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30 SUMMARY:
31 Here, we present oxygen gradient ektacytometry, a rapid and reproducible method to measure
32 red blood cell deformability in samples from patients with sickle cell disease under controlled
33  deoxygenation and reoxygenation. This technique provides a way to study red blood cell
34  sickling and to monitor sickle cell disease treatment efficacy.
35
36 ABSTRACT:
37 Insickle cell disease (SCD), a single point mutation in the gene coding for beta-globin causes the
38 production of abnormal hemoglobin S (HbS). When deoxygenated, HbS can polymerize, forming
39 rigid rods of hemoglobin, resulting in the sickling of red blood cells (RBCs). These sickled RBCs
40 have significantly reduced deformability, causing vaso-occlusion, which leads to numerous SCD-
41  related clinical complications, including pain, stroke, and organ damage. RBC deformability is
42  also reduced by RBC dehydration, resulting in dense red blood cells that are more likely to
43  sickle. To date, there is not a single widely available, rapid, and reproducible laboratory assay
44  capable of predicting the disease severity or directly monitoring the treatment effects for novel,
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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 (Elmax) shows a 5%
decrease, and minimum El during deoxygenation (Elmin) are the most informative, reflecting an
individual patient’s pO2 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 Elmin 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.

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 («<2BSy) 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'>1>, 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
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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 postcapillary 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!™3.

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. 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).

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



133  osmolarity (282-286 mOsm/kg), pH (7.35-7.45) and viscosity (27.5-32.5 MPa) at room

134  temperature (22 °C).

135

136  NOTE: The PVP must be used at room temperature. If stored at a lower temperature, make sure
137 it has warmed up to room temperature prior to taking any measurements.

138

139 2. Start-up of the ektacytometer

140

141  2.1. Switch on the computer and the ektacytometer from the back. Start the software program
142  (Table of Materials) on the computer.

143

144  2.2. Make sure the nitrogen is available to deoxygenate the sample by opening the nitrogen
145  cylinder.

146

147  2.3. Lower the bob in the cup and make sure the cup can turn freely. Clean the cup on the
148 inside and outside with a soft cloth and distilled water, because debris can hamper the El
149  measurements.

150

151  2.4. When the software program is running, check for the following message on the screen:
152  “Make sure the gas valve is open” and click OK.

153

154  2.5. Ensure that the ektacytometer starts the pO; self-check process that will appear on the
155  screen. Select Start (enter). If it fails, rerun the self-check by clicking Hardware check | pO |
156  Self check.

157

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

161

162  2.5. Choose pO2 scan from the different tests listed on the left. Choose Settings at the right of
163 the screen and ensure they are set as per the parameters listed in Table 1. Keep the same
164  settings for every measurement.

165

166  2.6.In order to save these settings, press OK | OK.

167

168  NOTE: Preferred settings are listed in Table 1 but can be adjusted according to the user

169 preferences and investigational purposes. For example, to study the sickling behavior more
170  extensively, deoxygenation speed and duration can be altered.

171

172 3. Sample collection and preparation

173

174  NOTE: For the validation of the technique, ethylenediamine tetraacetic acid (EDTA)-treated
175 blood from 38 SCD patients and 5 healthy controls included at the University Medical Center
176  Utrecht or Texas Children’s Hematology Center, in different clinical studies (Netherlands Trial
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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 uL/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.

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 109, the diffraction pattern and El will be affected.

3.4.1. Use the equation below to perform the counting.

4.0/xx (x 10%2/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
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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.

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 El (Elmax), minimum EI (Elmin), pO2@95%EI (P0S),
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 Elmax and Elmin. Calculate the
percentage recovery by taking the difference in mean El before deoxygenation (pO2 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.
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5.5. Lower the bob in the cup. The machine is now ready for the next measurement.
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: Elmax 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. Elnin is the
minimum El, which represents minimal deformability after deoxygenation. This parameter
reflects changes in the shape and orientation of (sickle) RBCs upon deoxygenation. AEl is the
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difference between Elmax and Elmin, which indicates how many cells can sickle during one round
of deoxygenation. 5% Point of Sickling (PoSs«%) is the pO, (mmHg) at which a 5% decrease of
Elmax 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 Elmax, Elmin, 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?2. 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 Elmax and
Recovery are the most reproducible with median CVs <1%.

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 Elmin 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 EImax 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.

FIGURE LEGENDS:

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®.

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 (N2). 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
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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 EIl. Measurements of pO2 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.22

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. 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 (Elmax) represents the baseline position and shows an overall deformability of
the total RBC population. Minimum El (Elmin) represents minimal deformability, which is caused
by the change in shape and orientation of RBCs upon deoxygenation. AEl (dEl, the difference in
El between Elmax and Elmin) 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 pOzmin = 100 mmHg) is calculated in the
parameter area. This summarizes Elmax, Elmin, and PoS. The capacity of sickled cells to unsickle
during reoxygenation is represented in the parameter Recovery (percentage of Elmax 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.??

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.??

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 (Elmin) and %HbF of 15 HbSS or HbS/B-thalassemia patients without transfusion. (B) Linear
correlation of Elmin and %HbS. (C) Linear correlation of PoS and %HbF. (D) Linear correlation of
PoS and %HbS. (E) Linear correlation of maximum El (Elmax) and percent of sickled cells at
normoxia measured with digital microscopy. (F) Linear correlation of Elmax and percentage
dense RBCs (%DRBCs) of 21 patients with HbSS. This figure has been modified from Rab et al.??

Table 1. The preferred setting of the ektacytometer.



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

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??. 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.

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
result in a lower Elmin 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 Elmin,
and to a lesser extent PoS (Figure 5A-D). Elmayx is associated with sickle cells at normoxia, which
can explain the observation that shortly after a VOC, RBC deformability at normoxia (Elmax), 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 Elmax. This
indicates that dense cells are an important factor in RBC deformability at normoxia, similar to
previously reported results?.

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
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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 pH2>. Oxygen gradient ektacytometry, 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?%732, 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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1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
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entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
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in conjunction with any other parties, or by JOVE or its
affiliates or agents, individually or in collaboration with the
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2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Articie. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b} to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JOVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
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website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
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5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. in consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, {b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in {a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JOVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author {or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11 JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.



jDVe .

VISUALIZED WY ] n

discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JOVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Institution:
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Title: MD
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Signature:
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Utrecht, July 4, 2019

Dear editor,

We kindly thank the editor for the additional suggestions to improve our manuscript. We hereby
submit a revised version of our manuscript for your consideration. Below is our point-to-point
reply to the issues raised by the editor.

We hope the revised manuscript is now acceptable for publication in JoVE.

With kind regards,

Minke Rab
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Editorial comments:

1. The editor has formatted the manuscript to match the journal’s style. Please retain the
same.

The authors have not changed the format.
2. Please address all the specific comments marked in the manuscript.

All specific comments have been addressed. Although there were some comments that could not
be addressed. These comments include:

- The general comment on Figure legends. The information about the methodology in Figure 1
and Figure 2 cannot be moved to the protocol, because some of it was initially in the protocol
but had to be moved to the introduction. The methodology of the ektacytometer must be properly
explained because it is essential for the understanding and interpretation of oxygen gradient
ektacytometry curves.

- the comment regarding the couette system. This is described in the publication of DaCosta et
al, reference number 4. The authors are not sure what must be changed.

3. Once done, please proofread the manuscript well for any spelling or grammar issues.
The authors have proofread the manuscript well for spelling and grammar issues.

4. Please ensure that the highlight is no more than 2.75 pages including headings and
spacings.

The authors adjusted the highlighted text in order it to fit within 2.75 pages.

5. Please upload the reprint permissions for the figures used from the previous version.
Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file
to your Editorial Manager account.

The reprint permissions for the figures used from the previous version are uploaded.
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