occlusion, in which selectins are intri-
cately involved.”*> One patient in the placebo arm and no
patients in the crizanlizumab arm had a thrombotic event
in the SUSTAIN study.”” In Philadelphia chromosome-
negative, JAK2V617F-positive myeloproliferative neo-
plasms, constitutively active JAK2 results in downstream
activation of JAK2 kinase that initiates intracellular sig-
naling of various type 1 cytokine receptors such as ery-
thropoietin and thrombopoietin receptors. In addition to an
overproduction of myeloid cells via this mechanism, as
many as one-third of patients experience arterial and
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venous thromboses complications during their lifetime.>®
JAK?2 is also present in endothelial cells. In a recent
investigation using human and mice endothelial cells over-
expressing JAK2V617F, the that
JAK2V617F-expressing endothelial cells promote throm-

authors showed
boses through the induction of endothelial P-selectin
expression and release, also a consequence of STAT3
phosphorylation, that can be reversed by hydroxyurea or
a P-selectin-blocking antibody.”” This study showed that
hydroxyurea reduced levels of STAT3 phosphorylation
and, in effect, decreased endothelial membrane P-selectin
expression. The antithrombotic effect of hydroxyurea may
not be due only to a lowering of blood cell counts.
GATA1™" mouse models show that P-selectin plays
a role in the progression to myelofibrosis in mice that
also had a high risk of thromboses.”® Ongoing trials to
evaluate the role of crizanlizumab in sickle cell nephro-
in SCD are
selectin blockade has been shown to

pathy and prevention of priapism

underway.””¢* P-
block the development of acute chest syndrome in
a mouse model with SCA.°' More studies are required to
elucidate the impact of P-selectin inhibition in non-VOE

sickle cell complications.

Conclusion
Crizanlizumab, a monoclonal antibody that inhibits
P-selectin, is effective at preventing vaso-occlusive pain
crises in SCD. It may not be useful as a treatment, but it
remains to be studied. While this class of drug may reduce
the risk of thromboses and prevent the development of
acute chest syndrome, these effects were not meaningfully
tested in the landmark SUSTAIN trial. It remains to be
seen whether P-selectin inhibition modifies the natural
history of SCD and what effect, if any, it has on other
vaso-occlusion-related, end-organ complications. More
agents that target P-selectin (and other selectins) inhibition
are expected to result in a new class of armamentarium
against SCD.
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