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Abstract.
BACKGROUND: In sickle cell disease (SCD), polymerization of hemoglobin S (HbS) leads to the formation of rigid, nondeformable sickled RBCs. Loss of RBC deformability, sickling and irreversible membrane damage causes abnormal blood
rheology, and increases viscosity which contributes to vasoocclusion and other SCD pathophysiology. GBT440 (generic name
voxelotor) is a novel anti-polymerization and anti-sickling agent currently undergoing clinical evaluation for the treatment
of SCD.
OBJECTIVE: The purpose of this study was to determine the effects of GBT440 on deformability of sickle RBCs (SS
RBCs) and the hyperviscosity of sickle cell blood (SS blood).
METHODS: The mechanical and rheological properties of GBT440-treated SS RBCs were measured using micropipette
and filtration techniques. The viscosity of sickle blood was measured using a Wells-Brookfield cone/plate viscometer.
RESULTS: GBT440 restored movement of deoxygenated SS RBCs through a gel filtration column and reduced the pressure
required to pass SS RBCs through a polycarbonate filter. Moreover, GBT440 decreased the membrane shear elastic modulus
of SS RBCs assessed via micropipette aspiration and reduced the hyperviscosity of SS blood under deoxygenated conditions.
CONCLUSIONS: GBT440 maintains SS RBC deformability and improves SS blood viscosity by inhibiting HbS polymerization under deoxygenated conditions. These results further support development of GBT440 as a disease-modifying agent
in SCD patients.
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1. Introduction
The rheological and hemodynamic behavior of blood in normal and disease states is primarily determined by the biomechanical properties of red blood cells (RBCs). Sickle cell disease (SCD) is a genetic
disorder characterized by abnormal blood rheology, hemolytic anemia and vasoocclusion [1]. A requisite step in the molecular pathogenesis of SCD is the polymerization of deoxygenated hemoglobin S
(deoxy-HbS) [2, 3]. Polymerization of deoxy-HbS leads to the formation of dense, mechanically fragile
and poorly deformable sickled RBCs [1]. Red blood cell deformability has a major influence on blood
rheology and hemodynamics in SCD. With a thickness of 2-3 m and a diameter of 6–8 m, RBCs
must remain deformable to efficiently travel through tissue capillaries that typically have a diameter
of 5–10 m [4]. In general, RBC deformability depends on the geometry, cytoplasmic viscosity and
1

These authors contributed equally to this work.
Corresponding author: Pedro Cabrales, Ph.D., University of California, San Diego, Department of Bioengineering, 0412,
9500 Gilman Dr., La Jolla, CA 92093-0412, USA. Tel.: +1 858 534 8197; E-mail: pcabrales@ucsd.edu.
∗

1386-0291/18/$35.00 © 2018 – IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).

96

K. Dufu et al. / GBT440 improves red blood cell deformability and reduces viscosity

viscoelastic properties of the RBC membrane [4]. However, under deoxygenated conditions, sickle
RBC (SS RBC) deformability is significantly driven by cytoplasmic viscosity due to HbS polymer
formation [4, 5]. The inability of sickled RBCs to deform can directly cause vasoocclusion in tissue
capillaries [6]. Moreover, adhesion of sickled RBCs to the endothelium of postcapillary venules has
also been proposed to initiate and propagate episodes of vasoocclusion [7]. At normal partial oxygen
pressure (pO2 ), whole blood from SCD patients shows minor abnormalities in microvascular flow,
internal cell viscosity and membrane elasticity. On the other hand, under deoxygenated conditions,
extensive HbS polymerization, resulting in sickling and irreversible membrane damage of SS RBCs
leads to aggravated hyperviscosity that affects in vivo microcirculatory flow dynamics contributing to
vasoocclusion and impaired oxygen delivery to tissues [8].
The exact mechanism of vasoocclusion and the interplay of the factors (including hemoglobin, hematocrit, %HbF, dense cells, reticulocytes and irreversible sickled cells) that modulate the frequency and
severity of painful vasoocclusive crisis in SCD are not well understood [9–11]. However, changes in
SS RBC deformability and the hyperviscosity of sickle blood are important contributors to vasoocclusion biology and other pathophysiology in SCD [9, 12–15]. Thus, an agent that decreases blood
hyperviscosity and modulates SS RBC deformability may be beneficial for SCD patients. GBT440 is
an allosteric modulator of Hb-O2 affinity. When bound to HbS, GBT440 maintains HbS in the oxy-Hb
state, delays in vitro HbS polymerization and inhibits RBC sickling [16].
Using RBC filterability as a surrogate for deformability, we determined the effect of GBT440 (generic
name voxelotor) on SS RBC deformability in vitro using three well characterized biomechanical
experimental systems [8] which measured 1) the movement of SS RBCs through a gel filtration column,
2) the pressure required to pass SS RBCs through a polycarbonate filter, and 3) the tension required to
aspirate SS RBCs into a micropipette under deoxygenated conditions. The effect of GBT440 on the
viscosity of SS blood was also evaluated using a Wells-Brookfield cone/plate viscometer.
2. Materials and methods
GBT440: (2-hydroxy-6 ((2-(1-isopropyl-1H-pyrazol-5-yl) pyridin-3-yl) methoxy) benzaldehyde).
GBT440 was synthesized at Global Blood Therapeutics Inc. (South San Francisco, CA, USA).
Dimethyl sulfoxide (DMSO, cat# D128-500) was from Fisher (Pittsburgh, PA), 24-well permeable
plates (cat# 3231-20) was from Coy Laboratory Products (Grass Lake, MI). Adenine (cat# 0183) was
from Amresco. Inosine (cat# I4125) and D-(+)-Glucose (cat# G7021) were from Sigma Aldrich (St
Louis, MO).
2.1. Blood source
Sickle cell disease blood was obtained in sodium citrate (3.2% citrate) vacutainers from homozygous
sickle cell patients. The study was approved by the IRB of the University of North Carolina (UNC)
Sickle Cell program [IRB # 88-0343 (GCRC-101)]. Blood from trait individuals (AS) collected in
sodium citrate vacutainers was purchased from Conversant Bio, Inc. (Huntsville, AL). Blood from
healthy donors (AA) collected in sodium citrate vacutainers was purchased from the Stanford Blood
Center (Palo Alto, CA).
2.2. Preparation of blood for storage
Following phlebotomy, whole blood (SS and AA) was shipped on ice (with blood not in direct
contact with ice) to Global Blood Therapeutics for processing the following day. Upon receipt, less
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than 24 hours post collection, blood was immediately processed by addition of adenine, inosine and
glucose to a final concentration of 1 mM, 10 mM and 5 mM, respectively, and stored at 4◦ C. These
conditions allow blood to be used up to 3 weeks [17]. Blood was used for studies within 48 hours post
collection.
2.3. Gel ﬁltration deformability assay
Red blood cell deformability was assessed in a modified gel filtration method originally reported
by Pais E. et al. [18]. A 500 L packed S-500 sephacryl (GE Healthcare) column containing deoxygenated phosphate buffered saline (PBS) was prepared by equilibrating the resin four times with PBS
(1 mL) pre-incubated in a humidified deoxygenated chamber (98% nitrogen/2% O2 ) for 2 hr. Next,
a suspension of RBCs in PBS was incubated with varying concentrations of GBT440 or DMSO for
1 hr at room temperature. Following incubation, RBC suspensions were deoxygenated in a humidified
deoxygenated chamber (98% nitrogen/2% O2 ) for 30 min and 6 L was loaded on top of a 500 L
packed S-500 sephacryl (GE Healthcare) column containing deoxygenated PBS. The column was
then centrifuged for 3 min at 3000 g in an Eppendorf -5810R centrifuge at RT. After centrifugation,
deformable RBCs move through the sephacryl column, whereas rigid non-deformable sickled RBCs
remain on top of the sephacryl resin (Fig. 1A). Deformable RBCs were separated from non-deformable
RBCs and separately mixed with 1 mL of water to lyse RBCs. The relative concentration of Hb in
deformable and non-deformable RBC fractions was determined by measuring the optical density (OD)
at 542 nm and 700 nm. The absorbance of Hb in the deformable and non-deformable RBC fractions
reflects the number of RBCs in each fraction. Thus, the relative absorbance of the two Hb fractions was
used to estimate percent deformability as follows: [OD (542 nm –700 nm) of Hb in deformable RBC
fraction/OD (542 nm –700 nm) of Hb in deformable RBC + non-deformable RBC fraction] * 100.
2.4. RBC ﬁlterability
Red blood cell deformability using the filterability method was determined as previously described
[19]. Red blood cell suspensions were adjusted to 20% Hct and incubated with varying concentrations
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Fig. 1. Schematic of the two filterability assays. A) Red blood cell deformability was assessed via a modified gel filtration.
Deformable RBCs were separated from non-deformable RBCs, and lysed to determine the relative concentration of Hb in
deformable RBCs and non-deformable RBC fractions. B) Red blood cell deformability was also measured using the cellular
filtration through a membrane filter with 5.0m pores size. Deformability was determined based on the pressure required to
maintain specific flow rates.
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of GBT440 or DMSO for 30 min at RT in PBS containing 0.5% bovine serum albumin (BSA). Red
blood cells were then deoxygenated by direct exposure to low oxygen gas (Fig. 1B). The equilibrated
RBC suspension was passed through a polycarbonate filter (5 m, 13 mm diameter, pore density of
4 × 105 /cm2 , Nuclepore) at various flow rates (0.5, 0.6, 0.7, 0.8, and 0.9 mL/min) and differential
pressure drop across the filter was measured [BIOPAC Systems, (Fig. 1B)]. The stretching factor
(␤ factor) was calculated, to quantify the resistance of a single RBC to pass through a single pore
independent of cell concentration and cell to pore volume [20].

2.5. Micropipette aspiration
Red blood cell suspensions were adjusted to 20% Hct and incubated with varying concentrations of
GBT440 or DMSO for 30 min in PBS containing 0.5% BSA. Red blood cells were then diluted to 0.5%
Hct and deoxygenated by direct exposure to low oxygen gas. The equilibrated RBC suspension was
transferred to a glass chamber attached to an isothermal stage regulated to 37◦ C (Sensortec, Inc.) and
low oxygen gas was continually passed on top of the samples to prevent re-oxygenation. Micropipettes
(A.M. Systems) were pulled (P-97, Sutter Instruments) to an internal diameter of ∼2 micron and
opening angle of ∼9◦ . The micropipette was attached on a pneumatic micromanipulator (Narishige,
Japan) and secured to an inverted microscope (Olympus IMT-2, Tokyo, Japan). Aspiration pressure
was induced hydrostatically and kept constant. Measurements were done with a high magnification
100X LUMPFL (Olympus, Tokyo, Japan) objective and a video system (Cohu, Inc. San Diego, CA).
Subsequent aspiration length was measured off line from recorded images. Cell membrane elastic
module and cell volume were calculated based on the relationship between pressure and aspiration
length as previously reported [21].

2.6. Viscosity measurement of whole blood samples at various shear rates
Viscosity measurements were conducted using a Wells-Brookfield Cone/Plate viscometer at shear
rates ranging from 60 – 415 s–1 . The Hct was adjusted to 30% for all blood samples to ensure
that changes in viscosity were not due to changes in Hct as blood viscosity increases exponentially
with Hct [22]. Blood samples were incubated with varying concentrations of GBT440 or DMSO
at room temperature for 30 minutes. Healthy volunteers (AA blood) and SCD (SS blood) samples
(500 l) were also run as oxygenated controls. The remaining samples (640 l) were divided into
two wells and they were deoxygenated for 2 hours in gas permeable 24-well plates in a humidified incubator (37◦ C) at 2.4% O2 . These samples were then measured in a cone/plate viscometer
placed inside a deoxygenated chamber (96%N2 /4% O2 ). The temperature of cone/plate viscometer
was set to 37◦ C and all samples were given time to equilibrate to 37◦ C before measurements were
conducted.

2.7. Viscosity data analysis
Data collected was analyzed using the Rheocalc software provided with the Brookfield Cone/Plate
viscometer using the Bingham plastic model, which provided a blood viscosity value (cP) for each
dataset. The Bingham plastic model is appropriate as blood has shear thinning properties (viscosity is
high at low shear rates, but decreases with increasing shear rates [22]).

K. Dufu et al. / GBT440 improves red blood cell deformability and reduces viscosity

99

2.8. Statistical analysis
Results are presented as mean ± standard deviation. Statistical significance for the gel filtration
column, the membrane shear elastic modulus, and the blood viscosity were analyzed using one-way
Kruskal-Wallis ANOVA, followed by Dunn’s multiple comparisons post hoc analyses. Statistical significance for the filtration pressure required to pass SS RBC through a polycarbonate filter, for the
membrane shear elastic modulus and SS blood viscosity was analyzed using two-way ANOVA, followed by Dunn’s multiple comparisons post hoc analyses. Statistics were calculated using GraphPad
Prism 6 (San Diego, CA). Changes were considered statistically significant if P < 0.05.

3. Results
3.1. GBT440 maintains RBC deformability under deoxygenated conditions
Using RBC filterability as a surrogate for RBC deformability, we evaluated the effect of GBT440
on the deformability of SS RBCs under deoxygenated conditions in three independent experimental
systems, which tested: 1) the ability of SS RBCs to move through a gel filtration column (Fig. 1A),
2) the pressure required to enable SS RBCs to pass through a polycarbonate filter (Fig. 1B) and 3) the
membrane shear elastic modulus of SS RBCs via micropipette aspiration. GBT440 concentrations of
0.5, 1.0, and 2 mM decreased the P50 (oxygen partial pressure at which 50% of the Hb is saturated
with oxygen) of SS blood (at 20% Hct) from 31 mmHg to ∼20, 6 and 5 mmHg, respectively.
As shown in Fig. 2A, both AA RBCs and SS RBCs moved efficiently through the gel filtration
column under oxygenated conditions demonstrating the ability to deform. Similarly, AA RBCs moved
efficiently through the gel filtration column under deoxygenated conditions (2% O2 ) (Fig. 2A). In
contrast, SS RBCs did not efficiently move through the gel filtration column under deoxygenated
conditions indicating a loss of deformability due to deoxy-HbS polymerization under these conditions.
However, GBT440-treated SS RBCs efficiently moved through the gel filtration column demonstrating
improved deformability under deoxygenated conditions (Fig. 2A and B).

Fig. 2. GBT440 enables movement of SS RBCs through a gel filtration resin under deoxygenated conditions. RBCs were
centrifuged through a gel filtration column under deoxygenated conditions (2% O2 ∼pO2 of 16 mm Hg). A) Deformable
RBCs moved to the bottom of the gel filtration resin upon centrifugation, whereas non-deformable RBC remained at the
top of the gel filtration resin upon centrifugation. B) Fraction of deformable RBCs was calculated based on the amount of
Hb in the deformable and non-deformable fractions of RBCs. Hemoglobin in each fraction were quantified by measuring
absorbance at 542 nm and 700 nm. Data obtained from one donor in three replicates. Final concentration of DMSO was 2%.
‡, P < 0.01 compared to without GBT440.
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Fig. 3. GBT440 reduces the pressure required to pass SS RBCs through a polycarbonate filter under deoxygenated conditions.
A deoxygenated-RBC suspension was passed through a polycarbonate filter at various flow rates (0.5, 0.6, 0.7, 0.8, and
0.9 mL/min) and differential pressure drop across the filter was measured. RBCs were pre-incubated with GBT440 or DMSO
control prior to deoxygenation. Graph shows quantification of the change in pressure across the polycarbonate filter per flow
rate. Mean ± SD are shown, N = 1 donor, 5 replicates. The final concentration of DMSO was 1.25%. ‡, P < 0.01 compared to
without GBT440.

Compared to deformable RBCs, higher pressures were required to pass non-deformable RBCs
through a polycarbonate filter. As shown in Fig. 3, both AA RBCs and AS RBCs remain deformable
under deoxygenated conditions, requiring a small change in pressure drop across the filter up to flow
rates of 900 L/min. In contrast to the later, much higher pressures were required to pass deoxygenated
SS RBCs through the filter, indicating a loss of SS RBC deformability. However, relative to untreated
SS RBCs, GBT440-treated SS RBCs (0.5 mM and 1 mM) required reduced pressure to pass through
the filter under deoxygenated conditions (Fig. 3).
In micropipette aspiration experiments, low membrane shear elastic modulus based on simultaneous
measurements of forces and deformations exerted on a red blood cell, indicates the contribution of
cell membrane to RBC deformability and blood viscosity. Deformable RBCs show low shear elastic
modulus (<40 mDynes/cm2 ), whereas rigid or less deformable RBCs show high shear elastic modulus
(>40 mDynes/cm2 ). As shown in Fig. 4, both AA RBCs and AS RBCs remained deformable under
deoxygenated conditions (pO2 of 30 mm Hg). In contrast, under deoxygenated conditions, SS RBCs
were much less deformable compared to AA RBCs (or AS RBCs) as indicated by the relatively higher
shear elastic modulus (Fig. 4). However, GBT440 improved SS RBC deformability in this assay as
indicated by the relatively reduced elastic modulus in GBT440-treated SS RBCs versus untreated
SS RBCs under deoxygenated conditions (Fig. 4). These results indicate that GBT440 treatment
restores deformability to SS RBCs to a similar degree as observed with AS RBCs. Thus, results from
three independent in vitro deformability assays demonstrate that inhibition of HbS polymerization by
GBT440 maintains SS RBC deformability under deoxygenated conditions.
3.2. GBT440 reduces the hyperviscosity of SS blood under deoxygenated conditions
Normal human blood exhibits characteristic shear thinning (non-Newtonian) behavior in which the
measured viscosity decreases with increasing shear rate. This behavior is primarily due to RBC-RBC
adhesive interactions at lower shear rates; at higher shear rates, the greater fluid forces counter their
adhesive interactions thereby reducing the viscosity [23]. We used a cone/plate viscometer to determine

K. Dufu et al. / GBT440 improves red blood cell deformability and reduces viscosity

101

Fig. 4. GBT440 reduces the tension required to aspirate SS RBCs under deoxygenated conditions. Deoxygenated-RBCs
were aspirated into a micropipette with an internal diameter of ∼2 micron. Cell membrane elastic module and cell volume
were calculated based on the relationship between pressure and aspiration length. RBCs were pre-incubated with GBT440
or DMSO prior to deoxygenation. The final concentration of DMSO was 1.25%. Mean ± SD are shown, N = 1 donor, 3
replicates. ‡, P < 0.01 compared to without GBT440.

the effects of GBT440 on SS blood viscosity at different shear rates under deoxygenated conditions and
compared it to SS and AA blood viscosity under oxygenated and deoxygenated conditions. GBT440
concentrations of 0.6, 1.4, and 1.6 mM decreased the P50 of SS blood (at 30% Hct) from 30 mmHg to
∼24, 5.5 and 5 mmHg, respectively. In general, the viscosity of SCD blood [oxygenated (oxy SS) or
deoxygenated (deoxy SS)] decreased with increasing shear rates (Fig. 5A and B). However, the viscosity
of deoxy SS blood was higher than that of oxy SS blood at all shear rates evaluated, most likely due
to the presence of HbS polymers in deoxygenated SS RBCs. GBT440 dose-dependently decreased
the hyperviscosity of deoxy SS blood (N = 3 patients), suggesting that GBT440 reduced the HbS
polymer load within SS RBCs under deoxygenated conditions. Of note, at approximately equimolar
concentrations of GBT440 (1.4 mM) and HbS (1.5 mM) in SS blood (30% Hct), the viscosity profiles
of GBT440-modified deoxy SS blood and unmodified oxy SS blood were similar (Fig. 5A and B).
For a more robust evaluation, we subsequently measured the effect of GBT440 (1.6 mM) on the
viscosity of SCD blood (30% Hct) from eleven patients under both oxygenated and deoxygenated
conditions. Blood from healthy volunteers (AA blood) was used as a control for comparison. As
shown in Fig. 5C, the viscosity of SS blood was in general higher than that of AA blood under both
oxygenated and deoxygenated conditions. The difference in viscosity observed under oxygenated
conditions between SS RBCs and AA RBCs may be due to cell membrane/cytoskeleton damage in SS
RBCs because of HbS polymerization and sickling. Consistent with the previous finding in Fig. 5A
and B, GBT440 reduced the hyperviscosity of deoxy SS blood to that of oxy SS blood (Fig. 5C).
Surprisingly, GBT440 also significantly reduced the viscosity of oxy SS blood relative to untreated
oxy SS blood control (Fig. 5D).
4. Discussion
In SCD, HbS polymer load, RBC membrane and cytoskeleton damage causes abnormal blood
rheology which contributes to vasoocclusion. Hyperviscosity, a hallmark of SCD, leads to reduced
blood flow, anemia and impaired oxygen delivery. Painful vasoocclusion, acute chest syndrome and
osteonecrosis have been considered part of the phenotype of vascular occlusion in primarily postcapillary venules. Epidemiological studies have demonstrated that increased viscosity is an important
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Fig. 5. GBT440 reduces the hyperviscosity observed in SS blood under oxygenated and deoxygenated conditions. A) Blood
viscosity (measured as Centipoise, cP) was determined at various shear rates under oxygenated and deoxygenated conditions.
The graph is a representative experiment from a total of 3 different patient blood samples. B) One phase exponential decay fit
of data presented in panel A. C) Sickle cell blood viscosity (N = 11) was determined at various shear rates under oxygenated
and deoxygenated conditions. The cP median ± SEM is shown for each sample. The data for deoxy SS and deoxy SS +
GBT440 represent 15 individual experiments with 11 different patient blood samples. D) Sickle cell blood viscosity was
determined under oxygenated and deoxygenated conditions. Results are expressed as cP mean ± SEM; p values were obtained
from a two-tailed paired t test. Data represents 7 individual experiments with 3 different patient blood samples. Sickle cell
blood was pre-incubated with GBT440 (1.6 mM) or DMSO prior to deoxygenation. The final concentration of DMSO was
2%. †, P < 0.05 compared to without GBT440.

component of SCD. Elevated blood viscosity in sickle cell patients seems to predispose this population
to proliferative vascular problems [24]. Prevention of deoxygenation with GBT440 could prevent the
decrease on RBC deformability and preserve normal blood flow and tissue perfusion. Prevention of
hyperviscosity and of RBC deformability could decrease vasoocclusive events. While RBC deformability is not a predictor of the occurrence of vasoocclusive events in sickle cell patients, reduced RBC
deformability seems to increase the risks for retinopathy in this population [25]. Using RBC filterability
as a surrogate for RBC deformability, we demonstrated that GBT440 improves the deformability of SS
RBCs under deoxygenated conditions in three independent in vitro assays. GBT440 enabled efficient
movement of SS RBCs through a gel filtration resin, reduced the pressure required to pass SS RBCs
through a polycarbonate filter and the shear elastic modulus of the RBC membrane via aspiration of
SS RBCs into a micropipette under deoxygenated conditions. In addition, GBT440 dose-dependently
reduced the viscosity of SS blood under deoxygenated conditions. In the presence of GBT440 (1.4
and 1.6 mM) the viscosity of deoxy SS blood (4.3 cP, at shear rates ranging from 60 – 415 s–1 and
37◦ C) was similar to that of untreated oxy SS blood (3.9 cP). Considering the duration of deoxygenation (>30 min) in our assays is significantly greater than the typical HbS polymerization delay time

K. Dufu et al. / GBT440 improves red blood cell deformability and reduces viscosity

103

(<1 min) [26], SS RBCs are expected to contain HbS polymers. Therefore, the observed improvements
in deformability and viscosity afforded by GBT440 are most likely due to the reduction of HbS polymer
load at steady state. This may explain why high GBT440 concentrations were required to demonstrate
improvements in both deformability and viscosity under the in vitro deoxygenations conditions used
herein. Interestingly, GBT440 also reduced the viscosity of SS blood under room air conditions. As
SS blood is expected to contain very little to no HbS polymers at room air [27], these data suggest that
perhaps in addition to its anti-polymerization activity, GBT440 may mitigate SS RBC viscosity via
an alternative mechanism. In previous work, the heterocyclic aldehyde 5-hydroxymethyl-2-furfural
(5HMF), an Hb-O2 affinity modulator, was found to react with the cation transport systems in RBCs
leading to increased red cell hydration and reduced cytoplasmic viscosity [28]. Thus, as an aldehyde,
GBT440 could have a similar effect as observed with 5HMF on the transport systems in RBCs. However, the later remains to be determined. Patients with sickle cell disease are characterized by the
presence of dense erythrocytes, which are formed because of cell dehydration and potassium loss, in
a phenomenon called Psickle activation [29]. Future studies will explore the role of RBC oxygenation
in Psickle activation, as it is expected that preventing deoxygenation of SS Hb with GBT440, would
reduce sickling and the activation of the Gardos channel, and reduce erythrocyte dehydration.
Of important note, the use of citrate as anticoagulant in this study is not recommended by the
Hemorheological Laboratory Techniques for viscosity measurements, as citrate solution dilutes the
blood [30]. Unfortunately, the approved blood collection protocol did not include ethylenediaminetetraacetate (EDTA) or heparin. Hematocrit variations due to blood dilutions with citrate solution affect
the absolute value of the blood viscosity. However, the relative changes in blood viscosity between
treated and untreated under normoxia and hypoxia remain valid, as all samples were collected using
citrate. Other parameters besides blood viscosity are less affected by the blood collection in citrate,
since hematocrits were drastically decreased using appropriate buffers to measure filterability and
membrane elastic modulus. The RBCs need to undergo considerable deformations, to pass through the
microcirculation. The increased rigidity of SS RBCs, impart due to the intra-cellular sickle Hb polymers, exhibits a substantial increase in the blood flow resistance and potentially triggers vaso-occlusion
in the microcirculation.
Besides altering the cell rigidity, the growing SS Hb polymer domain inside the SS RBC can potentially distort (“sickle”) the cell membrane, and therefore change the cell morphology under certain
conditions. Several techniques have recently been developed to measure deformability of the RBC.
Ektacytometry is the gold standard for RBC deformability; however, ektacytometers do not allow for
the control of the oxygenation of the samples. While the cell deformability depends on the intracellular
mean corpuscular Hb concentration values, the cell preparation process such as oxygenation can affect
the intracellular polymer configuration and therefore affect the cell morphologies. Due to an initial
lack of suitable instrumentation, to study RBC deformability and aggregation under normoxic and
hypoxic conditions, surrogate indicators of RBC deformability were used in this study.
In conclusion, our studies suggest that by inhibiting upstream HbS polymerization and thus preserving SS RBC health, GBT440 may provide clinical benefit by preventing SS RBC sickling, improving
SS RBC deformability and reducing the hyperviscosity of blood in SCD patients. Ongoing clinical
investigation will determine whether these observed rheological and hemodynamic improvements
manifest as improved clinical outcomes.
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