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Chapter 1

General introduction

Red blood cell physiology and deformability

Red blood cells (RBC) have a crucial role in the delivery of oxygen to all vital tissues and to
do so they must be highly deformable to pass through narrow capillaries and traverse
through endothelial slits present in the red pulp of the spleen.” When an RBC fails to pass
through these narrow endothelial slits it will be taken up by a macrophage which will break
it down. Besides impaired deformability, other factors result in the removal of RBCs from
the bloodstream, which include phosphatidyl serine (PS) exposure?, altered CD47 on the
RBC membrane?, binding of autologous IgG to the transmembrane protein band 3 or binding
of activated RBC adhesion molecules to laminin in the spleen.* In contrast, extravascular
hemolysis seems to be directly triggered by reduced RBC deformability.>® The ability of RBCs
to deform is a result of different RBC properties including the interaction of transmembrane
and cytoskeletal proteins.”® Besides these structural properties, the metabolic processes
within RBCs that generate ATP are of importance in maintaining shape and the capacity to
deform. Mature RBCs lack mitochondria and are therefore totally dependent on anaerobic
glycolysis. The Embden Mayerhof pathway generates ATP, with pyruvate kinase (PK) in the
final step accounting for at least 50% of ATP production (Figure 1).>'° ATP is suggested to
be crucial in the activity of ion transport mechanism such as the Na/K/ATPase''-'* and Ca?*
pumps', that regulate ion homeostasis and RBC hydration.

Deformability of RBCs can be measured by several techniques that measure active
deformation, i.e. microfluidic approaches or filtration techniques, or more passive
deformation, i.e. ektacytometry or atomic force microscopy for single cell assays.
Ektacytometry is defined by applying shear stress on RBCs resulting in elongation of the
cells. The Laser Optical Rotational Red Cell Analyzer (Lorrca) is a next generation
ektacytometer that quantifies RBC deformability by means of a laser beam shining through
a sample solution containing a small amount of whole blood in polyvinylpyrrolidone (PVP).
This generates a diffraction pattern, which is determined by the total population of RBCs
present in the solution. By means of the height and width of this pattern the elongation
index (E) is calculated. Deformability can be measured as a function of changing osmolality
(osmotic gradient ektacytometry or osmoscan) or different levels of shear stress. With the
Cell Membrane Stability Test (CMST), deformability can also be measured before, during
and after applying a certain shear stress during a defined amount of time." This test, could
be an effective way to investigate how the RBC membrane responds to continuously applied
(supraphysiological) shear stress, or intermittent episodes of shear stress'® and is indicative
of membrane health.

Sickle cell disease

Sickle cell disease (SCD) is the major cause of anemia and accounts for the majority of years
lost to disability by anemia in northern America and Western Europe.'” Although this disease
is classified as rare in The Netherlands, due to migration the incidence is rising throughout
Europe. SCD is a monogenetic disorder in which a single mutation in the B-globin gene
results in the formation of the abnormal hemoglobin S (HbS). Upon deoxygenation HbS
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polymerizes which eventually leads to formation of polymers that subsequently drive the
red cell into the characteristic sickle shape. There are several factors that influence the
sickling process including 2,3-diphosphoglycerate (2,3-DPG), which is produced in the
Rapoport-Luebering shunt, a bypass of the Embden-Mayerhof pathway that is unique for
the RBC (Figure 1)."® The increased 2,3-DPG levels found in SCD result in lowered oxygen
affinity of HbS, which subsequently leads to an increase in the p50 (the oxygen tension at
which 50% of hemoglobin is saturated with oxygen due to a right shift of the hemoglobin
oxygen dissociation curve). This change in affinity for oxygen makes HbS more prone to
polymerization and subsequently sickling'® which negatively affects RBC deformability.
Deformability of sickle RBCs is thought to be compromised due to increased density of the
cell and intracellular polymer formation and subsequently sickling. These poorly deformable
cells can occlude blood vessels leading to (painful) vaso-occlusive crises (VOC). The
pathophysiology of VOC is highly complex with other factors next to RBC sickling that add
to the development of a crisis.??> Hemolysis, increased red cell adhesion, endothelial
dysfunction, inflammation, oxidative stress, and hemostatic activation, also contribute to
the development of VOC, although their relative contribution remains subject to debate.?>-2
The non-RBC factors are also found in other disease conditions, yet no other disease is
associated with VOC, highlighting the key contribution of the sickle RBC to SCD
pathophysiology.?°

SCD comprises several different genotypes, which contributes to the heterogeneity and
variable severity of the disease, and even individuals with the same genotype demonstrate
variable clinical expression. To date there are no laboratory test available that can accurately
assess clinical severity and predict complications. There is a clinical need for the development
of biomarkers since several new treatments with different points of action are currently in
clinical trial. However, development of a clinically relevant biomarker is difficult due to the
various factors that influence the occurrence of complications. Moreover, biomarkers are
generally representing just one aspect of the pathophysiology of SCD. As such, the routinely
obtained laboratory parameters fetal hemoglobin (HbF), hemoglobin, mean corpuscular
volume (MCV), and hemolysis parameters lactate dehydrogenase (LDH), bilirubin and
reticulocyte count are generally used to monitor patients with SCD.

Pyruvate kinase deficiency

Pyruvate kinase (PK) deficiency is a rare hereditary hemolytic red cell disorder that affects
RBC glycolysis resulting in life long chronic hemolytic anemia.?* This autosomal recessive
disorder is the most common cause of chronic hereditary nonspherocytic hemolytic anemia
and occurs worldwide, although its exact prevalence is unknown.?*2¢ |t is caused by
mutations in PKLR, the gene encoding for RBC and liver specific isoforms PK-R and PK-L,
respectively.?’?® PK-deficient RBCs are characterized by changes in metabolism associated
with impaired glycolysis, including an increase of the upstream metabolite 2,3-DPG and
decreased ATP. Since RBCs rely totally on glycolysis for ATP production it is hypothesized
that insufficient energy production affects red cell homeostasis, promoting premature
removal of PK-deficient RBCs from the circulation by the spleen. Increased activity of the
Gardos channel and consequent potassium efflux results in dehydrated RBC®-3'; as well as
ATP depletion-mediated changes in RBC membrane integrity have been proposed as
mechanisms that trigger this premature clearance.'"3?
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Deformability of PK deficient RBCs has not been described as a pathognomic sign of the
disease. Osmotic gradient ektacytometry of non-splenectomized PKD patients showed a
modest decrease in O, _, one of the parameter reflecting RBC hydration.** However, PKD
patients generally present with marked reticulocytosis, and reticulocytes generally have an
increased deformability compared to mature and old RBCs. Moreover, deformability
measured by ektacytometry represents the overall deformability of the RBC population,
and is therefore likely to be decreased when corrected for reticulocyte count.

Hereditary spherocytosis

Hereditary spherocytosis (HS) is a disorder of the cell membrane of the RBC and in
Caucasians the most common hereditary hemolytic anemia. The overall incidence of HS is
estimated to be 200-300/million in northern European countries. HS represents a
heterogeneous group of mutations in genes that code for RBC membrane and cytoskeletal
proteins that are important for integrity and function of the RBC membrane. Molecular
defects in the genes coding for these proteins result in defective cytoskeleton or defective
anchoring of the lipid bilayer to the cytoskeletal network, subsequently leading to
destabilization of the RBC membrane. Decreased stability causes progressive membrane
loss through vesiculation of essentially hemoglobin free vesicles, which leads to the
formation of spherocytes instead of oval biconcave disks.**> Deformability and flexibility
of these spherocytes with high density are compromised.?® As a result, spherocytes are
recognized and removed by the spleen®, which clinically leads to (episodes of) hemolytic
anemia, jaundice and splenomegaly. Splenectomy is an established treatment in cases of
(severe) HS, as it removes the primary site of RBC destruction.?>37-* Nevertheless, a careful
evaluation of the risks and benefits should be made, as splenectomy results in a permanently
increased risk of encapsulated bacterial infections and delayed adverse cardiovascular
events including thrombosis.384°

Diagnosis of HS can be made by specific tests that assesses specific RBC characteristics.
These tests include RBC morphology, i.e. presence of spherocytes in peripheral blood cells,
flow cytometry measurements to determine eosin-5-maleimide (EMA) binding, osmotic
gradient ektacytometry and next generation sequencing.*' Although ektacytometry is not
mentioned in the guidelines of 2011, for HS it is a useful method to assess deformability,
surface-area to volume ratio and hydration of RBCs in patients with RBC membrane
disorders.334243 Besides its additional value in diagnosing HS it can provide more insight into
the pathophysiology of HS.

Hereditary xerocytosis

Hereditary xerocytosis (HX) is a rare hemolytic red cell disorder that is caused by mutations
in PIEZO1, the gene coding for the mechanosensitive cation channel PIEZO1, or KCNN4, the
gene encoding for the Gardos channel, a calcium-dependent potassium channel. In both
cases, inappropriate Gardos channel activation leads to loss of potassium and water, thereby
causing dehydration of the red cell. While patients with a KCNN4 mutation present with
hemolytic anemia*, PIEZO1 patients show fully compensated hemolysis with marked
reticulocytosis and iron overload.* The mechanism by which HX RBCs in both disorders are
cleared from the circulation is unknown. However, in contrast to other hereditary hemolytic
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anemias, such as HS, splenectomy is contraindicated in PIEZO1-HX patients due to the
increased risk of thromboembolic complications post-splenectomy.“-4¢ The exact mechanism
that causes post-splenectomy thrombosis remains to be elucidated.

RBC deformability measured with osmotic gradient ektacytometry shows a left shift of the
curve indicating dehydrated RBCs in patients with PIEZO1 mutations. In contrast, this typical
left shift is generally absent in RBCs of patients with a KCNN4 mutation. The common
denominator of both PIEZO1 HX and KCNN4 HX is the occurrence of stomatocytes on
peripheral blood film.*>4° If these 2 subtypes should be considered part of the same disease
is still under debate.*
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Outline of the thesis

The aim of this thesis was to develop and validate new biomarkers in hereditary hemolytic
anemia. A new application of ektacytometry, so called oxygen gradient ektacytometry, that
characterizes red cell sickling, is described in Part | of this thesis. In Chapter 2 the potential
and methodological aspects of oxygen gradient ektacytometry are evaluated. Chapter 3, a

video article, provides the scientific community with the exact protocol and knowledge to
correctly perform oxygen gradient ektacytometry measurements. Additional factors, such
as timing of the measurement, technical settings and amount of RBCs, that can influence
results of this technique are reported in Chapter 4.

Part I of this thesis gives insight in how oxygen gradient ektacytometry relates to the
occurrence of complications in individuals with SCD. In Chapter 5 the association of oxygen
gradient ektacytometry-derived biomarkers with VOC is described, next to the response of
those biomarkers to standard of care therapy. Further clinical validation of oxygen gradient
ektacytometry is described in Chapter 6 in which the association with acute chest syndrome,
cerebral infarction and VOC is assessed.

Besides clinical validation other applications of oxygen gradient ektacytometry in SCD are
explored. Chapter 7, describes a case of twins with SCD in which optimal hydroxyurea
dosing is achieved with oxygen gradient ektacytometry. In Chapter 8, a new therapeutic
agent mitapivat, an allosteric PK activator, is tested ex vivo in RBCs from SCD patients with
oxygen gradient ektacytometry as a functional read out for efficacy. As a part of an in depth
characterization of RBCs of both homozygous HbS (HbSS) and compound heterozygous for
HbS and hemoglobin C (HbSC) patients, oxygen gradient ektacytometry can aid in further
unraveling the pathophysiology of sickle cell disease, which is evaluated in Chapter 9.

Part Il of this thesis describes additional ektacytometry methods in other hereditary
hemolytic anemia’s. In Chapter 10 the effects of mitapivat are evaluated in an ex vivo study
of RBCs from patients with PK deficiency. Osmotic gradient ektacytometry, amongst other
outcome parameters such as PK activity and stability, was used to show efficacy of this new
treatment. Chapter 11 shows the effects of splenectomy, an established treatment in
hereditary spherocytosis, on RBC morphology, density and deformability. The latter was
assessed with osmotic gradient ektacytometry as well as the cell membrane stability test
(CMST), thereby providing the first clinical validation of this technique. These 2 ektacytometry
based tests are also described in Chapter 12 which shows similarities and differences
between PIEZO1 and KCNN4 mutations both resulting in hereditary xerocytosis. The findings
of this thesis are summarized and put into a broader perspective in Chapter 13.
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Abstract

In sickle cell disease (SCD), sickle hemoglobin (HbS) polymerizes upon deoxygenation,
resulting in sickling of red blood cells (RBCs). These sickled RBCs have strongly reduced
deformability, leading to vaso-occlusive crises and chronic hemolytic anemia. To date, there
are no reliable laboratory parameters or assays capable of predicting disease severity or
monitoring treatment effects. We here report on the oxygenscan: a newly developed method
to measure RBC deformability (expressed as Elongation Index - El) as a function of pO,.
Upon a standardized, 22 minute, automated cycle of deoxygenation (pO, median 16emmHgx
0.17) and reoxygenation, a number of clinically relevant parameters are produced in a highly
reproducible manner (coefficients of variation <5%). In particular, physiological modulators
of oxygen affinity, i.e. pH and 2,3-diphosphoglycerate showed a significant correlation
(respectively R=-0.993 and R=0.980) with Point of Sickling (PoS,,), which is defined as the
pO, where a 5% decrease in El is observed during deoxygenation. Furthermore, in vitro
treatment with anti-sickling agents, including GBT440, which alter the oxygen affinity of
hemoglobin, caused a reproducible left-shift of the PoS, indicating improved deformability
at lower oxygen tensions. When RBCs from 21 SCD patients were analyzed, we observed a
significantly higher PoS in untreated homozygous SCD patients compared to treated patients
and other genotypes. We conclude that the oxygenscan is a state-of-the-art technique that
allows for rapid analysis of sickling behavior in SCD patients. The method is promising for
personalized treatment, development of new treatment strategies and could have potential
in prediction of complications.



Rapid characterization of sickling behavior | 25

Introduction

In sickle cell disease (SCD) a single point mutation in the gene encoding for B-globin chain
underlies the production of the abnormal hemoglobin S (HbS). HbS polymerizes upon
deoxygenation which results in the formation of hemoglobin polymers and eventually gives
the red blood cell (RBC) its characteristic sickled shape. Exacerbating the hypoxia-induced
polymerization is the inherent low-affinity of HbS, presumably due to high levels of
2,3-diphosphoglycerate (2,3-DPG) present in sickle RBCs.! These sickled RBCs have strongly
reduced deformability and show increased adherence to vascular endothelium, leading to
vaso-occlusive crises.* Hydroxyurea (HU), regular blood transfusion and L-glutamine are
the main treatment options in SCD, with allogeneic hematopoietic stem cell transplantation
being the only curative therapy currently available.> Remarkably, clinical severity varies
considerably despite the fact that all SCD patients carry the same homozygous point
mutation in the B-globin gene. To date there is no reliable laboratory or clinical parameter
available to predict severity and/or complications.

An individual patient’s tendency to “sickle” can be tested in vitro using a so-called sickling
assay: RBCs are incubated under hypoxic conditions and manually or digitally counted using
a light microscope. This assay is still widely applied in research, and many preclinical and
early phase pharmacologic and gene therapy trials use this assay as outcome variable to
predict clinical effect.>"" However, there are many disadvantages: it is time consuming, it
has low sensitivity and high variability, and the process is not automated. More importantly,
morphological characteristics of sickle cells may not correlate well with physiologic
characteristics, such as deformability.

RBC deformability at normoxic conditions is compromised in patients with SCD due to
irreversibly sickled cells, as well as altered hydration causing a decrease in surface/volume
ratio.'>'* Osmotic gradient ektacytometry, in which deformability is measured as a function
of a continuous change in osmolarity, is a well-established method, in particular in hereditary
disorders of the red cell membrane.”'8 In SCD, osmotic gradient ektacytometry showed
that increasing HbF induces a better surface-to-volume ratio thereby improving deformability
in untransfused patients with SCD." RBC deformability during normoxic conditions as a
marker for complications has also been investigated in the past, and a negative correlation
was found between an increase in RBC deformability and osteonecrosis or painful sickle
cell crises.?-22 In contrast to these findings, RBC deformability was found to be decreased
during an acute vaso-occlusive crises when compared to steady state values. Thus, in itself,
RBC deformability during normoxic conditions gives inconsistent results which makes it
unsuitable to be used as predictive biomarker.

Therefore, an assay that investigates sickling during deoxygenation is required to monitor
treatment and disease state in patients with SCD. Importantly, this assay could identify
individuals who are at increased risk for certain complications, and potentially predict
response to therapy. Finally, it contributes to a better understanding of the clinical effect of
new anti-sickling agents. In this study, we evaluate the oxygenscan, which investigates RBC
deformability as a function of continuously changing pO,, allowing us to characterize
individual sickling behavior in SCD patients.
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Figure 1. Experimental setup of the Lorrca with the oxygenscan module and representative oxygenscan
curve. (A) Experimental setup of the Lorrca. (B) The diffraction pattern of healthy RBCs is elliptical when shear
stress of 30 Pa is applied. (C) Schematic graph of the oxygenscan add-on which shows deoxygenation with
nitrogen gas (N?), the O%-spot and LED-fiber, a device to measure oxygen tension. (D) Upon deoxygenation and
shear stress (30 Pa) the diffraction pattern changes from an ellipse to a rhomboid shape.
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(E) Sickle RBCs fixated after a similar round of deoxygenation show change in shape, control sickle RBCs,
without nitrogen gas, show no change in shape. (F) A representative curve of the oxygenscan. Maximum
Elongation Index (Elmax) represents baseline position, and shows overall deformability of the total RBC
population. Minimum El (EImin) represents minimal deformability which is caused by change in shape and
orientation of RBCs upon deoxygenation. DeltaEl (difference in El between EImax and EImin) shows how many
cells can sickle during one round of deoxygenation. Point of sickling (PoS5%, pO? at 5% El decrease) embodies
the oxygen tension when the first RBCs start to sickle. The area under the curve (from minimum p0O2-100
mmHg) is calculated in the parameter Area and this summarizes EImax, EImin, and PoS. The capacity of sickled
cells to unsickle during reoxygenation is represented in the parameter Recovery (percentage of ElImax reached
during reoxygenation). To aid interpretation, we connected all data points in every individual experiment by a
line in the graphical presentation of the results.

Methods

Blood Specimens

University Medical Center Utrecht (UMCU): Whole blood of patients with SCD who were
included in 2 different clinical studies (Netherlands Trial Register [NTR] identifier, NTR 6779
and NTR 6462) was used. Additional samples were collected from discarded anonymized
EDTA blood of patients with SCD who visited outpatient clinic. Whole blood from healthy
controls was collected through the Mini Donor Service, which is approved by the ethical
committee of the UMCU and in accordance to the declaration of Helsinki.

The Children’s Hospital of Philadelphia (CHOP): Leftover EDTA blood samples from individuals
with SCD after routine clinical visits were utilized for the traditional anti-sickling studies. The
use of such samples, with informed consent, is in accordance to an approved IRB protocol.

Oxygen gradient ektacytometry: the oxygenscan

The Laser Optical Rotational Red Cell Analyzer (Lorrca, RR Mechatronics) is a next generation
ektacytometer which measures different qualitative aspects of RBC deformability expressed
as Elongation Index (El). The pO,scan is a new add-on of the Lorrca, allowing the
measurement of red cell deformability as a function of a continuously changing gradient of
O, tension. In brief, a couette system is used to apply shear stress on the RBCs, which are
diluted in a viscous solution (Iso Oxy), consisting of polyvinylpyrrolidone (PVP) with
characteristics of whole blood (i.e. osmolarity and pH). Between a static cylinder (bob) and
rotating cylinder (cup), there is a small gap in which the blood suspension is injected (Figure
1A). Light from the laser beam is scattered by the presence of RBCs and this diffraction
pattern is projected and analyzed. In healthy controls, the diffraction pattern is circular at
rest and elliptical shaped at higher shear stress (Figure 1B).'>

To carry out the oxygenscan, 50uL of whole blood, standardized to a fixed RBC count of
200%10¢ is suspended into 5ml Iso Oxy (osmolarity 282-286mOsm/kg, pH 7.35-7.45) at room
temperature (+ 22°C). Approximately 2 ml of the sample solution is slowly injected into the
gap between the cup and bob until a fixed level is attained (Figure 1C). The bob is maintained
at a constant temperature of 37°C. Inlet of nitrogen gas from above facilitates deoxygenation
(Figure 1C). O, tension is measured every 20 seconds by means of a small oxygen (O,)-spot
which is covered with luminophore that is present in the wall of the cup. The pO, is calculated
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from the amount of quenching of the signal that is sent from the fiber to the O,-spot. One
oxygenscan consists of approximately 80 measurements of El, during one round of
deoxygenation (1300 seconds), and followed by reoxygenation (280 seconds). Shear stress
is fixed at 30 pascal (Pa). Ambient air pO, in the cup was about 160mmHg and is gradually
lowered to below 20mmHg (2.7kPa, 2,9%) O,. Reoxygenation occurs due to passive diffusion
of ambient air.

Oxygenscan parameters

When considering a typical oxygenscan curve (Figure 1F) six parameters are considered to
reflect various features of the process of HbS polymerization or sickling: EImax: maximum
El before deoxygenation that represents baseline position and shows overall deformability
of the total RBC population. EImin: minimum El, representing minimal deformability
resulting from changes in shape and orientation of (sickle) RBCs upon deoxygenation (Figure
1D). DeltaEl: difference between EImax and Elmin, indicating sickling capacity during one
round of deoxygenation. Point of Sickling,, (PoS,,): pO, (mmHg) at which 5% decrease of
Elmax during deoxygenation is observed. This indicates the pO, where sickling starts. Area:
area under the curve which is defined by an integral calculation of the El and pO,
measurements between minimum pO, and 100mmHg. This is the result of ElImax, EImin
and PoS. Recovery: percentage of El after reoxygenation compared to El just before
deoxygenation measured at the pO, between 100-120mmHg. This represents the capacity
of sickled cells to unsickle during reoxygenation.

Digital Microscopy

Smears of peripheral blood of patients were analyzed using the CellaVision digital microscope
DMO96 (software 5.0.1build11), the traditional neural network of which classifies sickle cells
based on manually designed features, such as shape, color and texture features. Sickle cell
counts were expressed as percentage of absolute cell count analyzed by digital microscopy.?

In vitro addition of HbAA blood to HbSS blood, mimicking red cell transfusions
To investigate the effect of adding RBCs of healthy donors, ABO and rhesus matched RBCs
of a healthy donor was mixed with whole blood of a patient with SCD to reach the following
percentages of HbS blood: 100%, 75%, 50%, 25% and 0%.

Influence of 2,3-DPG levels, pH and temperature

To assess the influence of 2,3-DPG levels on oxygenscan parameters, complete blood count
and oxygenscans were performed within 10 minutes after blood collection, and after 24
hours. Whole blood was kept either at 4°C, room temperature (+ 22°C) and 37°C for 24
hours. 2,3-DPG was measured by spectrophotometry (SpectraMax M2e, Molecular Devices)
using the 2,3-DPG assay kit (Roche). 2,3-DPG levels were normalized to hemoglobin levels.
To assess the influence of temperature, oxygenscans were carried out with bob temperatures
of 35, 37, 39, 41 and or 43°C.

To investigate the influence of pH, the pH of the Iso Oxy was sett0 6.9, 7.1,7.3,7.7and 7.9
before being used in the oxygenscan.
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In vitro incubation with anti-sickling agents GBT440, 5-PMFC, and INN312
GBT440, 5-PMFC and INN312 are a class of anti-sickling aromatic aldehyde agents that
modulate hemoglobin oxygen affinity by stabilizing the higher oxygen affinity relaxed state
(R-state) of hemoglobin and/or destabilizing the low oxygen affinity tense state (T-state) of
hemoglobin. GBT440 (2-hydroxy-6 ((2-(1-isopropyl-1H-pyrazol-5-yl) pyridin-3-yl)-methoxy)
benzaldehyde, MedChemExpress) is a novel, orally bioavailable agent currently in clinical
trials for SCD.** 5-PMFC (5-(Phenoxymethyl)-2-furan carbaldehyde) is an aryl ether derivative
of 5-(hydroxymethyl)furfural (5-HMF), with a potent anti-sickling effect.’® Designated
International Nonproprietary Name-312 (INN312) is a designed and synthesized derivate
of vanillin.82¢

Whole blood (20% hematocrit) was added to N-[Tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid (TES)-buffer (pH 7,4), which contained 30mM TES-sodium salt
and 30mM TES-free acid (both Merck KGaA), supplemented with 130mM NaCl, 5mM KCl,
10mM glucose and 0.2% bovine serum albumin. These suspensions were incubated with
the agents for 1 hour at 37°C at normoxia. Concentrations used for incubation were TmM
and 2mM of GBT440, and 1 and 5mM of 5-PMFC and INN-312.7'° Anti-sickling agents were
dissolved in dimethyl sulfoxide (DMSO), while incubation with DMSO alone was used as a
negative control.

Morphological analysis after in vitro incubation with anti-sickling agents

To compare the outcome of the effect of the agents mentioned above, sickling was also
measured using previously reported methodology with slight modifications.”'%27 Briefly,
whole blood was suspended (20% hematocrit) in isotonic Hemox buffer (TCS Scientific Corp),
pH 7.4, supplemented with 10mM glucose and 0.2% bovine serum albumin and incubated
at normoxia in varying concentrations of GBT440 (1, 2 and 5mM), 5-PMFC (1 and 5mM) and
INN312 (1 and 5mM) at 37°C for 1 hour. Next, suspensions were incubated under hypoxic
condition (2.5% Oxygen gas/97.5% Nitrogen gas) at 37°C for 1 hour. Cells were fixed and
analyzed by light microscopy.

Statistical Analysis

Experiments were mainly carried out in duplicates, mean, standard deviation (SD) and
coefficient of variation (CV) were calculated. Statistical analysis was performed using IBM
Statistics SPSS (v21) and Graphpad Prism. One-way ANOVA (Post-hoc Tukey's test or
Dunnett's test) or a Kruskal-Wallis test (Post-hoc Dunn's test) was used when appropriate.
We normalized results in the experiments with 2,3-DPG because of known individual
differences in 2,3-DPG levels. Results of incubation with anti-sickling agents was normalized
to enable the comparison of DeltaEl at 18mmHg with the classical, microscopy based sickling
assay. Pearson’s correlation was used to determine correlations of oxygenscan parameters
with laboratory and clinical parameters. A p-value of <0.05 was considered statistical
significant.
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Results

The Oxygenscan reproducibly characterizes red blood cell sickling

To validate the technique whole blood samples of 21 individuals with SCD, 5 individuals with
sickle cell trait, and 8 healthy donors were used. A representative oxygenscan and its derived
parameters is shown in Figure 1F. Importantly, parameters from duplicate measurements
generally had a coefficient of variation (CV) <5% (median 1.83%). In case a CV >5% was
obtained, a third measurement was performed. The parameters ElImax and Recovery
appeared to be the most robust with median CVs <1%. Measurements of pO, and El are not
performed at the same position in the cup. This ensures a better discrimination between
the deoxygenation and reoxygenation curves and, hence, a better interpretation of them.

In order to confirm that the change in diffraction pattern during deoxygenation reflects
sickling, cells were deoxygenated outside the Lorrca, under comparable conditions, fixed
and analyzed by light microscopy as described. Compared to oxygenated conditions sickling
is clearly induced upon deoxygenation (Figure 1E and Supplemental Methods).

Upon storage of whole blood at 4°C oxygenscan curves shifted slightly upwards. When
stored for 24 hours at 4°C curves remained stable, with minor increases in ElImax (1.7%),
PoS (2,7%), DeltaEl (9.2%) and Area (6.7%). Minor decreases of 6.7% in EImin and 0.6% in
Recovery were observed under these conditions. Upon longer storage oxygenscans shifted
upwards. (Supplemental Table 1).

The oxygenscan can adequately assess the effect of blood transfusion

In order to investigate the direct effects of blood transfusions on sickling behavior RBCs of
a healthy control (HC) was mixed with whole blood of a SCD patient in different amounts
(Supplemental Figure 2A). Supplemental Figure 2B and 2G shows that EImax and EImin
shifted towards normal upon increasing percentages of HbAA blood. At the same time the
PoS shifted to the left (Supplemental Figure 2D), whereas DeltakEl decreased and Area
increased (Supplemental Figure 2C and E). Recovery also increased to 100% (Supplemental
Figure 2F).

All oxygenscan parameters correlated significantly with the percentage of whole blood.
Elmin showed a striking linear correlate of r=0.998, p<0.0001 (pooled data of 3 patients,
individual correlations were above r=0.987 and p<0.01, Supplemental Figure 2G- L).

Oxygenscan parameters reflect the influence of physiologic modulators of the
Hb-dissociation curve

Temperature, pH and 2,3-DPG are important cellular modulators of the O, affinity of
hemoglobin and thereby of sickling. These parameters are therefore expected to exert effect
on the oxygenscan. Oxygenscans and 2,3-DPG were essentially unchanged after 24 hours
at 4°C (Supplemental Figure 2A-G). When kept at room temperature or 37°C, 2,3-DPG had
decreased after 24 hours (normalized and pooled data is shown in Supplemental Figure
2B). 2,3-DPG showed a strong correlation with PoS (r=0.980, p=0.020, Supplemental Figure
2F and K) and EImin (Supplemental Figure 2D and ).

Upon lowering the pH of Iso Oxy, an increase of EImax, DeltaEl and PoS was observed, and
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Elmin, Area and Recovery decreased (Supplemental Figure 3A-G). Upon increasing the pH
the opposite effect was observed (Supplemental Figure 3A-G). PoS appeared to correlate
best with pH change (r=-0.993, p<0.001 (pooled data, Supplemental Figure 3K), indicating
that lowering pH results in sickling that starts at higher pO,.

Next, we performed series of oxygenscans of a single sample at different cup and bob
temperatures. Results were similar as those found with pH adjustments (Supplemental

Figure 4). ElImax decreased upon increased temperature and correlated best (linear correlate
r=0.996, p<0.001), indicating RBC deformability at normoxic conditions is temperature
dependent (Supplemental Figure 4G).

The oxygenscan provides a means to evaluate the efficacy of anti-sickling agents
Currently several new drugs for SCD are being tested in clinical trials. With blood of 6 SCD
patients we investigated 3 of those drugs (GBT440, 5-PMFC and INN312) for their efficacy
on directly preventing hypoxia-induced sickling using the oxygenscan as readout. GBT440,
showed a large improvement in oxygenscan parameters at a concentration of TmM and an
even larger effect at 2mM (Figure 2A). After incubation with GBT440, ElImax slightly decreased.
In contrast, ElImin increased with increasing doses of GBT440, which was significant for 2
and 5mM (p=0.005 and 0.001, Figure 2B). Similar to these findings, DeltaEl and PoS
significantly improved with increasing GBT440 concentration (p<0.001, Figure 2C and D).
Area significantly improved as well (p<0.001). The same pattern was observed with 5-PMFC
and INN312, with the latter showing the higher efficacy of the two (Figure 2B-E). However,
at dosages of TmM the effect of these 2 compounds was lower compared to GBT440 (Figure
2B-E): EImin increased with TmM and significantly increased with 5mM (p<0.001), DeltaEl
decreased significantly with 5-PMFC 5mM (p<0.001) and INN312 1 and 5mM (p<0.01). PoS
decreased in both concentrations of 5-PMFC and INN312, with 5mM being significant in
both (p<0.001).

Importantly, when oxygenscan parameters were compared with the conventional sickling
assay (microscopy) the results showed similar patterns and were correlated (r=0.934
p=0.002, Figure 2F and G). However at a lower concentration of GBT440, and to lesser extent
also 5-PMFC and INN312, a slightly larger anti-sickling effect was observed with the
conventional sickling assay (Figure 2F).

The oxygenscan is able to discriminate between different genotypes and
treatment regimens

In order to investigate if the oxygenscan can detect differences between genotypes and
treatment regimens, oxygenscans were performed with whole blood of 21 individuals with
SCD, 5 individuals with HbS trait, and 5 healthy controls (HC). Homozygous patients without
treatment (HbSS untreated, n=7) were compared to HbSS patients treated with HU (n=5),
HbSS patients treated with exchange transfusion (n=3), HbS/B°thalassemia (n=1), HbSS
patients with a-thalassemia (n=2), hemoglobin SC disease patients (HbSC, n=3), HbS traits
(n=5) and HC (n=5). Representative curves of groups with 3 or more patients are shown in
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Figure 2. Effect of pharmacologic modulators of HbS polymerization on Oxygenscan parameters.
Incubations were carried out with n = 3 in case of 2 and 5 mM GBT440, n = 6 in other incubations). (A)
Representative graph of effect of in vitro treatment of RBCs of patients with SCD with GBT440 1 and 2 mM.
(B) Normalized means of minimum Elongation Index (EImin) of RBCs incubated in absence or presence with
different concentrations of antisickling agents. (C) Normalized means of Point of Sickling (PoS). (D) Normalized
means of DeltaEl (difference between Elmax and EImin) which represents sickling capacity. (E) Normalized
means of DeltaEl at the specific pO, tension of 18 mmHg (2.5% O,). 4
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(F) Normalized sickling after incubation in absence or presence of antisickling agents, measured by microscopy,
after deoxygenation at 18 mmHg (2.5% O,). G, Linear correlation between Oxygenscan measured sickling by
DeltaEl and microscopy. Error bar represents SD. ****P < 0.0001, ***P < 0.001, ** P <0.01, *P < 0.05., ns, not
significant. Dashed lines represent 95% confidence intervals

Figure 3A-D, with the mean of the different groups of EImax, EImin, PoS and Recovery shown
in Figure 3E-H. Absolute values of all oxygenscan parameters are reported in Supplemental
Table 2. A significant decrease of PoS was seen in all groups compared to untreated HbSS
patients, except HbSS individuals who had been recently transfused. Recovery was
significantly lower in HbSC patients compared to all the other groups. These results show
that the oxygenscan is able to discriminate between different genotypes and treatment
regimens.

When levels of HbF and HbS of patients with HbSS, HbS[°, HbSS/a-thalassemia with/without
HU, were correlated with oxygenscan parameters, EImin showed the strongest correlations
(r=0.833 and r=-0.852, both p<0.001, Figure 4A-B and Supplemental Figure 5). Digital
microscopy findings of these patients were also correlated with oxygenscan parameters.
Elmax showed the strongest correlation with sickled cells at normoxia (r=0.596, p=0.019,
Figure 4C).

Discussion

The oxygenscan is a rapid and reproducible technique, that is developed to assess RBC
sickling under automated continuous deoxygenation and re-oxygenation. We report for the
first time on the potential of the oxygenscan to monitor clinical conditions and parameters
that influence HbS polymerization. We found strikingly strong correlations of oxygenscan
parameters with physiological and pharmacological modulators of HbS polymerization that
are much stronger than in previously reported assays.'" Importantly, diverse physiologic and
pharmacologic conditions correlated best with particular oxygenscan parameters. This
underlines the specificity of the various oxygenscan parameters: conditions mimicking
exchange blood transfusion were found to specifically affect EImin, similarly to HbF and HbS
levels (Figure 4A-B). Physiological modulators of oxygen affinity predominantly affected PoS
(Supplemental Figures 2 and 3). Regarding in vivo treatment of SCD, our findings show that
RBCs of untreated HbSS patients start to sickle at higher oxygen tensions. Treatment with
either HU or transfusion lowers the PoS indicating a lower pO, at which cells start to sickle.
In case of HbSC patients, Recovery is significantly lower compared to the other groups
indicating distinct processes of unsickling.?® We speculate that this reduced capacity to recover
could be involved in the distinct vaso-occlusive phenotype of HbSC patients.

Elmin is a reliable biomarker of the efficacy of blood transfusion

Our results show a strong correlation of EImin with the distribution of HbS, HbF and HbA,
and their effect on polymerization (Figure 2B, 3F and 4A-B). EImin shows the deformability
at the point of minimal pO, during an oxygenscan and reflects how many cells are sickled.
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Figure 3. Oxygenscan parameters in relation to different genotypes and treatment of patients with
SCD. (A) Representative graph of RBCs of Hydroxyurea treated homozygous SCD patients (HbSS HU) in
relation to untreated HbSS patients. >
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(B) Representative graph of RBCs of HbSS patients treated with blood transfusion (HbSS transfusion). (C)
Representative graph of RBCs of patients with Hemoglobin SC Disease (HbSC). (D) Representative graph of
RBCs of HbS carriers (HbS trait) and healthy controls. (E) Means of maximum Elongation Index (EImax) in
various conditions mentioned earlier. (F) Means of minimum EI (EImin) in various conditions. (G) Means of
Point of Sickling (PoS, pO, when 5% decrease in El is reached) in various conditions. (H) Means of Recovery (%
of start El) in various conditions. Error bar represents SD. ****p < 0.0001, ***P < 0.001, ** P <0.01, *P < 0.05.,
ns, not significant

The physiological ranges of intravascular pO, tension differ between tissues and blood
vessel diameters, with the lowest values found in the bone marrow of live animals (i.e.
17.7mmHg).?°3° Oxygenscans curves reach at least 20mmHg in >95% of measurements,
with a mean of 15.9mmHg (SEM 0.17). The minimal pO, during the oxygenscan is yet another
relevant functional characteristic. In contrast to other sickling assays, in which a non-
physiologically low pO, is used, often during several hours. Other assays use sodium
metabisulfite, which depletes RBCs fully from oxygen. Both techniques result in full sickling
of RBCs, even in sickle cell trait. The fact that oxygenscans of individuals with sickle cell trait
do not show any significant sickling behavior compared to patients with SCD underlines the
physiological applicability of the oxygenscan (Figure 3A-D and F).

Elmin therefore is a potent parameter for assessing the direct effects of blood transfusion
and distribution of HbS, HbF and HbA. We suggest Elmin is mostly predicted by the
percentage of cells that are not able to sickle at all and therefore is most influenced by blood
transfusion and F-cells.

The potency of anti-sickling agents is captured by DeltaEl

DeltaEl can be used as outcome parameter in the assessment of the efficacy of new
treatments that inhibit sickling. As shown by the experiments mimicking blood transfusion
(Supplemental Figure 1), DeltaEl reflects the percentage of RBCs that sickle upon
deoxygenation and as such is comparable with the conventional sickling assays (microscopy).
In our experiments with the anti-sickling agents GBT440, 5-PMFC and INN312, data of the
conventional assay was compared to DeltaEl and a similar pattern was observed (Figure
2E-F). Overall, the effects were more pronounced in the conventional assay, which could be
due to a longer exposure to hypoxic conditions in the latter. This results in a higher amount
of sickled cells at the start, and thus a more pronounced effect of anti-sickling agents.
Importantly, cells that sickle instantly do not have the ‘sickle’ shape but a more irregularly
shaped or ‘star’ shaped appearance, also called ‘mosaic’ cells.>' These cells have a different
orientation in the flow in the Lorrca than fully sickled RBCs and, hence, behave differently
in deformability measurements. Moreover, such cells are regarded as sickled cells but they
likely are still able to deform to a certain extent. This could account for the less pronounced
effect of anti-sickling agents as determined by the oxygenscan.

DeltaEl has a strong correlation with percentage HbSS blood (Supplemental Figure 1)) and
can distinguish between a mixture of HbSS and HbAA RBCs and a population of HbAS RBCs
(HbS trait, Supplemental Figure 1C, 3D and 4D-F). A feature that could be very helpful for
upcoming gene-therapy trials in which an assay is needed that discriminates between mixed
chimerism of fully corrected cells (50% HbAA and 50%HbSS) and fully engraftment of half
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Figure 4. Oxygenscan parameters are associated with HbF, HbS, and sickled cells at normoxia. (A) Linear
correlation of minimum Elongation Index (EImin) and HbF. (B) Linear correlation of EImin and %HbS. (C) Linear
correlation of maximum El (Elmax) and % sickled cells at normoxia measured with digital microscopy. (D)
Representative curve of the effect of addition of 50% HBAA blood to 50% HbSS blood and a representative
curve of HbS trait. (E) Percentage HbS in the mixture of 50% HbSS blood with 50% HbAA blood (n = 2) and HbS
trait (n = 5). (F) DeltaEl in both groups mentioned earlier. Dashed lines represent 95% confidence intervals.
Error bar represents SD.

corrected (100% HbAS) cells. Therefore DeltaEl is an useful parameter, in particular in the
evaluation of individuals with HbS trait and the development of new treatment strategies.

PoS discriminates between genotypes and different treatment regimens

We show that PoS correlates with 2,3-DPG levels and other modulators that have an effect
on the hemoglobin dissociation curve, such as pH and temperature (Supplemental Figure
2A, B, Fand)). PoS is unique in its ability to determine the pO, at which RBCs start to sickle,
and is therefore of high value in the development and clinical testing of new drugs, in
particular anti-sickling agents. When considering individuals with HbS trait, PoS has a distinct
value in this group compared to controls and SCD patients (Figure 3G). PoS also is the most
informative parameter when considering different treatment in groups of SCD patients.
Based on these observations we conclude that PoS likely reflects properties of an individual's
hemoglobin dissociation curve.

Elmax reflects percentage of sickled cells at normoxia and RBC hydration
In whole blood, the percentage of sickled cells at normoxia compared to relatively healthy
cells seem to have the most pronounced effect on Elmax. The number of sickled cells at
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normoxia correlated to ElImax (Figure 4C), indicating that already sickled cells lower the
overall deformability and thereby EImax. We suggest that EImax reflects the percentage of
non-deformable cells at ambient air, which are the dense cells containing HbS polymer and
sickled cells at normoxia.

Comparison with other hypoxic deformability assays

In the past several approaches to measure RBC deformability under hypoxic conditions
have been developed. All but one were based on a deoxygenation step that took place
outside the ektacytometer.323> In contrast to the oxygenscan, these approaches involved
either a deoxygenation or reoxygenation step, or used hypoxia and normoxia as different
conditions. A very recent study demonstrated a strong effect of GBT440 on RBC deformability,
but no pO, could be determined and related to the measurements.* The oxygenscan allows
now for the first time the study of sickling behavior during both automated deoxygenation
and reoxygenation in a reproducible and fast manner.

One of the strengths of the oxygenscan is that deformability is measured at a whole range
of different oxygen tensions. Furthermore, the technique has an excellent reproducibility,
the time to perform an oxygenscan measurement is relatively short and it takes only a small
amount of whole blood. More importantly, the oxygenscan is a functional assay that
determines various aspects of the sickling process, each represented by different
parameters.

A limitation of the technique is that measurements are performed on the total RBC
population. Therefore, individual differences in cellular behavior or subpopulations of cells
are not considered and, consequently, outcome parameters always reflect the mean
behavior of all cells. Also, the minimal pO, during deoxygenation does not reach OmmHg.
Although this pO, is not a physiologically relevant value, it would be of interest to measure
in order to see how much the El would further decrease.

Our data show that apart from the influence of HbF, HbS and HbA, this assay also takes
individual hemoglobin dissociation curves and percentage of sickled cells at normoxia into
account. Therefore, the oxygenscan is an assay which simultaneously determines a number
of clinically important factors involved in SCD pathophysiology. As such it may represent a
better alternative for the conventional sickling assay and fill the clinical need for a reliable
biomarker. Current studies are aimed at investigating the applicability of the oxygenscan
in the determination of clinical severity and vaso-occlusive crisis, as well as a more
comprehensive analysis of the effect of current and new treatment strategies.
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Supplemental Methods

Hematological laboratory parameters

Routine hematological parameters were measured using the Abbott Cell-Dyne Sapphire
(Abbott Diagnostics, Santa Clara, CA, USA) and included complete blood counts and absolute
reticulocyte count. Hemoglobin characterization was carried out with high-performance
liquid chromatography (HPLC, Tosoh Europe, Tessenderlo, Belgium).

Light microscopy of deoxygenated RBCs

To visualize red blood cell shape and/or the presence of sickle RBCs during deoxygenation,
whole blood was mixed with Iso Oxy and injected into 2 tubes (Falcon) and placed on a roller
bench. One tube was deoxygenated using nitrogen gas for 15 minutes during rotation, whilst
the other tube remained oxygenated during rotation. Cells were fixated with 1%
paraformaldehyde and 0.2% glutaraldehyde. Fixed cells were examined by light microscopy
(Axiovert 40C, Zeiss).

Effect of storage of whole blood on oxygenscan measurements

Whole blood was stored for 8 days at 4 degrees Celsius. From day 0 to day 7 an oxygenscan
was carried out every consecutive day. In addition, at day 0, 3 and 7 free hemoglobin levels,
indicating RBC lysis, was measured by absorbance measurements at 542nm using
spectophometry (SpectraMax M2e (Molecular Devices, Sunnyvale, CA, USA). On the same
days blood smears were made and analyzed by digital microscopy as described above.

2,3-DPG levels, pH and temperature

To assess the influence of 2,3-diphosphogyclerate (2,3-DPG) levels on the oxygenscan
parameters, complete blood count and oxygenscans were performed within 10 minutes
after blood collection, and after 3, 6 and 24 hours. Whole blood was kept either at 4°C, room
temperature (+ 22°C) and 37°C for 24 hours. 2,3-DPG was measured using the 2,3-DPG
assay kit (Roche, Manheim, Germany). To measure 2,3-DPG, blood was collected in heparin
tubes and immediately deproteinized with perchloric acid (0.6 M). Following centrifugation
the solution was stabilized with potassium carbonate (2.5M) and centrifuged again. Method
of 2,3-DPG measurement is based on the enzymatic conversion of 2,3-DPG to nicotinamide
adenine dinucleotide (NAD") in several steps. NAD* concentration was measured with
spectrophotometry (SpectraMax M2e, Molecular Devices, Sunnyvale, CA, USA). 2,3-DPG
levels were normalized to hemoglobin levels.

To assess the influence of temperature, oxygenscan measurements were carried out with
a Bob temperature set to either 35, 37, 39, 41 and 43°C.

To investigate the influence of pH, the pH of the PVP (Iso Oxy) was set to 6.9, 7.1, 7.3, 7.7
and 7.9 before being used in the oxygenscan.

Morphological analysis after in vitro incubation with anti-sickling agents

To compare the outcome of the effect of these agents sickling was also measured using
previously reported methodology with slight modifications.'-* Briefly, whole blood was
suspended (20%hematocrit) in isotonic Hemox buffer (TCS Scientific Corp, Southampton,
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PA, USA), pH 7.4, supplemented with 10 mM glucose and 0.2% bovine serum albumin, in
individual wells of a Costar polystyrene 96-well microplate (Ne 9017; Corning, Corning, NY),
then incubated under air in the absence (control, DMSO) or presence of varying
concentrations of 5-PMFC, INN312, and GBT440 at 37°C for 1 hour to ensure that binding
has attained equilibrium. Next, the suspensions were incubated under hypoxic condition
(2.5% Oxygen gas/97.5% Nitrogen gas) at 37°C for 1 hour. Aliquots (10 pL) of each sample
were obtained and fixed with 150 pL 2% glutaraldehyde solution without exposure to air.
The fixed cell suspensions were introduced into glass microslides (Dawn Scientific, Inc.,
Newark, NJ, USA)' and subjected to microscopic morphological analysis of bright field images
(at 40x magpnification) of single layer cells on an Olympus BX40 microscope fitted with an
Infinity Lite B camera (Olympus), and the coupled Image Capture software.

The percentage of sickled cells was determined with a computer-assisted image analysis
system as described elsewhere.* Normalized sickling, reported as mean values from 3
replicates, was calculated by normalizing to untreated control (DMSO) samples.

Statistical Analysis

Experiments were carried out in duplicates, except for experiments consisting of series of
oxygenscans (pH and temperature experiments). Mean, standard deviation (SD) and
coefficient of variation (CV) were calculated. GraphPad Prism (v7.02) was used to plot
individual oxygenscan curves and readout parameters. We normalized results in the
experiments with 2,3-DPG because 2,3-DPG was heterogeneous among patients, and in
experiments with anti-sickling agents to compare oxygenscans with microscopy, the
conventional sickling assay.

Statistical analysis was performed using IBM Statistics SPSS (v21) and Graphpad Prism.
One-way ANOVA (Post-hoc Tukey's test or Dunnett's test) was carried out. When groups
were not normally distributed a Kruskal-Wallis test, followed by Dunn's tests for post-hoc
analysis was used. Pearson’s correlation was used to determine correlations of oxygenscan
parameters with laboratory and clinical parameters. A p-value of <0.05 was considered
statistical significant.
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Supplemental Results

Effect of storage of whole blood on the oxygenscan

To identify the time-window after blood collection to perform an oxygenscan the effect of
time was investigated. Oxygenscan curves shifted slightly upwards during storage of whole
blood at 4 °C. When stored for 24 hours at 4°C curves remained stable, showing minor
increases in Elmax (1,7%), PoS (2,7%), DeltaEl (9,2%) and Area (6,7%). Minor decreases of
6,7% in ElImin and 0,6% in Recovery were observed under these conditions (normalized and
pooled data of 10 patients, Supplemental Table 1).

Elmax increased considerably upon longer storage with a mean increase of 8,1% after 3
days and 14,1% after 7 days. Initially EImin slowly decreased, but after day 3, when a
decrease of 4,4% was measured, EImin increased with 25,3% after seven days. Looking at
DeltaEl, an increase of 15,4% was observed after 3 days, however at day 7 there was a
decrease of 4,3%. PoS was shifted towards the left as it decreased with 1,2% and 17,1%.
Area and Recovery increased over time with 14,5% and 1,0% at day 3, and 20,9% and 2,1%
at day 7 (normalized and pooled data of 3 patients). When percentage of lysis was measured
it increased from 10.4% at day 3 until 12.8% at day 7. When peripheral blood smears were
analyzed with digital microscopy a decrease in sickled cells was seen after 3 and 7 days,
from 11.1% at day 0, 2.7% at day 3 and 1.1% at day 7 (measured in 1 patient, data not shown).

In vitro addition of HbAA blood to HbSS blood

To mimic blood transfusion and to investigate the effect of addition of HbAA blood, ABO
and Rhesus compatible RBCs of a healthy control (HC) was mixed with whole blood of a
patient with SCD in different amounts and oxygenscans were performed. Supplemental
Figure 1A, B, E and G show that Elmax, EImin and Area shifted towards normal upon
increasing percentages of HbAA blood. At the same time the PoS and DeltaEl decreased
(Supplemental Figure 1C,D). Recovery increased to 100% upon addition of HbAA blood
(Supplemental Figure 1F).

All Oxygenscan parameters correlated significantly with the percentage of whole blood of
HbSS patients but with a striking linear correlate of r=0.998, p= >0.0001 (pooled data of 3
patients, individual correlations were above r=0,987 and p<0.002), EImin was the strongest
one (Supplemental Figure 1H). EImax correlated second best with a linear correlate of r=
0.988 (p=0.002, pooled data of 3 patients, individual correlations were above r=0.982 with
p<0.003, Supplemental Figure 1G). Correlation of PoS with %HbSS blood was lower compared
to EImin and EImax, with r=0.946, p=0,015 (pooled data, individual correlations were above
r=0.933 with p<0.021, Supplemental Figure 1K). Linear correlations of DeltaEl, and Area are
shown in (Supplemental Figure 1) and L).

Physiologic Hb-dissociation curve modulators (2,3-DPG, temperature and pH)

Temperature, pH and 2,3-DPG are important cellular modulators of the O, affinity of
hemoglobin and thereby of sickling. They are therefore expected to exert an effect on the
oxygenscan curve. For studying the effect of 2,3-DPG levels whole blood was stored under
3 different conditions for 24 hours. Oxygenscan curves and 2,3-DPG were essentially
unchanged after 24 hours at 4 °C (Supplemental Figure 2A-G). When kept at room
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temperature or 37°C 2,3-DPG had decreased after 24 hours (normalized and pooled data
is shown in Supplemental Figure 2B). 2,3-DPG showed the strongest correlation with PoS
(Supplemental Figure 2J, individual correlations were r=0.994 p=0.006, r=0.958 p=0.042 and
r=0.978 p=0.022) and EImin (Supplemental Figure 2I, individual correlations were r=0.991
p=0.009, r=0.749 p=0.251, and r=0.949 p=0.051). EImax showed a lower correlation which
wasn't significant (Supplemental Figure 2H, individual correlations r=0.920 p=0.080, r=-0.850
p=0.150 and r=0.637 p=0.363). Linear correlation of Deltakl and Area with 2,3-DPG are shown
in Supplemental Figure 2K and L.

Upon lowering the pH of the PVP an increase of Elmax, DeltakEl and PoS was seen
(Supplemental Figure 3A, B, D and E). ElImin, Area and Recovery decreased (Supplemental
Figure 3C, F and G). Upon increasing the pH the opposite effect was observed (Supplemental
Figure 3A-G). The 2 parameters with the strongest correlation were Elmax (r=0.989, p<0.001
pooled data, Figure 3H, individual values were above r=0.972, p=0.001), and PoS (r=0.993,
p<0.001 (pooled data), Supplemental Figure 3K, individual correlations were all 3 above
r=0.980, p=0.002). Linear correlations of pooled data of ElImin, DeltaEl, and Area are shown
in Supplemental Figure 3I, ] and L.

Next, we performed oxygenscans of a single sample at different Cup and Bob temperatures.
When temperature was set to higher temperatures (39, 41 and 43°), the PoS increased, with
a linear correlate of 0.974 p=0.005 (pooled data, individual values were above r=0.921,
p=0.026, Supplemental Figure 4D and J), indicating sickling starts already at higher pO,
tension. Accordingly, the DeltaEl also increased (Supplemental Figure 4C, linear correlation
overall r=0.972, p=0.006 Supplemental Figure 4l). A decrease in Elmax (overall r=0.996,
p<0.001, individual values were above r=0.965 p=0.008 Supplemental Figure 4A and G),
Elmin (overall r=0.989 p=0.001, individual correlations were above r=0.927 p=0.024
Supplemental Figure 4B and H) and the Area (overall r=0.951 p=0.013 Supplemental Figure
4E and K) was observed. Recovery was lower in high temperatures compared to 37°C (overall
r=0.976 p=0.004, Supplemental Figure 4F and L). When temperature was lowered to 35°C
an opposite effect was observed (Supplemental Figure 4A-F).
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Supplemental Table 1. Effect of storage of whole blood at 4°C on oxygenscan parameters during 8 days.
Data of 10 patients with SCD are shown looking at a storage duration of 24hours (day 1), data of 3 patients is
shown considering storage duration of 8 days (day 0-day 7).

Increase due to

storage
Mean (%) Mean (%) Mean (%)

Elmax (El) 1.7 2.6 8.1 14.1
Elmin (EI) -6.7 10.0 -4.4 253
DeltaEl (El) 9.2 8.3 15.4 -4.3
PoS (mmHg) 2.7 8.8 -1.2 -17.1
Area (AUC) 6.7 6.5 14.5 20.9
Recovery (%) 0.6 4.2 1.0 2.1

SD, standard deviation. PoS, point of sickling.

Supplemental Table 2. Discrimination between different genotypes and treatment regimens with
oxygenscan parameters

HbSS HbSS HbSS Healthy

untreated HU transfusion control
(n=7) (n=5) (n=3) (n=5)

Elmax (EI) 0.34+0.01 0.48+£0.06* 0.45+0.09 0.38+0.06  0.59 +0.01**** (.61 + 0.0%***
Elmin (EI) 0.07+0.04 0.14+0.08 0.22+0.03** 0.13+£0.09 0.56 + 0.01**** (.60 + 0.0%***
DeltaEl (AE) 0.28 £0.07 0.33+0.05 0.23+0.09 0.25+0.06  0.02 £0.01**** (.01 £ 0.0%***
PoS (mmHg) 73.6 +£18.3 49.6 +7.2** 529+6.1 41.3 + 8.4*%* 16.3 + 1.7%%** =

Area (AUC) 224+6.4 346+7.1* 332166 289+ 6.3%% 489 £ 0.3%*F** 497 4 1.0%***
Recovery (%) 96.1+5.0 955+3.2 97.9+21  77.8+12.0%** 98.9+0.4 99.6 + 0.4

*%%%p<0.0001, ***p<0.001, ** p<0.01, *p<0.05., PoS, point of sickling.
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Supplemental Figure 1. Whole blood from SCD patients (n=3, P1, P2 (HbSS) and P3 (HbSC)) was mixed
in various proportions with a ABO and Rhesus compatible healthy control blood. (A) Representative
curve of the effect of addition of HBAA blood to HbSS blood. (B) Maximum Elongation Index (Elmax) in relation
to different percentages of HbSS/SC and HbAA blood. (C) DeltaEl (Difference between Elmax and Elmin) in
relation to % HbSS/SC blood. (D) Point of Sickling (PoS, pO, when 5% decrease in El is observed) in relation to
% HbSS/SC blood. (E) Area (area under curve between 10 and 100mmHg) in relation to %HbSS/SC blood. (F)
Recovery (% of start El reached during reoxygenation) in relation to % HbSS/SC blood. (G) Minimum EI (EImin)
in relation to % HbSS/SC blood. (H) Linear correlation of ElImin and % HbSS/SC blood. (I) Linear correlation of
Elmax and % HbSS blood. (J) Linear correlation of Deltakl and % HbSS blood. (K) Linear correlation of PoS and
% HbSS blood. (L) Linear correlation of Area and % HbSS blood. AUC, area under the curve. HbSS, homozygous
HbS. HbSC, Hemoglobin SC, HbAA, healthy control.
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Supplemental Figure 2. Effect of different storage conditions on 2,3-DPG and oxygenscan parameters
(n=3). (A) Representative graph of effect of 2,3-DPG on Oxygenscan curves in relation to storage of RBC
of SCD patients (n=3) at different temperatures. (B) Normalized 2,3-DPG at baseline (0 hours) and after 24
hours storage at 4°C, room temperature (RT) and 37°C. (C) Normalized maximum elongation index (ElImax)
at baseline (0 hours) and after 24 hours storage at 4°C, room temperature (RT) and 37°C. (D) Normalized
minimum elongation index (EImin) at baseline (0 hours) and after 24 hours storage at 4°C, room temperature
(RT) and 370C. (E) Normalized DeltaEl (difference between Elmax-EImin) at baseline (0 hours) and after 24
hours storage at 4°C, room temperature (RT) and 37°C. (F) Normalized Point of Sickling (PoS) at baseline (0
hours) and after 24 hours storage at 4°C, room temperature (RT) and 37°C. (G) Normalized area at baseline
(0 hours) and after 24 hours storage at 4°C, room temperature (RT) and 37°C. (H) Linear correlation of EImax
and 2,3-DPG. (l) Linear correlation of ElImin and 2,3-DPG. (J) Linear correlation of PoS and 2,3-DPG. (K) Linear
correlation of Deltakl and 2,3-DPG. (L) Linear correlation of Area and 2,3-DPG. Error bar represents SD.
Dashed lines represent 95% confidence interval.
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Supplemental Figure 3. Effect of pH changes on oxygenscan parameters (n=3). (A) Representative graph
of the effect of pH change of Lorrca reagent (Iso Oxy) on oxygenscan curves. (B) Maximum elongation index
(ElImax) at pH 6.9-7.9. (C) Minimum elongation index (EImin) at pH 6.9-7.9. (D) DeltaEl (difference between
Elmax-Elmin) at pH 6.9-7.9. (E) Point of Sickling (PoS) at pH 6.9-7.9. (F) Area at pH 6.9-7.9. (G) Recovery at pH
6.9-7.9. (H) Linear correlation of ElImax and pH. (l) Linear correlation of EImin and pH. (J) Linear correlation
of DeltakEl and pH. (K) Linear correlation of PoS and pH. (L) Linear correlation of Area and pH. (L) Linear
correlation of Recovery and pH. Error bar represents SD. Dashed lines represent 95% confidence interval.
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Supplemental Figure 4. Effect of temperature changes on Oxygenscan parameters (n=3). (A) Maximum
elongation index (Elmax) at 35°C, 37°C, 39°C, 41°C and 43°C. (B) Minimum elongation index (Elmin) at
temperatures 35°C-43°C. (C) DeltaEl (difference between Elmax-Elmin) at temperatures 35°C-43°C. (D) Point
of Sickling (PoS) at temperatures 35°C-43°C. (E) Area at temperatures 35°C-43°C. (F) Recovery at temperatures
35°C-43°C. (G) Linear correlation of EImax and temperature. (H) Linear correlation of EImin and temperature.
(1) Linear correlation of DeltakEl and temperature. (J) Linear correlation of PoS and temperature. (K) Linear
correlation of Area and temperature. (L) Linear correlation of Recovery and temperature. Error bar represents
SD. Dashed lines represent 95% confidence interval.
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Abstract

In sickle cell disease (SCD), a single point mutation in the gene coding for beta-globin causes
the production of abnormal hemoglobin S (HbS). When deoxygenated, HbS can polymerize,
forming rigid rods of hemoglobin, resulting in the sickling of red blood cells (RBCs). These
sickled RBCs have significantly reduced deformability, causing vaso-occlusion, which leads
to numerous SCD-related clinical complications, including pain, stroke, and organ damage.
RBC deformability is also reduced by RBC dehydration, resulting in dense red blood cells
that are more likely to sickle. To date, there is not a single widely available, rapid, and
reproducible laboratory assay capable of predicting the disease severity or directly
monitoring the treatment effects for novel, non-fetal hemoglobin inducing therapies. In this
study, we describe a protocol to measure RBC deformability as a function of pO, that allows
for the quantitation of sickling behavior in SCD patients. Oxygen gradient ektacytometry
measures RBC deformability, expressed as the elongation index (El), as a function of pO,.
RBCs are exposed to a fixed shear stress of 30 Pa during one round of deoxygenation and
reoxygenation. Six readout parameters are produced. Of these, the point of sickling (PoS),
defined as the pO, at which maximum EI (El__ ) shows a 5% decrease, and minimum El
during deoxygenation (El ) are the most informative, reflecting an individual patient’s pO,
at which sickling starts and the minimal deformability of a patient’s red blood cells,
respectively. PoS is associated with an individual patient's hemoglobin affinity for oxygen,
whereas El_, shows a strong correlation with fetal hemoglobin levels. We conclude that
oxygen gradient ektacytometry is a promising technique to monitor the treatment of patients
with SCD, as a biomarker for anti-sickling agents in clinical and preclinical trials, and an
important tool to study sickling behavior of RBCs from individuals with SCD and sickle cell
traits.

max

Video Link
https://www.jove.com/video/60213/
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Introduction

In SCD, a single point mutation results in the production of HbS, which can polymerize upon
deoxygenation. HbS polymerization causes sickling of RBCs and reduces RBC deformability.
The combination of RBC sickling and RBC adherence to the endothelium leads to various
SCD complications, including vaso-occlusive crises (VOC), stroke, organ damage, and chronic
hemolytic anemia. Even at normoxic conditions, RBC deformability is compromised in
patients with SCD. Deformability is further decreased at low oxygen concentrations. Key
players that determine deformability at normoxia are dense cells, irreversibly sickled cells
(ISC), and dehydrated cells, all of which have a decreased surface-to-volume ratio'3.

Ektacytometry is an established method to measure RBC deformability, widely used for the
diagnosis of hereditary hemolytic anemias, particularly membranopathies®. It can also be
used to study hemorheology®>°. Osmotic gradient ektacytometry, in which RBC deformability
is measured during a continuous change in osmolality, has been used to study SCD for over
a decade’". The percentage of fetal hemoglobin (HbF) is one of the strongest inhibitors of
HbS polymerization because neither HbF nor its mixed hybrid tetramer (a2Sy) can enter
the deoxyHbS polymer phase’. Recent studies suggest that increasing HbF levels in SCD
patients leads to a better surface-to-volume ratio, thereby improving the hydration state
and thus the deformability in nontransfused patients'".

RBC deformability has been studied in the past as a biomarker for SCD complications, but
with conflicting results. In studies performed cross-sectionally and at a steady state,
individuals with higher levels of RBC deformability were found to have a higher incidence
of osteonecrosis and more pain crises'>'s. In contrast to these findings, when compared to
the steady state values during an acute VOC, RBC deformability was decreased in longitudinal
studies within the same individuals'®. This discrepancy may be the result of studying RBC
deformability under different conditions (i.e., during the steady state versus VOC). The
percentage of sickled cells is high at the start of a VOC and the cells are rapidly destroyed
as the crisis progresses, which may explain the difference between the steady state cross-
sectional incidence data and longitudinal data obtained during the VOC. However, other
factors, such as adherence of RBC subpopulations to the endothelial surface, may also be
important in the occurrence of VOC. In SCD, it is more clinically relevant to measure the
deformability during the deoxygenation, because vaso-occlusion typically occurs in the
hypoxic post capillary venules and not in the less hypoxic microcapillary network'.
Additionally, the presence of ISCs may alter the ability of an ektacytometer to measure the
deformability at normoxia. Distortion of the diffraction pattern is caused by ISCs, which
results from the non-alignment during the flow'-.

Alternative approaches to study the pathophysiology of VOC include measurements of RBC
adherence to an artificial surface'®, single cell electrical impedance microflow cytometry',
microfluidic-based models combining quantitative measurements of the cell sickling and
unsickling with single cell rheology?, and laser-induced polymerization?'. Although promising,
these techniques are costly, labor intensive, and require extensive operator training.



56 |

PART | Chapter 3

In addition, the assays that are morphology-based lack the ability to study cellular behavior,
such as deformability, as a function of an oxygen gradient.

In this study, we describe a rapid and reproducible functional assay performed with an
ektacytometer. This is a next generation ektacytometry measurement that measures the
different qualitative aspects of RBC deformability expressed as the El during deoxygenation
(1,300 s) and swift reoxygenation (280 s). These time intervals allow for HbS polymer
formation, and thereby the occurrence of morphological changes and then recovery.
Deoxygenation occurs by introducing nitrogen gas, which slowly decreases the oxygen
tension in the blood sample in the gap between the bob and cup of the ektacytometer. RBC
deformability is continuously measured while oxygen tension is measured every 20 s by
means of a small O,-spot present in the wall of the cup. During the test, approximately 80
pO, measurements are coupled to the El measured at that moment. The oxygen pressure
drops below 20 mmHg during the deoxygenation, and reoxygenation is facilitated by the
passive diffusion of ambient air. The experimental setup of the ektacytometer and oxygen
gradient ektacytometry module is described in Figure 1 and Figure 2. The principle of
ektacytometry is based on RBC-induced scattering of light from a laser beam. This results
in an elliptical diffraction pattern when shear stress is applied at the same time (Figure 1).

Static inner cylinder (bob)

Laser beam

Camera

Rotating outer cylinder (cup)

<+ Projection screen

Figure 1. Schematic setup of the ektacytometer. The ektacytometer uses a Couette system to apply shear
stress on the cells. A rotation outer cylinder (cup) and a static inner cylinder (bob) are used to induce shear
stress by the creation of laminar flow at 37 °C. Between the bob and cup there is a small gap in which the
blood suspension is injected. A laser beam shines from the bob through the blood suspension and is scattered
by the presence of RBCs. The diffraction pattern is projected and analyzed by a camera. The elongation index
(El) is calculated with the height (a) and the width (b) of the diffraction pattern®.
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Diluted blood suspension —

g}

O,-spot

/ Diffraction pattern

cup

Figure 2. Schematic setup of the ektacytometer with oxygen gradient ektacytometry module. Schematic
diagram of the module that shows deoxygenation of the blood suspension slowly with the infusion of nitrogen
gas (N,). Oxygen tension is measured by the amount of quenching of the luminophore signal sent from the
LED-fiber to the O,-spot. Upon deoxygenation, sickle RBCs will start to sickle, their deformability will decrease,
and they will no longer align with elliptical RBCs. The sickled RBCs will distort the diffraction pattern, changing
its shape from an ellipse to a rhomboid or diamond-like shape. This change in the shape of the diffraction
pattern results in a decrease of El. Measurements of pO, and El are not performed at the same height in the
cup. This ensures better discrimination between the deoxygenation and reoxygenation curves and, hence, a
better interpretation of the curve. This figure has been modified from Rab et al.2

Protocol

All procedures were approved by the ethical committee of the University Medical Center
Utrecht (UMCU) and in accordance to the Declaration of Helsinki. Patients enrolled at the
Texas Children’s Hematology Center (TCHC) were approved by the local IRB and in
accordance with the Declaration of Helsinki.

1. General considerations
1.1. Begin by performing a test measurement to warm up the bob and cup. Ensure that
the temperature of the bob and cup is 37 °C. This is important for good
reproducibility.

1.2. Ensure that the viscous polyvinylpyrrolidone (PVP) solution falls within the strict limits
for osmolarity (282-286 mOsm/kg), pH (7.35-7.45) and viscosity (27.5-32.5 MPa) at
room temperature (22 °C).

NOTE: The PVP must be used at room temperature. If stored at a lower temperature,
make sure it has warmed up to room temperature prior to taking any measurements.
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2. Start-up of the ektacytometer
2.1. Switch on the computer and the ektacytometer from the back. Start the software
program (Table of Materials) on the computer.

2.2. Make sure the nitrogen is available to deoxygenate the sample by opening the
nitrogen cylinder.

2.3. Lower the bob in the cup and make sure the cup can turn freely. Clean the cup on
the inside and outside with a soft cloth and distilled water, because debris can
hamper the El measurements.

2.4. When the software program is running, check for the following message on the
screen: “Make sure the gas valve is open” and click OK.

2.5. Ensure that the ektacytometer starts the pO, self-check process that will appear on
the screen. Select Start (enter). If it fails, rerun the self-check by clicking Hardware
check | pO, | Self check.

NOTE: If the self-check fails again, consider replacing the O,-spot. The O_-spot is
replaced by gently pushing the spot out from the inside of the cup with a fingertip.
A new spot is placed by gently pushing the spot from the outside into the cup.

2.5. Choose p0O, scan from the different tests listed on the left. Choose Settings at the
right of the screen and ensure they are set as per the parameters listed in Table 1.
Keep the same settings for every measurement.

2.6. In order to save these settings, press OK | OK.

NOTE: Preferred settings are listed in Table 1 but can be adjusted according to the
user preferences and investigational purposes. For example, to study the sickling
behavior more extensively, deoxygenation speed and duration can be altered.

3. Sample collection and preparation
NOTE: For the validation of the technique, ethylenediamine tetraacetic acid (EDTA)-
treated blood from 38 SCD patients and 5 healthy controls included at the University
Medical Center Utrecht or Texas Children’s Hematology Center, in different clinical
studies (Netherlands Trial Registry [NTR] identifier, NTR 6779 and NTR 6462), as well
as anonymized leftover blood samples from patients who visited the outpatient
clinic or were hospitalized were used.

3.1. Collect blood samples by venipuncture (a minimum of 300 pL/sample) in a tube
containing EDTA. Make sure the blood has been stored for at least 30 min at 4 °C,
but no longer than 24 h.
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NOTE: Citrate phosphate dextrose adenine (CPDA) or heparin can also be used, but
the influence of these reagents on the sample preservation with respect to the
oxygen gradient ektacytometry is not well-known.

3.2. Mix the sample gently by inversion to homogenize. Do not shake the sample. Let the
sample warm up to room temperature on a roller bench before the measurement.

NOTE: A sample tube (9-10 mL) that is stored for more than 1 h at 4 *C must warm

up for 15 min. When stored for less than 1 h at 4 °C, it must warm up for 10 min. A
sample tube (2-6 mL) that is stored for more than 1 h at 4 *C must warm up for 10
min. When stored for less than 1 h at 4 °C, it must warm up for 5 min.

3.3. Measure the complete blood count on a hematology analyzer. To do so, take 20-200
pL of whole blood in a tube containing EDTA. Place the aspiration needle in the tube
and press on the button behind the needle of the hematology analyzer to start the
measurement.

NOTE: In the complete blood count, the RBC number is measured, which is an
important factor for standardizing the oxygen gradient ektacytometry
measurements. RBC count is calculated from forward and sideward scatter by flow
cytometry. Normal RBC count in healthy controls is 3.7-5.0 x 10'%/L for females and
4.2-5.5 x 10"?/L for males. RBC count in patients with SCD is generally decreased.
Some hematology analyzers will also measure percent dense red blood cells (%
DRBC) which can be of additional value in the interpretation of individual oxygen
gradient ektacytometry curves.

3.4. Standardize the whole blood sample to an RBC count of 200 x 108 RBCs in 5 mL PVP
(200 x 10° RBCs/vial) by adjusting the volume of sample that will be added. If the
total RBC count is less than 200 x 108, the diffraction pattern and El will be affected.

3.4.1.Use the equation below to perform the counting.
4.0/xx (x 10'%/L) x 50 = yy pL whole blood/vial PVP

where xx is the calculated RBC count obtained from step 3.3 and yy is the amount

of whole blood that is required for the actual measurement. Depending on the
grade of anemia and other factors influencing RBC counts, the amount of whole
blood required is 40-90 pL.

4. Oxygen gradient ektacytometry measurement
4.1. Pipette the calculated sample volume (yy pL of blood) into PVP to obtain a total
volume of 5 mL. Prewet the tip by gently resuspending the blood 3x. Use a pipette
tip with a wide opening to avoid additional stress on the RBCs. Gently mix the sample
manually by inversion until it is homogeneous.
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NOTE: Open the PVP vial for as short a time as possible to avoid air contact.

4.2. Slowly draw 2.0 mL of the blood/PVP mixture into a 3 mL syringe without the needle.
Push the plunger to remove any visible air bubbles and excessive sample solution
until 1.5-1.8 mL is left in the syringe (depending on the cup volume).

4.3. Inject the total sample volume slowly and evenly in the bob through the connector.
Make sure the level of the sample is above the oxygen sensor (pink spot) and above
the small suction hole. Do not leave any sample solution in the syringe.

4.4. Click New and fill in the sample identifier, remarks, date of donation, and viscosity
of PVP. Click OK | Aspirate. After 60 s, the cup will rotate and aspirate the sample
for 15 s. Click OK when the rotation stops. Close the machine lid. Click Continue |
Start now, as oxygen gradient ektacytometry is done with a fixed gain. The
measurement will take about 28 min.

4.5. After the measurement, print the report that shows the curve and parameters that
are automatically calculated by the software. Ensure that the raw data is
automatically stored in the designated folder in Settings. Maximum EI (EI__ ),
minimum El (El ), pO,@95%EI (PoS), and area (area under the curve) are
automatically calculated and added to the printed report and raw data.

4.6. Manually obtain AEI by calculating the difference between El__ and El . Calculate
the percentage recovery by taking the difference in mean El before deoxygenation
(PO, 100-120 mmHg) and mean El values during reoxygenation at 100-120 mmHg.

5. Cleaning of the ektacytometer
5.1. Remove the sample syringe and replace it with a syringe filled with distilled water
or deionized water.

5.2. Press Clean, slowly flushing the connector during rinsing. Make sure to flush in both
directions.

5.3. Remove the syringe and lift the bob. Dry the bob, cup, and connector thoroughly
with a soft cloth.

5.4. Use a large syringe (10-50 mL) to flush the connector in order to remove any water
remaining in the tubes and bob. Block the lower inlet/outlet of the bob to get back

pressure in the tubes, thereby removing remaining water.

5.5. Lower the bob in the cup. The machine is now ready for the next measurement.
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6. Shutdown of the machine
6.1. Ensure the machine is properly rinsed after the last measurement, as described
above. Ensure the proper tubes relate to the cleaning solution.

6.2. Close the software, press Close, and press Start to start end-of-day cleaning
program.

6.3. After completing the whole cleaning program, remove the syringe and lift the bob.
Flush the connector with a big syringe.

6.4. Empty the waste bottle and dry the bob and cup with a soft cloth. Flush the connector
in order to remove the water remaining in the tubes and bob. Block the lower inlet/
outlet of the bob to get back pressure in the tubes, thereby removing any remaining
water.

6.5. Close the lid of the machine. Close the nitrogen cylinder. Turn off the computer and
the machine.

Representative results

Oxygen gradient ektacytometry can be used to characterize sickling behavior in patients
with SCD. In this study, blood samples from a total of 38 SCD patients and five healthy
controls were included. In healthy controls, the diffraction pattern is circular at rest and
elliptical at higher shear stress*. From the elliptical diffraction pattern, the elongation index
(El) is calculated based on the height and width of the diffraction pattern. In oxygen gradient
ektacytometry, slow and continuous deoxygenation of the sample by nitrogen gas is followed
by swift reoxygenation by ambient air. Under these conditions, RBC sickling can be observed
under deoxygenation. This will cause a distortion of the diffraction pattern because sickled
red cells will not align properly under the applied shear stress. Hence, they appear to be
less deformable as opposed to healthy RBCs (Figure 2).

Figure 3A shows how sickle RBCs change in shape upon deoxygenation, which mimicked
conditions during oxygen gradient ektacytometry, whereas control sickle RBCs without
deoxygenation show no change in shape. This process results in distortion of the diffraction
pattern during oxygen gradient ektacytometry, and thus in a decrease in El. Figure 3B shows
the different diffraction patterns from which different parameters are generated.

A representative curve obtained by the ektacytometer is shown in Figure 3C. Six parameters
reflect different characteristics of sickling behavior of RBCs: El__ is the maximum El at the
start of the measurement before deoxygenation. This parameter represents the baseline
position and reflects the overall deformability of the total RBC population at ambient air.
El,,;, is the minimum El, which represents minimal deformability after deoxygenation. This
parameter reflects changes in the shape and orientation of (sickle) RBCs upon deoxygenation.
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Figure 3. Representative oxygen gradient ektacytometry curve and diffraction patterns. (A) Upon
deoxygenation under conditions similar to the oxygen gradient ektacytometry, sickle RBCs were fixed. 4
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In control sickle RBCs, the same conditions were used, but without nitrogen gas. Deoxygenated sickle RBCs
show a change in shape in contrast to control RBCs. (B) Upon deoxygenation and shear stress (30 Pa), the
diffraction pattern changes from an ellipse to a rhomboid. (C) Representative curve of oxygen gradient
ektacytometry. The maximum elongation index (El_, ) represents the baseline position and shows an overall
deformability of the total RBC population. Minimum EI (El ) represents minimal deformability, which is caused
by the change in shape and orientation of RBCs upon deoxygenation. AEI (dEl, the difference in El between
El .,and El ) shows how many cells can sickle during one round of deoxygenation. Point of sickling (PoS, pO,
at 5% El decrease) shows the oxygen tension when the first RBCs start to sickle. The area under the curve (from
pO,,.., = 100 mmHg) is calculated in the parameter area. This summarizes El__, El . and PoS. The capacity of
sickled cells to unsickle during reoxygenation is represented in the parameter Recovery (percentage of El
reached during reoxygenation). To aid in the interpretation, all data points were connected in every individual
experiment by a line to graphically present the results. This figure has been modified from Rab et al.??

AElis the difference between EI _ and El ., which indicates how many cells can sickle during
one round of deoxygenation. 5% Point of Sickling (PoS,,) is the pO, (mmHg) at which a 5%
decrease of El _ during deoxygenation is measured. This represents the oxygen tension
where the sickling process starts. Area reflects the area under the curve, which is determined
by an integral calculation of El and pO, measurements between 100 mmHg and pO,min
(mmHg). This is the result of previously described parameters El__, El . and PoS. Recovery
represents the difference of El during the final part of reoxygenation compared to El at
baseline. Both El values are measured at a pO, of 100-120 mmHg. This parameter reflects
the capacity of RBCs that sickle during deoxygenation to reverse sickling during
reoxygenation??. Parameters from duplicate measurements generally had a coefficient of
variation (CV) <5% (median 1.83%). In case a CV > 5% was obtained, a third measurement
was performed. The parameters El___and Recovery are the most reproducible with median
CVs <1%.

min’

Representative curves of RBCs of healthy controls, patients with HbS traits (heterozygous
HbS), and a homozygous SCD patient are shown in Figure 4A. The representative curve of
the HbSC patient shows a lower recovery, which might indicate a different sickling process
(Figure 4B). The representative curves of HbSS patients treated with hydroxyurea (HU) and
transfusion are shown in Figure 4C and Figure 4D. Clearly, there is a big difference between
the representative curves of HS traits (HbAS cells) and RBCs of HbSS patients treated with
transfusion (consisting of a mixture of homozygous sickle (HbSS) and homozygous normal
(HbAA) cells, Figure 4A,D). The clear differences in the curves of the untreated SCD patient
and the HU and transfusion-treated patients highlights the usefulness of this assay (Figure
4C,D). Levels of HbF and HbS correlated significantly with El _and, to a lesser extent, with
PoS (Figure 5A-D). This indicates that those laboratory parameters that are important in
the evaluation of the patient are also reflected in the oxygen gradient ektacytometry. The
number of sickled cells at normoxia and percentage of dense RBCs (DRBCs) both influence
Elmax values, as they are significantly correlated (Figure 5E-F), which indicates that EImax
reflects another important factor in the sickling process. These results show how different
characteristics such has %HbS, %HbF, sickled cells at normoxia, and %DRBCs influence
different parameters.
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Figure 4. Oxygen gradient ektacytometry parameters correlate with genotype and treatment regimens
of SCD patients with SCD. (A) Representative graph of RBCs of HbS carriers (HbS trait) and healthy controls in
relation to untreated HbSS patients. (B) Representative graph of RBCs of patients with Hemoglobin SC Disease
(HbSC) in relation to untreated HbSS patients. (C) Representative graph of RBCs of hydroxyurea treated
homozygous SCD patients (HbSS HU) in relation to untreated HbSS patients. (D) Representative graph of RBCs
of HbSS patients treated with blood transfusion (HbSS transfusion) in relation to untreated HbSS patients. This
figure has been modified from Rab et al.2

Discussion

Here we describe oxygen gradient ektacytometry, a method that can be used to study the
sickling behavior of red blood cells from SCD patients under a range of oxygen concentrations
(Figure 4 and Figure 5). In order to obtain reproducible results, it is important to identify
the factors that influence the results. For instance, temperature has a large impact on RBC
deformability, mostly due to its effects on the thickness of the viscous solution (PVP). We
recommend performing a test measurement at the start of the day to thoroughly heat the
machine to 37 °C. This will improve the reproducibility of the results. The osmolarity of the
viscous solution should be within a narrow range (282-286 mOsm/kg for PVP), because
osmolarity influences hydration status, which in turn affects RBC deformability. The pH and
viscosity of PVP should also be tightly regulated. Differences in pH and temperature can
influence curves dramatically?2. Additionally, remaining water in the cup, bob, and tubes,
may cause the lysis of RBCs, thereby resulting in incorrect data, because fewer intact RBCs
present in the cup will be measured.
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Figure 5. Oxygen gradient ektacytometry parameters are associated with %HbF, %HbS, %sickled cells
at normoxia and %dense RBCs. (A) Linear correlation of minimum elongation index (El ) and %HbF of 15
HbSS or HbS/B-thalassemia patients without transfusion. (B) Linear correlation of El_and %HDbS. (C) Linear
correlation of PoS and %HbF. (D) Linear correlation of PoS and %HbS. (E) Linear correlation of maximum El
(El,,) and percent of sickled cells at normoxia measured with digital microscopy. (F) Linear correlation of EI
and percentage dense RBCs (%DRBCs) of 21 patients with HbSS. This figure has been modified from Rab et
a|.22
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Settings to perform oxygen gradient ektacytometry can be adjusted to address specific
investigational questions. Preferred settings are listed in Table 1. A deoxygenation time of
1,300 s was chosen based on observations showing that the extension of deoxygenation
did not resultin a lower El . for most patients. In contrast, shortening of the deoxygenation
time would hamper the discriminative power of the oxygen gradient ektacytometry. The
reoxygenation time was set to 280 s due to the rapidly resolving HbS polymers during
reoxygenation, and concomitant restoration of El towards values measured prior to the
deoxygenation. Shear stress was set to 30 Pa, which is analogous to the osmotic gradient
ektacytometry. Lowering this parameter could hamper the discriminative power.
Deoxygenation control can be used if a set of deoxygenation speed is applied to every
patient sample. In our preferred settings, this option was switched off because the rate of
deoxygenation is patient-specific due to the unique hemoglobin dissociation curve. Hence,
switching on the deoxygenation control would eliminate this characteristic from the assay.
However, this feature of oxygen gradient ektacytometry is still under investigation.

Several well-known factors influence oxygen gradient ektacytometry parameters, namely
pH, temperature, and osmolarity. Ektacytometry, especially PoS, is influenced by
2,3-diphosphoglycerate (2,3-DPG)?2. Also, there is a clear correlation between %HbF and the
El ., and to a lesser extent PoS (Figure 5A-D). El _ is associated with sickle cells at normoxia,
which can explain the observation that shortly after a VOC, RBC deformability at normoxia
(El ., is higher. The latter is caused by the destruction of the most sickled cells, and hence
less deformable RBCs during VOC'. As shown in Figure 5F, higher %dense RBCs (defined
as RBCs with a hemoglobin concentration >1.11 mg/mL) correlate strongly with a lower EI .
This indicates that dense cells are an important factor in RBC deformability at normoxia,

similar to previously reported results".

max

Standardization of samples is very important for obtaining reproducible results and for
distinguishing between different genotypes and treatments. Correcting for RBC count is
important, as the number of RBCs influence the intensity of the diffraction pattern. If lower
RBC numbers are present in the gap between the bob and cup, the curve will shift upward
and to the left. Additionally, the curve will fluctuate, hampering accurate calculation of the
parameters, especially the PoS.

A limitation of this technique is that the El value represents an average of all cells, including
different subpopulations. Heterogeneity of RBC populations in SCD patients and its influence
on ektacytometry measurement has been intensively studied. This resulted in standardization
wherein the size of the diffraction pattern is adjusted to a fixed value instead of corrected
for the RBC count?*?4. Whether or not this way of standardization should also be applied to
oxygen gradient ektacytometry measurements is currently under study.

Several techniques to measure RBC deformability under hypoxic conditions were developed
based on a deoxygenation step that took place outside the ektacytometer?-?’. Under these
conditions, differences in cellular behavior were not observed between patients with HbS
traits and healthy controls under physiological pH?. Oxygen gradient ektacytometry,
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Table 1. The preferred setting of the ektacytometer.

Files Storage directory
General options Default medium viscosity Viscosity of PVP
pO2 scan Minimum aspiration time (s) 60
pO2 scan shear stress (Pa) 30
Determine pO2 every (S) 20
Moving average size 2
pO2 scan step; Edit 0 -OFF; 60 -ON; 1360 -OFF; 1640 -OFF
Cal. Area between (mmHg) 10 and 100
pO2 control Off (unchecked)

however, clearly shows a low but evident PoS in individuals with HbS traits (Figure 4A). To
date, in routine clinical practice, the only alternative methods to measure the tendency of
an individual patient's RBCs to sickle in vitro include a morphology-based sickling assay:
RBCs are incubated under conditions that promote HbS polymerization, such as low oxygen
tension or low pH. A fixative is added after incubation and the percentage of sickled cells is
manually or digitally counted using light microscopy. Many preclinical and early phase
pharmacologic trials use the sickling assay to generate a secondary outcome variable to be
able to predict clinical efficacy in SCD%-32, However, it is time consuming, variability is high
and sensitivity is low, the technique is not automated and, therefore, labor intensive.
Moreover, morphological changes due to sickling might not correlate well with physiological
parameters, such as RBC deformability, because it is a 2-dimensional static assay?.

Oxygen gradient ektacytometry provides a functional assay of sickling that is rapid and
reproducible. This is an in vitro test that does not consider the endothelial surface. However,
it does provide functional aspects of sickling behavior and RBC characteristics, making it a
promising technique for sickle cell studies. Future applications of the technique include
monitoring treatment efficacy in SCD patients, serving as a biomarker for new treatment
strategies, studying sickling behavior, and monitoring chimerism after the stem cell
transplantation in SCD.
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To the Editor

Recently a method has been developed to assess red blood cell (RBC) deformability as a
function of oxygen tension (pO,)'. This method, called oxygen gradient ektacytometry or
the oxygenscan, is particularly useful for evaluating individuals affected by sickle cell disease
(SCD). SCD is caused by a single point mutation in the B-globin gene (p.Glu7Val) leading to
the production of an abnormal hemoglobin S (HbS). HbS polymerizes under deoxygenation,
which causes RBC to take on a sickle shape. These sickled RBCs are poorly deformable and
adhere to the endothelium, which contributes to painful vaso-occlusive crises and chronic
anemia?. The oxygenscan allows the determination of maximum RBC deformability under
normoxic condition (ElImax), minimum RBC deformability under hypoxic condition (Elmin)
and the specific pO, level at which RBC sickling occurs (i.e., the point of sickling; PoS)'. Rab
et al' recently demonstrated that hydroxyurea and blood transfusion increase ElImax and
Elmin, and decrease PoS, indicating that these therapies are efficient in improving the
rheological behavior of RBCs both in normoxic and hypoxic conditions. Moreover, the
authors have shown that this technique has low inter sample variability (coefficient of
variation <5%) and is very well suited to detect the effects of drugs that alter the affinity of
hemoglobin for oxygen such as Voxelotor (GBT440), a promising drug recently tested in
SCD'3. The joint experience of the authors of this study with the oxygenscan has prompted
us to study methodological aspects and pre-analytical factors that could influence key
oxygenscan parameters. A better understanding of these aspects and factors will strongly
enhance reproducibility of results and will enable inter-laboratory comparison of results
and collaboration.

The Laser Optical Rotational Red Cell Analyzer (Lorrca, RR Mechatronics, Zwaag, The
Netherlands) with oxygenscan module was used. The ektacytometer measures RBC
deformability (Elongation Index, El) as a function of continuously changing oxygen
concentrations. For this study, a standardized volume (50uL) of EDTA blood from SCD
patients was mixed with 5mL of high viscous iso-osmolar polyvinylpyrrolidone (PVP)
suspension (viscosity ~ 30cP). The sample solution was inserted into the couette system
of the Lorrca, which exposes the cells to shear stress (30Pa, 37°C). At the same time, the
pO, gradually decreases from 160mmHg to values below 20mmHg, after which pO, returns
to normoxic values (for detailed description of the method see Rab et al'). In this study,
blood samples from 64 SCD patients were collected in three different centers to evaluate
the effects of: 1) the time between blood sampling and measurement, 2) the amount of
RBCs mixed with PVP, 3) the camera gain settings which controls the amount of light
entering into the diaphragm of the camera, thereby changing the laser diffraction pattern,
and 4) the speed of deoxygenation (Proportional integral control; Pl control). The clinically
most relevant parameters EImax, EImin and PoS were determined for each condition
tested. Statistical analysis was done by Wilcoxon T test, a p-value <0.05 was considered
significant. Details of the different conditions used are mentioned in the legend of the
figure.
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Figure 1. Lorrca settings and sample handling influences key oxygenscan measurements Elmax, PoS
and Elmin. (A) RBCs of an untreated patient with HbSS (n=1), on hydroxyurea (n=7), on chronic transfusion
therapy (n=9), on HU and transfusion (n=11) and 2 patients with hemoglobin SC, were measured within 4
hours after blood collection (stored at room temperature) and after 24 hours (stored at 4°C). Maximum
deformability (EImax) was significantly higher when measured after 24 hours; (B) Point of Sickling (PoS)
showed no difference; (C) Deformability after deoxygenation (EImin) did also not differ; | 2
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(D) Different amounts of RBCs of untreated HbSS patients (n=4), on hydroxyurea (n=5), on chronic transfusion
therapy (n=4), on HU and transfusion (n=3), and 1 HbSC patient and 1 HbS/&-thal patient were measured.
Elmax did not vary; (E) PoS is significantly lower when the amount of RBCs used for the oxygenscan are low
(25%10° RBCs/mL PVP) compared to reference RBC count (40*10° RBCs/mL PVP); (F) EImin was significantly
higher with low RBC count; (G) Adjusting the size of the diffraction pattern by changing the gain (401 increases
the pattern, while 301 makes the pattern smaller) only significantly affects EImax. This was investigated with
RBCs of 6 HbSS patients (2 treated with HU, 3 with transfusion, and 1 untreated) and 3 HbSC patients; (H) PoS
did not differ when the gain was changed, whilst individual values are different depending on genotype and
treatment; (1) EImin did not differ whilst individual values are different depending on genotype and treatment;
(J) PI control permits slower deoxygenation, adjusting its speed to the individual patient RBCs. This was
investigated in 7 HbSS patients (3 treated with HU, 3 with transfusion, and 1 untreated) and 2 HbSC patients.
Elmax was not different; (K) PoS showed now difference; (L) EImin, is higher when Pl control is used, especially
in SCD patients on transfusion therapy and HbSC patients.

HU, hydroxyurea, Tf, transfusion, w/o, without. Pl contr., proportional integral control. Bars represent means,
error bars represent standard deviation. ****p<0.0001, *p<0.05

Our results show that 24 hours of blood storage (4°C) compared to 4 hours of storage (at
room temperature) significantly increased the EiImax (Figure 1A). EiImax also increased
significantly with a lower camera gain (Figure 1G). Although the effect was less pronounced,
together, this indicates that deformability measured during normoxia is influenced by the
age of the sample as well as the height of the diffraction pattern.

Elmin was significantly increased when less RBCs were used for the measurement (Figure
1F) and when PI control was switched on (Figure 1L). Together, this indicates that
deformability under hypoxic conditions is dependent on the amount of RBCs used for
measurements, and the speed at which deoxygenation occurs.

PoS was only significantly affected by the amount of RBCs used, in a sense that a lower
number of RBCs was associated with a lower oxygen concentration at which RBCs start to
sickle (i.e., PoS; Figure 1E). We also noted that methodological factors, i.e. the camera gain
and deoxygenation speed, had different effects on variance caused by the genetic
background or treatment. In particular RBCs from patients on chronic transfusion and
patients with HbSC behaved differently at different machine settings (see details in the
legends of the figure). There was greater influence of pre-analytical factors and run to run
variability when blood from HbSC patients were used.

The present study clearly shows that key oxygenscan parameters (Elmax, PoS and Elmin)
are dependent on methodological aspects and pre-analytical conditions. As a consequence,
intra- and between-laboratories comparisons imply the need for standardization. Therefore,
we believe that each laboratory using this technique should perform oxygenscan
measurements in a standardized way.

The degree of anemia is highly variable in SCD: some patients having a hematocrit lower
than 20% while others (Hemoglobin SC patients) have mild-to-moderate anemia. We
recommend performing a RBC count prior to oxygenscan measurements to standardize
the amount of RBCs used. A RBC count of 40%10%mL, for example, ensures that a sufficient
amount of RBCs will be present in the couette system of the Lorrca to render a reliable high
quality diffraction pattern. Another pre-analytical aspect is the time between collecting a
sample and performing the actual measurement. Several laboratories are not able to
perform measurements within 4 hours due to shipping time. Since the time between blood
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sampling and analysis affects ElImax, we recommend that each individual laboratory
performs oxygenscan measurements at a standardized time point. From a practical point
of view storing samples overnight before measurements would be the preferred option,
allowing for the shipment of samples from other hospitals.

Our study also demonstrates that the speed of deoxygenation and the camera gain are
important methodological parameters that influence outcome parameters of the oxygenscan
module of the Lorrca. Regardless of the choice of settings we recommend that users control
these methodological factors strictly in order to ensure correct interpretation of results.
We strongly believe that standardization of oxygenscan measurements will enable
comparisons as well as collaborations between the different laboratories studying RBC
rheology in SCD. This is particularly important now given the high number of new therapies
that are currently being developed for SCD. Thus, standardized oxygenscan measurements
have the potential to become an important tool in the field of evaluation of new treatment
strategies, personalized medicine and the prediction of complications in SCD.

Acknowledgments
This research has been funded in part by Eurostars grant estar18105 and by an unrestricted
grant provided by RR Mechatronics.



78 | PARTI1 Chapter4

References

1. Rab MAE, van Oirschot BA, Bos J, et al. Rapid
and reproducible characterization of sickling
during automated deoxygenation in sickle cell
disease patients. Am J Hematol. 2019;94:575-
584.

2. Connes P, Alexy T, Detterich J, Romana M,
Hardy-Dessources MD, Ballas SK. The role of
blood rheology in sickle cell disease. Blood Rev.
2016;30:111-118.

3. Vichinsky E, Hoppe CC, Ataga K, et al. A Phase
3 Randomized Trial of Voxelotor in Sickle Cell
Disease. N Engl ] Med. 2019;381(6):509-519.



| 79






Part i

Applications of oxygen gradient ektacytometry







Chapter 5

Oxygen gradient ektacytometry derived-biomarkers are
associated with vaso-occlusive crises and correlate with

treatment response in sickle cell disease

Published as Correspondence in American Journal of Hematology 2021 Jan;96(1):E29-E32

Minke A.E. Rab'?, Celeste K. Kanne3, Jennifer Bos', Brigitte A. van Oirschot’,

Camille Boisson*>, Maite E. Houwing®, Jorn Gerritsma’, Erik Teske®, Celine Renoux*>?,
Jurgen RiedI'®, Roger E.G. Schutgens?, Marije Bartels?, Erfan Nur'!, Philippe Joly*>,
Romain Fort'?, Marjon H. Cnossen®, Richard van Wijk', Philippe Connes*>*,

Eduard J. van Beers?* and Vivien A. Sheehan3*

" Central Diagnostic Laboratory-Research, University Medical Center Utrecht, Utrecht University, Utrecht,
The Netherlands

2 Van Creveldkliniek, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands

3 Department of Pediatrics Emory University School of Medicine, Atlanta, Georgia, USA

4 Laboratory LIBM EA7424, University of Lyon 1, “Vascular Biology and Red Blood Cell” team, Lyon, France

°> Laboratory of Excellence GR-Ex, Paris, France

6 Department of Pediatric Hematology, Erasmus Medical Center, Rotterdam, The Netherlands

7 Emma Children’s Hospital, Pediatric Hematology, Amsterdam University Medical Centers, The Netherlands

8 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht University,
Utrecht, The Netherlands

9 Laboratory of Biochemistry and Molecular Biology, UF Biochemistry of Red Blood Cell diseases, Est Center
of Biology and Pathology, Hospices Civils de Lyon, Lyon, France

°Result Laboratory, Albert Schweitzer Hospital, Dordrecht, The Netherlands

""Department of Hematology, Amsterdam University Medical Centers, The Netherlands

2Department of Internal Medicine, Hospices Civils de Lyon, Lyon, France

*These authors contributed equally



84 |

PART Il Chapter 5

Abstract

Several new therapies are currently under development or in clinical trials to treat individuals
with sickle cell disease (SCD). Many of these trials have subjective, time consuming clinical
endpoints as their primary outcome measure; biomarkers assessing sickle red blood cells
(RBCQ) function are therefore urgently needed. Oxygen gradient ektacytometry measures
deformability of sickle RBCs over a range of oxygen tensions, producing key parameters: 1)
El,,. deformability at normoxia; 2) El ., deformability upon deoxygenation; and 3) Point-
of-sickling (PoS), the patient-specific pO, at which sickling begins. Hence, this technique
provides biomarkers that reflect RBC function and sickling potential. To begin clinical
validation, we investigated correlations between these biomarkers and known effective
disease modifying therapies, hydroxyurea and transfusion. Moreover, we investigated the
possible association between these biomarkers and frequency of vaso-occlusive crises (VOC).
We evaluated 126 individuals using oxygen gradient ektacytometry from an international
multi-center SCD cohort (46 adults, 80 children). In both cohorts, PoS was significantly higher
in patients with VOC compared to patients without VOC (adult; p=0.0008; pediatric,
p=0.0495), indicating that RBCs of patients without VOC could tolerate lower pO,. PoS and
El,,;, significantly improved with all standard of care SCD therapies. This study is an early
stage clinical validation of oxygen gradient ektacytometry-derived biomarkers, showing their
correlation with response to disease modifying therapies of proven efficacy, and frequency
of VOC in SCD. With further validation, modification of these biomarkers by novel therapies
may serve as surrogate endpoints for VOC reduction in clinical trials and may compare and
evaluate gene-based therapies.

max’
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Introduction

Sickle cell disease (SCD) is an inherited hemoglobinopathy caused by a single nucleotide
mutation in the B-globin gene leading to the production of an abnormal hemoglobin S (HbS).
When HbS becomes deoxygenated it polymerizes, deforming the red blood cells (RBCs) into
a curved or sickle shape. Sickle RBCs are rigid and poorly deformable, and together with
other abnormalities’, block the microvasculature, causing painful vaso-occlusive crises (VOC),
the hallmark complication of SCD. Hemolysis, increased red cell adhesion, endothelial
dysfunction, inflammation, oxidative stress, and hemostatic activation, also contribute to
the development of VOC?, although their relative contribution remains subject to debate.3#
The non-RBC factors are found in other disease conditions, yet no other disease is associated
with VOC, highlighting the key contribution of the sickle RBC to SCD pathophysiology.?
Oxygen gradient ektacytometry is a newly developed method that characterizes the sickling
behavior of RBCs®. This functional assay measures RBC deformability of the total population
of RBCs over a range of oxygen concentrations, providing a number of parameters that
reflect features of sickling behavior and RBC function. The most important parameters are:
1) El .. RBC deformability when RBCs are fully oxygenated; 2) El ., lowest RBC deformability
when HbS polymerization is at its peak value due to deoxygenation; 3) the Point of Sickling
(PoS): the oxygen tension at which a 5% decrease in oxygenated El__ is observed during
the first minutes of deoxygenation, reflecting the patient-specific oxygen tensions at which
HbS polymers are increasing and sickling of RBCs that are able to deform under normoxic
conditions begins; 4) DeltaEl, the difference between El__ and El_, reflecting the sickling
capacity of an individual's RBC population (Figure 1).°

Clinically relevant biomarkers are needed to serve as surrogate endpoints to evaluate new
US Food and Drug Administration (FDA) approved therapies for SCD in subsequent clinical
trials. Two such agents were approved based on subjective clinical endpoints of number of
VOC or time to next VOC. L-glutamine reduced VOC per year in a randomized controlled
trial (RCT), possibly by reducing RBC oxidative stress.® Crizanlizumab is a monoclonal anti-
P-selectin antibody that blocks P-selectin, an adhesion molecule that is expressed on
activated endothelial cells and platelets. P-selectin mediated adhesion has been shown to
play an important role in the pathophysiology of VOC.” Crizanlizumab increased the time
to next VOC. L-glutamine and crizanlizumab do not alter conventional clinical laboratory
values, and the clinical endpoints used in their phase 3 clinical trials, reduction in VOC, are
subjective and unwieldy. No functional (sickling) assay was included in the trial design of
L-glutamine® or crizanlizumab.® Functional RBC tests like oxygen gradient ektacytometry
may provide quantitative, clinically relevant biomarkers to serve as surrogate endpoints for
subsequent clinical trials and for patient care.

In this study, we initiated clinical validation studies of oxygen gradient ektacytometry-derived
biomarkers by investigating the relationship between these biomarkers and frequency of
VOC in a multi-center study involving pediatric and adult SCD cohorts. In addition, we
evaluated the ability of proposed biomarkers to detect RBC changes with initiation of
hydroxyurea (HU) or transfusion therapy. Since these known effective therapies reduce PoS
and increase elongation index, it is reasonable to assume that other red cell targeted
effective novel SCD therapies would have a similar impact on at least one of the three

min’
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proposed biomarkers. Hence, establishment of an association between VOC frequency and
these biomarkers may lead to a use of these biomarkers as surrogate endpoints for VOC,
reducing the length and costs of clinical trials.

Methods

Patients

A total of 126 patients were enrolled at participating sites in The Netherlands (University
Medical Center Utrecht, Erasmus Medical Center Rotterdam, Amsterdam University Medical
Centers), in France (Department of Internal Medicine and Institute of Pediatric Hematology
and Oncology, Hospices Civils de Lyon) or the United States (Texas Children’s Hematology
Center (TCHQ)). Study procedures, namely collection of an additional tube of peripheral
blood and review of medical records, were approved by local ethical committee/internal
review boards in accordance with the Declaration of Helsinki, under registration number
17/392, 17/450, and H35473 at Baylor College of Medicine. All patients or legal guardians
gave informed consent.

Peripheral blood samples from patients with no VOC in the past two years (VOC- group)
were compared to patients who experienced one or more VOC (VOC+ group) in the past
two years. VOC was defined as an acute pain event attributed to SCD requiring hospital
admission, emergency room evaluation or an unplanned visit to the outpatient clinic. The
European cohort was comprised of adult patients (n=46) with homozygous HbS (HbSS), HbS/
[Be-thalassemia (HbSB°) or HbS/B*-thalassemia (HbSB*). The United States cohort consisted
of pediatric patients (n=80) aged 3-18 years with HbSS, HbS[° or HbSB*. Pediatric patients
under three years of age were excluded because of low incidence of VOC in this age group.
To assess the effect of established SCD treatments on oxygen gradient ektacytometry
biomarkers, a cohort of patients were assessed before and during the first 6 months of HU
therapy (n=15). Patients who received transfusion were excluded from this cohort. A second
cohort was assessed before and during transfusion therapy, with variable time between
blood collection and last transfusion (median 27; range 5-77 days; n=21). Additionally, in a
cohort of patients receiving regular monthly transfusions, the immediate effect of a single
transfusion was assessed (n=7).

Laboratory tests

Laboratory tests, including complete blood count, absolute reticulocyte count (ARC), and
hemoglobin profile, were obtained as part of routine visits to the outpatient clinic prior to
oxygen gradient ektacytometry measurements. Percentage dense RBCs (%DRBCs, defined
as RBC with a hemoglobin concentration of 41 g/dL or higher) were measured with an ADVIA
120/2120 hematology analyzer (Siemens, Healthcare GmBH, Erlangen, Germany).

Oxygen gradient ektacytometry

Lyon or UMC Utrecht samples were measured by oxygen gradient ektacytometry after being
stored at 4°C for 24hours TCHC samples were measured 8 hours after collection. Oxygen
gradient ektacytometry was carried out with the Laser Optical Rotational Red Cell Analyzer
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(Lorrca, RR Mechatronics, Zwaag, The Netherlands). The oxygenscan is a new add-on feature
of the Lorrca which allows measurement of red cell deformability as a function of
continuously changing oxygen tensions, described in detail elsewhere.>*'° Briefly, to carry
out the oxygen gradient ektacytometry, 50 pL of whole blood, standardized to a fixed RBC
count of 200x10¢, is suspended in 5 mL Oxy-Iso (RR Mechatronics, osmolarity 282-286
mOsm/kg, pH 7.35-7.45 at room temperature 21+ 1°C).>'°

Statistical Analysis

A curve fit was calculated for every individual measurement with R studio based on Pearson'’s
correlation, generating the additional oxygen gradient ektacytometry-derived biomarkers
slope and El  (Figure 1). El; indicates the calculated RBC deformation when oxygen tension
is lowered to 0.0 mmHg. Slope reflects the rapidity of RBC sickling during deoxygenation
(Figure 1).

Mann-Whitney test was performed to compare values from the VOC+ and VOC- groups and
a Wilcoxon signed-rank test to compare values pre- and on therapy. All correlations were
done with univariate Spearman’s correlation. GraphPad Prism (version 8.0) was used in all
statistical analysis except for curve fit analysis. p-value <0.05 was considered statistically
significant.

Results

Oxygen gradient ektacytometry-derived biomarkers are associated with
vaso-occlusive crisis frequency

Characteristics of VOC+ and VOC- cohorts are shown in Table 1. Overall, patient demographics
and laboratory parameters were comparable between the two cohorts. Differences were
noted with regard to age (significantly higher in the VOC- group of the adult cohort),
percentage of patients on HU treatment (higher in the VOC+ group in the pediatric cohort),
percentage of patients on HU and chronic transfusion (CTf) (higher in the VOC- group in both
cohorts). Laboratory parameters were not significantly different in the pediatric cohort, but
in the adult patient cohort DRBCs and bilirubin were significantly higher in the VOC+ group,

In the adult cohort, PoS differed significantly between VOC- group (median 41.6mmHg) and
VOC+ group (median 53.7 mmHg, p=0.0008, Figure 2A). The same was observed in the
pediatric cohort (p=0.0495, Figure 2D), which indicates that RBCs of patients without VOC
can tolerate lower oxygen tensions before sickling occurs. El_in both cohorts was
significantly lower in patients who experienced VOC (adult cohort p=0.0178, pediatric cohort
p=0.022, Figure 2C and F), which highlights the fact that RBCs of patients in the VOC+ group
are less deformable at the end of the deoxygenation period.

El,.. Was not significantly different between the VOC- and VOC+ groups in the pediatric
cohort, but was significantly higher in the VOC- group in the adult cohort (Figure 2B and E),
indicating that at fully oxygenated conditions RBC deformability is lower in the VOC+ group

compared to the VOC- group in adult SCD patients. Slope, indicating the rapidity of RBC
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Table 1. Characteristics of the adult patient cohort and pediatric patient cohort in which patients who
experienced VOC were compared to patients who did not.

Adult cohort Pediatric cohort

Patient related

Sex, female n (%) 11 (61) 13 (46) 15 (44) 20 (43)
Age, years, median (range) 41 (19-62) 24 (18-45) 8 (3-18) 12 (4-17)
HbS/B*-thalassemia, n (%) 1(6) 0(0) 2 (6) 1(2)
a-Thalassemia: 1 deletion, n (%) 4(22) 4(14) nd nd

2 deletions, n (%) 1(6) 2(7) nd nd
Splenectomy, n (%) 5(28) 3(11) 9(26) 14 (30)

Current treatment

HU, n (%) 8 (44) 11 (39) 18 (53) 34 (74)

Dose HU, fixed or mg/kg,

median (range) 1000 (500-1500) 1500 (500-2000) 24 (12-35) 26 (12-36)

Duration of HU, years,

median (range) 7 (4-10) 3(1-17) 3(1-11) 5(1-10)
Chronic transfusion, n (%) 1(6) 3(11) 5(15) 6(13)
HU + Chronic transfusion, n (%) 5(28) 3(11) 7 (21) 5(11)
Red cell characteristics
HbF (%)? 15+ 11 9+ 9 9+ 10 9+ 8
HbS (%)? 65+ 16 73+ 18 50+ 25 60 + 28
Hb (g/dL) 9.3+1.3 9.4+1.1 9.0+1.3 9.0+1.3
ARC (10°/L)° 305+ 196 262 +120 423 £ 215 421 +155
MCV (fl) 92 +20 89+ 14 90+11 94+13
MCHC (g/dL) 34+t2 3541 32+1 33+t1
Dense RBCs (%) 22+15 53+3.1% 4.0+2.1 50+3.6
Other laboratory characteristics
Platelet count (10%/L) 367 + 156 380 + 181 399+ 158 462 + 243
Leucocytes (10%L) 8.8+2.6 9.4+3.6 9.7+3.4 10.5+4.7
Neutrophils (10°/L) 47+20 53+2.8 50+23 48+24
Bilirubin (total (mg/dL)¢ 0.32+0.15 0.58 + 0.32% 27+1.8 25+0.9
LDH (U/L)® 362 + 129 463 + 164 1197 + 384 1305 + 641
Ferritin (ng/mL)f 1035+ 2151 300 + 349 1345 + 555 1913 + 686
Creatinine (mg/dL)# 0.71+£0.23 0.65+0.17 0.44+£0.14 0.37 £ 0.09

Patients with no history of previous VOC in the past two years (VOC-) are compared to patients who were
admitted or assessed in the emergency room because of VOC in the past two years (VOC+). Numbers represent
mean * SDs or state otherwise. VOC, vaso occlusive crisis; HbS, hemoglobin S; HU, hydroxyurea, HbF, fetal
hemoglobin; Hb, hemoglobin; ARC, absolute reticulocyte count, RBC, red blood cell; MCV, mean corpuscular
volume; MCHC, mean corpuscular hemoglobin concentration; LDH, lactate dehydrogenase; nd, not determined;
§p<0.001, tp<0.01, *p<0.05. >
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a|n the pediatric cohort , data of 28 patients available, 13 in VOC- group, 15 in VOC+ group; P In the adult cohort,
data of 42 patients available, 15 in VOC- group, 27 in VOC+ group; ¢ In the adult cohort, data of 18 patients
available, 6 in VOC- group, 12 in VOC+ group; 9 In the adult cohort, data of 40 patients available, 14 in VOC-
group, 26 in VOC+ group. In the pediatric cohort, data of 33 patients available, 13 in VOC- group, 20 in VOC+
group; € In the adult cohort, data of 39 patients available, 12 in VOC- group, 27 in VOC+ group. In the pediatric
cohort, data of 22 patients available, 7 in VOC- group, 15 in VOC+ group; fIn the adult cohort, data of 41 patients
available, 14 in VOC- group, 27 in VOC+ group. In the pediatric cohort, data of 15 patients available, 9 in VOC-
group, 6 in VOC+ group; & In the adult cohort, data of 42 patients available, 15 in VOC- group, 27 in VOC+ group.
In the pediatric cohort, data of 49 patients available, 19 in VOC- group, 30 in VOC+ group.

sickling during deoxygenation, was significantly higher in in the adult VOC- group (p=0.0002)
but not significantly different in the pediatric cohort (Supplemental Figure 1A and D). Higher
Slope values indicate a homogenous population of RBCs that sickle at a low oxygen tension,
which is favorable for the patient. Lower Slope values indicate a heterogeneous population
consisting of a percentage of sickled cells at normoxia and a population of RBCs that start
to sickle at a high oxygen tension, which is unfavorable. Oxygen gradient ektacytometry-
derived biomarkers are population based; therefore, these findings could indicate that in
the adult cohort RBCs of patients without VOC are composed of a more homogenous
distribution of HbS than the pediatric cohort.

Oxygen gradient ektacytometry curve
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Figure 1. Representative Oxygen gradient ektacytometry curve and reported biomarkers. Oxygen
gradient ektacytometry begins measuring deformability at normoxia, deoxygenation is achieved gradually
with nitrogen gas. Deformability is measured and displayed as Elongation Index (El). Reoxygenation with
ambient air occurs rapidly when nitrogen gas valves are closed. El__ is the maximum deformability measured
just before deoxygenation. Point of Sickling (PoS) is the oxygen concentration at which a 5% decrease in El
occurs. El_ is measured at the end of 22 minute deoxygenation cycle, and reports the deoxygenated red cell
deformability. Delta EI (AEl) is the difference between El__ and El . Recovery is the percentage of deformability
that is reached after reoxygenation in relation to the deformability before deoxygenation. Slope is calculated
using a statistical program, and represents the direction coefficient of the curve between the PoS and El_,
and reflects the rapidity of RBC sickling during deoxygenation. El  is the point the Slope intersects with the
Y-axis, and indicates the calculated deformation of RBCs when oxygen tension is further lowered to 0.0 mmHg.
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Figure 2. Oxygen gradient ektacytometry-derived biomarkers are associated with vaso-occlusive crisis.
(A) Point of Sickling (PoS) is significantly higher in patients with SCD in the adult cohort who experienced one
or more VOC in the past two years. Colors show different treatment regimens: untreated (red), HU treatment
(purple), chronic transfusion (blue), HU and chronic transfusion (turquoise). (B) Maximum deformability
(El,.,) is significantly lower in patients in the adult cohort with VOC compared to those without. (C) Minimum
deformability (El ) is significantly higher in patients who did not experience a VOC in the past two years
compared to patients who did, in the adult cohort. (D) PoS is significantly higher in patients with SCD in the
pediatric cohort who experienced 1 or more VOC in the past two years. Colors show different treatment
regimens: untreated (red), HU treatment (purple), chronic transfusion (blue), HU and chronic transfusion
(turquoise). (E) El__ is not significantly different in patients in the pediatric cohort with VOC compared to
those without. (F) El , is significantly higher in patients who did not experience a VOC in the past two years
compared to patients who did, in the pediatric cohort. ***p<0.001, **p<0.01, *p<0.05
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To assess the association of oxygen gradient ektacytometry-derived biomarkers with RBC
characteristics and known indicators of disease severity, such as HbF and HbS levels, and
markers of hemolysis (Hb, lactate dehydrogenase (LDH), bilirubin and ARC), the degree of
correlation between these lab parameters and the biomarkers PoS, El__, El ., Slope, El
and DeltaEl were calculated for each cohort (Supplemental Table 1 and 2). In addition,
markers of inflammation and organ damage such as ferritin and creatinine were assessed

min’

for degree of correlation with oxygen gradient ektacytometry-derived biomarkers as well.
We found significant correlations between El__, PoS and El_, with HbS and HbF levels.
Various biomarkers correlated with ARC, bilirubin, LDH, ferritin, or creatinine in the adult
cohort (Supplemental Table 1). In the pediatric cohort comparable results were found, with
the strongest correlation found between El_and %HbS (r=-0.895, p=0.001; Supplemental
Table 2).

Oxygen gradient ektacytometry-derived biomarkers are modulated by
standard of care therapy

To assess if oxygen gradient ektacytometry-derived biomarkers changed in patients receiving
or initiating standard of care treatment of transfusion or HU, we analyzed three patient
cohorts on different treatment regimens. In the first cohort, 15 SCD patients (median age
13.0y, range 1.8-26.0, 7 female), were followed before and during HU treatment.
Measurements were performed at baseline, and 1, 3 and 6 months after starting HU. Based
on weight, patients were started 1000mg or 1500mg daily and titrated up by 500mg until
maximum tolerated dose was achieved. During HU titration, oxygen gradient ektacytometry
curves showed significant changes in most biomarkers (Figure 3A). After 3 and 6 months
on HU the PoS decreased significantly from 64.4 to 55.8 and 50.7 mmHg, respectively (Figure
3B; Supplemental Table 3). Accordingly, EI__, El_ . and Slope increased significantly after 3
and 6 months of HU treatment (Figure 3C-E; Supplemental Table 3).

To assess the immediate effect of red cell transfusion, samples from seven SCD patients
(included in The Netherlands, median age 26.2y, range 6.5-62.0; 6 female) obtained before
and immediately after transfusion with 1-2 RBC units (6 patients received 2 units, 1 patient
1 unit) were analyzed by oxygen gradient ektacytometry. Transfusion immediately improved
El,.. POS, El ., and El (all p<0.05, Figure 4, Supplemental Table 4).

max’ min’

We assessed the effect of chronic transfusion on biomarkers in combination with HU
treatment in a subgroup of 21 patients receiving care at TCHC (median age 7.6y; range 2.1-
20.9, 6 female). PoS, El . and El, improved significantly (all p<0.01, Figure 5A-Cand E). El ;.
displayed the largest improvement (0.08 to 0.21 El or 24.6% increase, p<0.001, Figure 5D).
Importantly, while the oxygen gradient ektacytometry-derived biomarkers showed a
considerable and significant change, most conventional laboratory tests did not
(Supplemental Table 4), confirming that this technique provides an additional insight into
the efficacy of disease modifying therapies.
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Oxygen gradient ektacytometry-derived biomarkers during neonatal
hemoglobin switch

To investigate how the physiologic decline in HbF in neonates changes RBC as measured
by oxygen gradient ektacytometry, we analyzed the RBCs of a newborn at different time
points during the first 8 months of life (Supplemental Figure 2). When HbF decreases and
HbS levels increases, the PoS gradually increases, while EI___and El_ gradually decrease,
visualizing how healthy RBCs at birth are slowly changed during the first months of life and
are replaced with functionally abnormal SCD RBCs.
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Figure 3. Hydroxyurea has a measurable effect on oxygen gradient ektacytometry-derived biomarkers.
The effect of starting HU therapy was measured in 15 patients with SCD at baseline, and after 1,3 and 6
months of HU therapy. (A) Representative curve of a patient before and during hydroxyurea (HU) titration
to maximum tolerated dose. (B) Median values of Point of Sickling (PoS) before and during HU therapy. PoS
significantly decreases after 3 and 6 months compared to baseline values. (C) Median values of maximum
deformability before deoxygenation (El ) just before and during HU therapy. El__ significantly increases
after 3 and 6 months of HU compared to baseline values. (D) Median values of minimum deformability upon
deoxygenation (El ) before and during HU therapy. El , significantly increases after 3 and 6 months of HU
therapy compared to baseline values. (E) Median values of the directional coefficient of the deoxygenation
part of the curve (Slope, see Figure 1) before and during HU therapy. Slope significantly increases after 3 and
6 months compared to baseline values. Error bars represent interquartile range. ****p<0.0001, ***p<0.001,
**p<0.01, *p<0.05
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A Effect of a single Transfusion
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Figure 4. A single blood transfusion has a measurable effect on oxygen gradient ektacytometry-
derived biomarkers. Seven patients with SCD were followed just before and after transfusion therapy. (A)
Representative curve that highlights how blood rheology is improved by a blood transfusion. (B) Median
values of PoS are significantly decreased after transfusion, compared to before transfusion values. Median
values of El__ (C), El_ (D) El, (E) are significantly increased by transfusion.

max min

Error bars represent interquartile range. *p<0.05

Discussion

Oxygen gradient ektacytometry-derived biomarkers correlate with VOC
frequency

We found that patients with two or more VOC in the past year had higher PoS (Figure 2A
and D). Their RBCs were also less deformable when deoxygenated (El ) compared to
patients in the VOC- group (Figure 2C and F). PoS was reduced and El_,_ increased by
therapies known to significantly reduce incidence of YVOC, HU and CTF. These results indicate
the promise of oxygen gradient ektacytometry-derived biomarkers as surrogate endpoints
to determine if a therapy has reduced the patient’s risk of VOC.
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A Effect of Chronic Transfusion therapy B
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Figure 5. Chronic transfusion improves oxygen gradient ektacytometry-derived biomarkers in pediatric
patients already treated with hydroxyurea therapy. Twenty-one patients with SCD were followed during
HU and HU with CTf therapy. (A) Representative curve of a patient on hydroxyurea (HU) therapy before start
of chronic transfusion therapy (CTf) and on CTf. (B) Median values of PoS before and on CTf, that significantly
decreases during CTf. Median values of EI__ (C), El_, (D) and El, (E) are increased by a TF given as part of CTf.
Error bars represent interquartile range. ***p<0.001, **p<0.01, *p<0.05

In this study we observed differences in oxygen gradient ektacytometry-derived biomarkers
between cohorts. This could be due to differences in pediatric and adult SCD
pathophysiology," in particular RBC rheological characteristics, and notably RBC
deformability, which has been found to be different between adults and young children.'
In addition, other factors may also play a role, such as 1) differences in access to care (US
versus Europe), 2) differences in guidelines, clinical practice and health care between adult
and pediatric patients,' 3) cultural differences between sites, particularly response to pain,
4) environmental factors such as climate', or technical differences. The observed difference
in PoS between VOC+ and VOC- groups seems more pronounced in the adult cohort, which
could be due to the US population (and thereby pediatric cohort) of SCD patient being more
heterogeneous, i.e. more admixture of Latin and Middle Eastern patient comprising of a
more heterogeneous population.
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In our study, specific oxygen gradient ektacytometry-derived biomarkers were associated
with VOC in both cohorts, in contrast to conventional clinical laboratory parameters such
as HbS and HbF levels'™ and ARC.'"” PoS and El__were found to be the most reproducible
clinically relevant biomarkers because they were associated with VOC in both adult and
pediatric cohorts. The reproducible association observed in both cohorts, is likely due to
the fact that oxygen gradient ektacytometry is a functional test that captures the combined
effect of many factors contributing to RBC function, some measurable by clinical testing,
like HbF and HbS levels, and some not, like the impact of 2,3-diphosphoglycerate levels, and
oxidative stress.

Available biomarkers of disease severity

Red cell related biomarkers such as number of irreversible sickled cells and DRBCs (%) are
not consistently associated with SCD clinical complications like VOC.2 The use of RBC
deformability during normoxic conditions as a marker for complications is suggested as a
biomarker in previous studies, which showed a correlation between an increase in RBC
deformability and osteonecrosis'® or painful sickle cell crises.'*? In contrast to these findings
low deformability correlated with high hemolytic rate and higher risk of complications such
as leg ulcers?', and glomerulopathy.?? More importantly, since RBC deformability is reported

to be decreased during VOCZ, an increase is seen in deformability in the recovery phase of
a painful VOC which was in turn a predictor of a new crisis.?’ Thus, in itself, RBC deformability
during normoxic conditions gives varying results when different complications are assessed
which makes it unsuitable to be used as biomarker for overall clinical severity.

A combination of markers of hemolysis, lactate dehydrogenase (LDH), bilirubin and ARC (i.e.
hemolytic index) are associated with complications attributed to hemolysis such as
pulmonary hypertension?, stroke?, leg ulcers, chronic kidney damage and priapism2¢ but
not with VOC.?” Blood viscosity has been found to be associated with the frequency of VOC
episodes both in SCD adults and children, which could indicate clinical usefulness of this
parameter.?® However, this biomarker does not change upon HU treatment because the
increase in RBC deformability compensates for the rise in hematocrit, resulting in unchanged
blood viscosity in patients?, limiting the clinical usefulness of blood viscosity. The
inflammatory biomarker high-sensitivity C-reactive protein (hs-CRP) was associated with
the occurrence of VOC, in two studies.3* TNF-a and IL-1 levels were significantly elevated in
patients with frequent VOC with significant correlation with VOC frequency.>® However, up
till now no specific cytokine or immune cell type that is seen in patients with SCD holds the
potential to serve as a biomarker for VOC frequency in SCD. This is also due to the highly
complex pathophysiology that activates different immune pathways as well as the short
half-life of many inflammatory cytokines.?'

Limitations of oxygen gradient ektacytometry-derived biomarkers are that they primarily
evaluate RBC function, and do not capture other factors important in SCD pathophysiology,
such as inflammation, hemostatic activation, adhesion and endothelial dysfunction. Inclusion
of those factors, such as soluble vascular cell adhesion molecule (sVCAM)3?, or other
functional tests, like adhesion to an artificial microfluidic network® could complement this
technology. More importantly, as hemoglobin polymerization is a kinetic process that is very
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strongly dependent on cell hemoglobin concentrations and the RBCs with high hemoglobin
concentration will deform less even under normoxic conditions PoS might not reflect sickling
ability of all circulating cells. As currently analyzed it only reflects sickling of cells that deform
under normoxic conditions.

Oxygen gradient ektacytometry-derived biomarkers as surrogate endpoints in

clinical trials

There are four FDA approved pharmacologic therapies available for routine SCD care in the
US. The best way to choose which drug to prescribe to which patients is a topic of intense
discussion. There are also several other agents currently in clinical trials on the North
American continent and in Europe. Clinically relevant biomarkers, such as oxygen gradient
ektacytometry, are needed for several indications: 1) to select the optimal therapy based
on the patient’s particular blood rheology, according to the principles of precision medicine,
2) to monitor efficacy in an objective, rapid manner rather than watching for clinical
complications which can take years to emerge, and 3) to provide objective clinically relevant
endpoints for clinical trials. Currently, observation of clinical complications in combination
with basic hematological parameters are the outcome parameters of clinical trials to assess
efficacy of new treatment for SCD. This approach requires a long observation period, and
increases the cost and number of patients needed to enroll, as well as introducing a
subjective endpoint that may be affected by non-SCD factors.

Biomarkers of red cell function, like those provided by oxygen gradient ektacytometry, could
also be excellent ways to assess gene-based therapy outcomes. The amount of HbF induction
needed to be achieved by gene therapy to effect a cure is still a topic for discussion. In most
clinical trials sickling behavior is not functionally assessed, as microscopy based sickling
assays are static and do not provide information on patient specific sickling characteristics.3
Additionally, different gene therapy trials induce different functional hemoglobins; a
functional analysis of the resulting RBC population is the best way to compare different
strategies head to head. VOC is still the primary endpoint in ongoing gene therapy trials,
however lack of VOC does not demonstrate a cure as organ damage may still be ongoing.

In allogeneic hematopoietic stem cell transplantation (HSCT) in SCD, HbAS or HbAA
individuals, preferably related to the recipient, can serve as donors. Efficacy of HSCT, or
engraftment following transplant is determined by HbS levels and donor chimerism. The
appropriate amount of donor chimerism has been reported to need to be at least 20% to
reverse the sickle phenotype, based on a study of three transplanted individuals.>® However,
donor chimerism and HbS levels do not capture clinically relevant sickling in an individual
patient, because a mixture of 60% HbAA with 40% HbSS RBCs compared to 100% HbAS RBCs
give very different oxygen gradient ektacytometry-derived biomarkers results compared to
that of a trait individual, even though HbS levels are the same. As a result, a severe patient
might need a higher % chimerism and a lower HbS level to prevent clinically relevant sickling.
Current guidelines suggest basing clinical follow-up measurements on donor chimerism
and HbsS level. Functional biomarkers like El_and PoS could better assess the effectivity
of these therapies in individual patients, indicating if the treatment was successful enough
to prevent clinically relevant sickling.3”
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In conclusion, oxygen gradient ektacytometry-derived biomarkers provides functional,
clinically relevant next generation biomarkers that are associated with VOC. Its parameters
can provide the clinician with information about patient RBC characteristics and sickling
propensity that could eventually aid in clinical decision making. Moreover, oxygen gradient
ektacytometry-derived biomarkers captures several RBC characteristics that have
additional value over conventional laboratory tests. We have shown that oxygen gradient
ektacytometry-derived biomarkers improve with known efficacious therapies and are
associated VOC; therefore, these biomarkers can be an objective surrogate endpoint of
disease modification.
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Supplemental Table 1. Correlations of oxygen gradient ektacytometry derived-biomarkers with laboratory
parameters in the adult cohort.

Adult cohort?

Oxygen gradient ektacytometry-derived biomarkers

Laboratory parameter El .. PoS El .. Slope El; DeltaEl
HbF (%) 0.666 -0.461* -0.499* 0.420* 0.213 0.242
HbS (%) -0.667* 0.399* 0.650* -0.265 -0.395* -0.285
Hb (g/dL) 0.391% -0.198 0.276 0.118 0.255 0.278
ARC (10°/L)° -0.643° 0.421* -0.330 -0.5441 0.123 -0.402*
MCV (fl) 0.279 -0.032 0.320 -0.163 0.660° -0.007
MCHC (g/dL) 0.071 -0.087 0.520° 0.246 -0.026 -0.254
Dense Cells (%) -0.950¢ 0.736* -0.447 -0.846° 0.332 -0.714t
Bilirubin (total (mg/dL)? -0.593¢ 0.510' -0.446* -0.731* 0.222 -0.260
LDH (U/L) -0.484¢ 0.329 -0.328 -0.408* 0.078 -0.293
Ferritin (ng/mL)’ 0.368* -0.232 0.410* 0.091 0.310 -0.018
Creatinine (mg/dL)? -0.132 0.224 -0.213 -0.273 0.414* -0.098

HbF, fetal haemoglobin; HbS, haemoglobin S; Hb, haemoglobin; ARC, absolute reticulocyte count; MCV, mean
corpuscular volume; MCHC, mean corpuscular haemoglobin concentration; LDH, lactate dehydrogenase; TSAT,
transferrin saturation;

+p<0.0001, 8p<0.001, Tp<0.01, *p<0.05.

aTotal population of this cohort was 35 adult patients with SCA who were untreated or treated with hydroxyurea.
Patients on (chronic) transfusion therapy (n=11) were excluded from this analysis.

°Data of 32 patients available, 3 patients had unknown data

Data of 13 patients available, 22 patients had unknown data

dData of 19 patients available, 16 patients had unknown data

¢Data of 33 patients available, 2 patients had unknown data

Data of 31 patients available, 4 patients had unknown data

eData of 19 patients available, 16 patients had unknown data
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Supplemental Table 2. Correlations of oxygen gradient ektacytometry-derived biomarkers with laboratory
parameters in the pediatric cohort.

Pediatric cohort?

Oxygen gradient ektacytometry-derived biomarkers

Laboratory parameter El .. PoS El .. Slope El, DeltaEl
HbF (%)° 0.699* -0.397 0.825" 0.393 0.713* 0.301
HbS (%)° -0.895¢ 0.811" 0.853¢ -0.793" -0.371 -0.587*
Hb (g/dL) 0.631* -0.365" 0.377¢ 0.468° 0.104 0.417*
ARC (10°/1) -0.462° 0.272* -0.269* -0.334* -0.033 -0.294*
MCV (fl) -0.004 0.136 0.041 -0.231 0.333* -0.077
MCHC (g/dL) 0.042 0.113 0.048 -0.128 0.169 0.036
Dense Cells (%) -0.768¢ 0.668* -0.572¢ -0.801* 0.044 -0.295*
Bilirubin (total) (mg/dL) -0.464* 0.405* -0.342 -0.592" -0.094 -0.152
LDH (U/Ly -0.296 0.122 0.058 -0.208 0.225 -0.529*
Ferritin (ng/mL) nd nd nd nd nd nd
Creatinine (mg/dL)® 0.380* -0.258 0.110 0.328 -0.016 0.519*

$p<0.0001, §p<0.001, tp<0.01, *p<0.,05.

aTotal population of this cohort was 58 pediatric patients with SCD who were untreated or treated with
hydroxyurea. Patients on (chronic) transfusion therapy (n=22) were excluded from this analysis.

Data of 12 patients available, 46 patients had unknown data

Data of 24 patients available, 34 patients had unknown data

9Data of 21 patients available, 37 patients had unknown data

eData of 35 patients available, 23 patients had unknown data

HbF, fetal haemoglobin; HbS, haemoglobin S; Hb, haemoglobin; ARC, absolute reticulocyte count; MCV, mean
corpuscular volume; MCHC, mean corpuscular haemoglobin concentration; LDH, lactate dehydrogenase; nd,
not determined
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Supplemental Table 3. Median values (range) of oxygen gradient ektacytometry-derived biomarkers and
laboratory parameters before (baseline) and during hydroxyurea (HU) therapy (1, 3 and 6 months) of 15 patients
with SCD (adult and pediatric). Baseline values are compared to 1, 3 or 6 months.

Effect of HU HU treated cohort (n=15)

baseline 1 month 3 months 6 months

Oxygen gradient ektacytometry

POS (MmHg) 64.4 (35.1-87.6) 61.6(39.2-69.3 55.8(33.5-60.4)°  49.3 (37.4-56.7)}
El_(El) 0.04 (0.00-0.23) 0.08(0.03-0.20)  0.09(0.05-0.31)'  0.12(0.07-0.22)*
El__(El) 0.33(0.22-0.56) 0.36(0.24-0.55)  0.44(0.31-0.55)*  0.45 (0.29-0.56)*
Slope (dir.coef.) 0.007 (0.004-0.020) 0.008 (0.005-0.021) 0.010 (0.008-0.016) 0.011 (0.008-0.021)"
El, (EI) -0.09 (-0.16-0.00)  -0.10(-0.21-0.00)  -0.08 (-0.16-0.04)  -0.06 (-0.14-0.05)*
DeltaEl (EI) 0.28 (0.20-0.42) 0.31(0.20-0.38) 0.31(0.24-0.40) 0.32 (0.20-0.35)

Laboratory parameter
Dense Cells (%) 8.3(2.3-11.2) 5.4 (5.0-9.9) 6.3 (4.7-12.1) 45(3.2-12.1)
HbF (%) 5.2 (0.9-28.5) 7.5(1.4-29.7) 14.5 (4.1-33.7)* 17.5 (4.6-34.3)*
HbS (%) 82.0 (61.9-89.3) 81.7(60.7-88.7)  73.3(54.3-83.4)  72.9(56.3-83.3)"
Hb (g/dL) 9.0 (7.1-11.3) 8.5 (6.9-13.0) 9.6 (7.0-11.8) 9.5(7.3-11.5)
ARC (10°/L) 348 (178-695) 224 (98-399)! 205 (50-346)° 244 (48-445)*
MCV (fl) 79.1(69.4-91.2)  883(75.1-116.0)*  98.8 (72.0-135.0%  96.6 (77.2-130.0)
MCHC (g/dL) 35.8 (34.2-40.0) 35.8 (27.9-38.5) 35.9 (32.2-38.8) 35.6 (32.4-38.0)
RDW (%) 23.0(16.0-28.50)  23.4(16.8-28.3)  19.6(14.5-28.3)'  18.5(14.3-30.4)"

$p<0.0001, §p<0.001, tp<0.01, *p<0.05.
HbF, fetal haemoglobin; HbS, haemoglobin S; Hb, haemoglobin; ARC, absolute reticulocyte count; MCV, mean
corpuscular volume; MCHC, mean corpuscular haemoglobin concentration; RDW, red cell distribution width
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Supplemental Table 4. Effect of a single transfusion or chronic transfusion therapy (pediatric cohort) on oxygen
gradient ektacytometry-derived biomarkers and laboratory parameters

Effects of Single transfusion Chronic transfusion
transfusion N=7 N=21

Before (single) After (single) Before start of During chronic
transfusion transfusion chronic transfusion transfusion

Oxygen gradient ektacytometry

POS (MmHg)) 473(38.9-613)  42.0 (34.5-50.4)* 43.6(30.9-64.0)  37.4(28.8-53.6)'
El_ (El) 0.24(0.04-0.36)  0.33(0.17-0.39)* 0.08(-0.02-0.36)  0.21(0.08-0.36)°
El__ (El) 0.48(0.27-0.58)  0.53 (0.37-0.58)* 0.47(0.22-0.61)  0.53 (0.39-0.60)"
Slope (dir-coef-) 0.009 (0.003-0.011) 0.008 (0.003-0.010)  0.015 (0.007-0.031) 0.015 (0.007-0.021)
El, (EI) 0.11(-0.11-0.18)  0.22(0.02-0.23)* -0.11(-0.17-0.21)  0.05 (-0.10-0.18)°
DeltaEl (El) 0.24(0.12-0.29)  0.20(0.12-0.23)* 0.34(0.16-0.47) 0.29 (0.20-0.45)
Laboratory parameter
Dense Cells (%) 3.3(1.9-10.5) 2.1(1.9-7.2) 5.4(0.7-15.0) 3.5(1.5-7.3)t
HbF (%) 7.7 (1.0-24.7) 4.9(0.9-18.3)* 20.8(10.8-41.2) 19.4 (9.0-24.6)
HDbS (%) 47.6(34.1-85.1)  28.8 (24.2-57.4)* nd nd
Hb (g/dL) 9.5(7.1-10.7) 11.4 (9.7-11.8)* 8.5 (5.8-10.8) 8.3 (7.4-11.6)*
ARC (10°/L) 228 (147-578) 189 (125-468)* 426 (205-836) 405 (171-935)
MCV (fl) 94.7(83.7-111.0)  91.2(86.0-103.0) 95-2(80.6-107.3)  93.2(79.3-107.4)*
MCHC (g/dL) 34.8 (34.3-38.4) 34.0(33.5-36.6) 32.9(29.4-35.1) 33.0(29.1-34.7)
Platelet count (10%L)