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Abstract

Objectives: We present a standardized /n vitro microfluidic assay and Occlusion Index (Ol) for
the assessment of red blood cell (RBC)-mediated microcapillary occlusion and its clinical
associations in sickle cell disease (SCD).

Methods: RBC-mediated microcapillary occlusion represented by Ol and its clinical associations
were assessed for 7 subjects with hemoglobin-SC disease (HbSC), 18 subjects with homozygous
SCD (HbBSS), and 5 control individuals (HbAA).

Results: We identified two sub-populations with HbSS based on the Ol distribution. HbSS
subjects with relatively higher Ols had significantly lower hemoglobin levels, lower fetal
hemoglobin (HbF) levels, and lower mean corpuscular volume (MCV), but significantly higher
serum lactate dehydrogenase levels and absolute reticulocyte counts, compared to subjects with
HbSS and lower Ols. HbSS subjects who had relatively higher Ols were more likely to have had a
concomitant diagnosis of intrapulmonary shunting (IPS). Further, lower Ol associated with
hydroxyurea (HU) responsiveness in subjects with HbSS, as evidenced by significantly elevated
HbF levels and MCV.
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Conclusions: We demonstrated that RBC mediated microcapillary occlusion and Ol associated
with subject clinical phenotype and HU responsiveness in SCD. The presented standardized
microfluidic assay may be useful for evaluating clinical phenotype and assessing therapeutic
outcomes in SCD, including emerging targeted and curative treatments that aim to improve RBC
deformability and microcirculatory health.
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INTRODUCTION

Healthy RBCs are biconcave, with an average diameter of 7.5-8.7 um and a thickness of
1.7-2.2 um 1.2, In the human body, RBCs flow through capillaries as small as 4 um and
interendothelial clefts that are less than 1 pm to complete each cycle of circulation 3 4,
Therefore, the cytoskeletal structures of RBCs must undergo extensive and repeated tension/
compression cycles during normal blood flow through the microvasculature. The ability of
healthy RBCs to extensively deform is due to their large surface area to-volume ratio, low
cytoplasmic viscosity, and the intrinsic viscoelastic properties of their membranes 6.

Abnormal RBC rheology has been associated with alterations in one or more of these factors
7,8

Altered RBC rheology is a major contributor to the clinical manifestations of SCD. SCD is a
recessively inherited beta-globin gene disorder 9, in which abnormal hydrophobic
hemoglobin, HbS 4 10, polymerizes into long and stiff intracellular structures under certain
physiologic conditions (e.g., dehydration and deoxygenation). Abnormal HbS
polymerization ultimately leads to the formation of sickle-shaped and excessively stiff RBCs
11,12 _stiff and sickle-shaped RBCs are susceptible to mechanical fatigue and to shedding-
off microvesicles that contain cell-free hemoglobin or heme, causing disturbed blood flow,
vascular inflammation, and endothelial dysfunction, which cumulatively result in VOEs
and/or vasculopathy, the principle pathophysiologic manifestations of SCD 13-17_ Clinical
complications, arising from this abnormal Hb, include acute and chronic pain 18-20, wide-
spread organ damage 21, and early mortality 22.

Since SCD arises from a single gene mutation, its clinical heterogeneity is unexpected. The
frequency of VOEs, which is the hallmark of SCD and an important index of disease
severity, varies considerably from subject to subject, even with identical genotypes. This
may be ascribed to variations in clinical management of SCD, such as transfusions or
administration of hydroxyurea HU, which have distinct impacts on the pathophysiology of
SCD 23-26, Many biorheological and hematological facets of SCD have been extensively
studied to associate with disease severity, including RBC adherence 2732, hemodynamic
changes 33-36 HbS fractions 3739, HbF levels 40 41, serum LDH levels 4244, and WBC
counts 4% 46, However, the clinical impact of RBC deformability in the context of
microcirculation, which denotes the ability of the cell to transverse microcapillary openings
without obstructing the flow, is still poorly understood.
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The RBC deformability is typically measured using custom AMVNSs in research laboratories
47 We have developed a new microfluidic platform, the OcclusionChip “8. Unique features
of the OcclusionChip are its architecture that mimics the capillary bed, coupled
arteriovenous anastomosis-mimicking conduits to prevent full saturation or upstream
clogging of the system, and importantly, an ability to process clinical blood samples at near-
physiologic hematocrit in a standardized manner.

We tested RBCs from a clinically well-defined group of subjects with hemoglobin-SC
disease (HbSC) or homozygous SCD (HbSS), where the resultant RBC mediated
microcapillary occlusion was represented by an intuitive standardized parameter, the Ol. Our
results show that subjects with HbSC or HbSS exhibit distinct Ol profiles. We found that
subjects with HbSS who had relatively higher Ols had significantly lower Hb levels, lower
HbF levels, and lower MCV, but significantly higher serum LDH levels and ARCs compared
to those who had relatively lower Ols. Importantly, we found that HbSS subjects with
relatively higher Ols are more likely to have a concomitant diagnosis of IPS. Importantly, we
show that lower Ol associates with HU responsiveness in subjects with SCD (HbSS), which
was evidenced by significantly elevated HbF levels and MCV. Our results suggest that the
presented standardized microfluidic assay may be useful for evaluating the clinical
phenotype and assessing therapeutic outcomes in SCD, including emerging targeted and
curative treatments that aim to improve RBC deformability and microcirculatory health.

METHODS

Microfluidic device and fabrication

The OcclusionChip was fabricated using PDMS under standard soft lithography protocols
48 Initially, a master silicon wafer was coated via SU8 photoresist patterning. PDMS pre-
polymer was casted over the master wafer and cured at 80°C overnight. The PDMS block
was then peeled off, and inlet and outlet holes were created with a 0.5 mm puncher.
Thereafter, the PDMS block was irreversibly bonded to a standard microscope glass slide
through oxygen plasma treatment. Tubing was assembled after the microchannel was
fabricated (Figure 1A). The microchannel was 4-mm wide, 12-um tall, and 25-mm long
(Figure 1B). Each microchannel consisted of nine micropillar arrays forming uniform
microcapillaries within each array but overall finer microcapillaries along the flow direction,
from 20 um down to 4 um. We designed the microchannel such that RBCs with significantly
impaired deformability would be retained by the upstream coarser arrays, while RBCs with
moderately impaired deformability would be retained by downstream finer arrays (Figure
1C). Side pathways were incorporated to mimic arteriovenous anastomoses and to prevent
saturation or upstream clogging of the microchannel (Figure 1D). A macro view of the
OcclusionChip is visible in Figure 1E.

Blood sample collection

De-identified samples from non-anemic controls (HbAA) and subjects with HbSS or HbSC
were collected in EDTA-containing vacutainers at the adult SCD clinic at UHCMC in
Cleveland, Ohio under Institutional Review Board approved protocols, and stored at 4°C.
Informed consent was obtained from all study participants. Clinical phenotypes of the
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subjects with SCD, such as WBC counts, platelet counts, ANCs, ferritin levels, serum LDH
levels, and ARCs, were obtained following chart review. Hemoglobin composition was
identified through HPLC analysis with the Bio-Rad Variant Il Instrument (Bio-Rad,
Montreal, QC, Canada) at the Core Laboratory of UHCMC. All microfluidic experiments in
this study were performed within 48 hours of venipuncture. A total number of 5 non-anemic
control subjects, 18 subjects with homozygous HbSS, and 7 subjects with HbSC were tested.
All blood samples were obtained from patients at clinical steady state (non-crisis).

Microfluidic OcclusionChip assay

RBCs were isolated from whole blood samples by centrifuging at 500 x g for 5 min at room
temperature. Plasma, buffy coat, and the near-plasma portion of the RBC layer were
carefully removed. The isolated RBCs were then washed twice and re-suspended in
phosphate-buffered saline (PBS, 1X) at 20% hematocrit. Microchannels were rinsed with
pure ethanol and PBS, and incubated with 2% bovine serum albumin (BSA) at 4°C
overnight to prevent non-specific cell adhesion to the microchannel walls. A manual syringe
pump was designed to maintain a constant pressure of 60 cm H,O at the inlet of the
microchannel 49, and the RBC suspension was allowed to flow for 20 minutes. Thereafter,
non-retained RBCs were washed away with PBS under the same pressure. In some tests,
retained RBCs were fluorescently labeled with anti-glycophorin A antibody (Abcam,
Cambridge, MA) under flow for 30 min. An Olympus 1X83 inverted motorized microscope
with Olympus Cell Sense live-cell imaging and analysis software (excitation/emission
wavelength, 488/505-580 for Green Fluorescent Protein, GFP) was used to obtain
microscopic phase contrast and fluorescent images. Obtained microscope images were
further processed by Adobe Photoshop software (San Jose, CA). Each data point in this
study was generated by one OcclusionChip assay on one blood sample, and the
OcclusionChip was discarded after one-time use.

Occlusion Index determination

We have previously reported the generalization of an intuitive standardized parameter, Ol 48,
which is computed based on the distribution of occlusions in a specific microcapillary
network, as also shown in the Supporting Information and Figure S1. The Ol thereby
represents the overall percentage occlusion of the microcapillary network within the area of
interest. The area of interest in the OcclusionChip is defined as the 4-um to 10-um
micropillar arrays, since typical capillary dimension is within 5-10 um, and no appreciable
microcapillary occlusion was observed in the other arrays with larger openings.

Statistical methods

Data were reported as mean * standard deviation (SD) in this study. Statistical analyses were
carried out using Minitab 19 Software (Minitab Inc., State College, PA) and MATLAB
(MathWorks, Natick, MA). Data were initially analyzed for normality, which was followed
by appropriate multiple comparison tests to compare different groups, parametric one-way
ANOVA for normally distributed data and non-parametric Mann-Whitney U test for non-
normal data. Statistical significance was defined with P-value less than 0.05 (P< 0.05). To
analyze the univariate model, Kernel density estimation was performed based on the Ols of
N=18 blood samples for the population with homozygous SCD (HbSS), where the
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bandwidth was determined according to Silverman’s rule of thumb. A custom written code
in MATLAB was used to generate the density distribution of the Ol.

RESULTS

Occlusion Index is heterogeneous over a clinically diverse population with SCD

We analyzed Ols of RBCs from HbSS or HbSC subjects as well as from healthy individuals
(HbAA). Representative images of RBC mediated microcapillary occlusion of one subject
from each of the three cases are shown in Figure 2A-C. The values indicated in Figure 2A-
C represent the corresponding Ols of the three shown subjects. Our results indicated that
HbSS RBCs had significantly higher Ols than HbSC RBCs or HbAA RBCs (Figure 2D,
mean Ol + SD = 2.02 + 1.22% for HbSS, 0.52 + 0.15% for HbSC, and 0.20 + 0.04% for
HbAA, P=0.001 for HbSS vs HbAA and for HbSS vs HbSC, Mann-Whitney). Further,
HbSC RBCs had significantly higher Ols relative to HbAA RBCs (Figure 2D, £=0.001,
one-way ANOVA).

Occlusion Index reflects the clinical variables of subjects with homozygous SCD

We identified a bimodal distribution of the kernel density of the Ol in the population with
homozygous SCD, from which two sub-populations were categorized based on the local
minimum of 2.18% as a cutoff threshold (Figure 3A&B, Low Ol group: mean Ol £ SD =
0.93 + 0.32%, and High Ol group: mean Ol £ SD = 3.11 + 0.60%, P < 0.001, one-way
ANOVA, N =9 in each group). Next, we analyzed the clinical variables of the subjects in
these two groups and found that subjects in the High OI group, who had significantly higher
Ols compared to those in the Low Ol group, presented significantly lower Hb levels (Figure
3C, mean £ SD =8.0+1.3vs 9.2 £ 0.9 g/dL, £=0.037 one-way ANOVA), and higher
serum LDH levels (Figure 3D, mean + SD =451 + 126 vs 222 + 33 U/L, P< 0.001 one-way
ANOVA) and higher ARCs (Figure 3E, mean + SD = 356 + 86 vs 174 + 86 10%/L, P=
0.001, one-way ANOVA). These findings point to an association between an elevated Ol
(RBC mediated microcapillary occlusion) and increased /n vivo hemolysis in these subjects.
In addition, subjects in the High OI group also presented significantly lower HbF levels
(Figure 3F, mean + SD = 3.5 £ 2.9 vs 17.6 £ 4.7%, P< 0.001, Mann-Whitney) and MCV
(Figure 3G, mean £ SD =92 + 8 vs 113 + 12 fL, A= 0.001, one-way ANOVA) compared to
subjects in the Low Ol group. No significant difference was observed in WBC counts and
ANCs between the two groups (P> 0.05). The clinical variables of the study population with
SCD are summarized in Table 1.

Occlusion Index associates with a concomitant diagnosis of intrapulmonary shunting over
the study population with homozygous SCD

We have identified two sub-populations (Low Ol group vs High Ol group) with distinct
clinical phenotypes in the study population with homozygous SCD based on their Ol
profiles. Next, we asked whether the two groups would differ in terms of other co-morbid
clinical characteristics, including IPS, stroke, ACS, and PH. Interestingly, we found that
89% of subjects in the High OI group (8 out of 9) had a concomitant diagnosis of IPS, while
compared with 44% of subjects in the Low OI group (4 out of 9, Table 1, = 0.046, chi-
squared test). We thereby compared the Ol between the IPS and non-IPS subjects among the
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study HbSS population. The mean Ol of the IPS group is higher compared to that of the
non-1PS group, but we did not observe a statistically significant difference between the two
groups (Table S1, mean Ol + SD =2.23 + 1.27% vs 1.60 + 1.10%, 2= NS). Comparisons of
Ols relative to other co-morbidities are summarized in Table S1. We are planning to test this
association prospectively.

Occlusion Index as a biomarker to evaluate the efficacy of hydroxyurea therapy and
identify hydroxyurea non-responders

HU is a FDA-approved drug for the management of SCD, which has been shown to
attenuate RBC sickling through an HbF-dependent mechanism 5. We asked whether HU
therapy impacted the Ol profiles of the study HbSS population. However, we did not observe
a significant difference in Ols when comparing the on-HU (N = 12) subjects to those off-HU
(N=6, mean Ol = SD = 1.87 + 1.36% vs 2.32 + 0.92%, P= NS), Figure 4A). We asked
whether this observation could be attributed to HU non-responders. Therefore, we utilized
HbF levels and MCV, and categorized the on-HU HbSS subjects into two sub-groups (HU
responders vs non-responders) with distinct HbF levels (mean £ SD = 20.2 + 4.8% vs 9.4 +
3.9%, P=0.006, Mann-Whitney) and MCV (mean + SD =121 + 6 vs 100 £ 6 fL, £< 0.001,
one-way ANOVA, Figure S2) via K-means clustering analysis. We found that the HU
responders (N = 5) had significantly lower Ols compared to the HU non-responders (N = 7,
Figure 4B, mean Ol + SD =0.88 + 0.24% vs 2.58 + 1.38%, P = 0.023, one-way ANOVA).
We also found that HU responders (N = 5) had relatively lower Ols compared to those
subjects with HbSS who were not on HU at all (off-HU HbSS subjects, N = 6, £=0.083,
Mann-Whitney, Figure 4B). We did not observe a significant difference in the Ols when
comparing the HU non-responders and the off-HU HbSS subjects (N = 6, P= NS, Figure
4B).

DISCUSSION

In this study, we utilized our recently developed OcclusionChip platform to assess
microcapillary occlusion mediated by abnormal RBCs using samples from subjects with
HbSC or HbSS disease. Washed RBCs were re-suspended in PBS at 20% hematocrit (1:4
v/v) and were then tested. To investigate the contribution that is solely made by the intrinsic
RBC rheology on microcapillary occlusion and to standardize the microfluidic assay, we
uniformly suspended the RBCs in a standard media at a fixed hematocrit level for all the
study subjects. The 20% hematocrit level was chosen since this is within the hematocrit
range of most HbSS subjects (Table 1), and this level allows high resolution of cell
traversing and occlusion in the microchannel as shown previously 48. Of note, although re-
suspending RBCs in patient plasma may better reflect unique patient physiology, this may
also introduce other factors, such as external oxidative stress, that may attribute to
differential microcapillary occlusion. Further, hematocrit value varies within the study
population (Table 1), and could itself alter the OI.

HbSC disease in which RBCs contain approximately 50% HbS and 50% HbC 51, is
comparatively neglected in clinical studies, largely due to its milder clinical complications
compared to HbSS 52. However, existing studies have shown that serious complications such
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as acute pain, anemia, organ failure, and increased mortality still occur in HbSC 22 52-54,
From a molecular point of view, the pathogenesis of HbSC disease stems from an activated
K* and CI~ co-transport that results in loss of water and an increased mean corpuscular
hemoglobin concentration 3°. Such cellular dehydration effect further amplifies the
polymerization of the 50% of HbS in the RBC. Here, our results show that even though the
Ol of HbSC RBC:s is relatively lower compared to that of HbSS RBCs, it was still abnormal,
and may contribute to pathological microvascular occlusions. These results are consistent
with the interpretation that RBC deformability decreases with increasing polymer fraction,
as suggested in previous studies 26: 57, Qverall, these /n vitro observations agree with the
clinical observation that HbSC disease is a mild form of SCD with a lower prevalence of
vasculopathy.

Low Hb levels, and high serum levels of LDH and ARCs have been associated with
intravascular hemolysis and with overall disease severity in SCD 42 58. 59 Increased ARCs
in SCD result from reticulocytes prematurely released from the bone marrow as a
consequence of hemolytic and hypoxic stress. Reticulocytes are about 8% larger than normal
mature RBCs, and are considered less deformable because of their spherical shape with
smaller surface area to-volume ratio, the presence of a mass of chromatin granules in their
cytoplasm, and the less optimal organization of the lipids and proteins on their membranes
60-62 However, such abnormality in deformability is insufficient to obstruct the blood flow
in the microvasculature, since circulating reticulocytes are also found in other inherited
hemolytic anemias, such as pyruvate kinase deficiency, without causing symptomatic
microvascular occlusion 3. On the other hand, decreased deformability of sickle, dehydrated
RBCs due to abnormal HbS polymerization, is well characterized in SCD 4 65, However,
whether a more severe hemolytic phenotype will be accompanied by decreased RBC
deformability and thereby enhanced RBC mediated microcapillary occlusion is still unclear.
Here, our results demonstrated that subjects with a more severe hemolytic phenotype
presented higher Ols and thereby had increased RBC mediated microcapillary occlusion,
providing an additional link between hemolysis and VOEs. Such observation may partially
reflect the presence of circulating reticulocytes in the blood samples, but more likely, it
could be attributed to the ongoing hemolysis in these subjects, as hemolyzed RBCs release
microvesicles from their cell membrane 6, which may lead to reduced surface area-to-
volume ratio and consequent decreased deformability.

HU induces HbF production and increased MCV, which has a favorable impact on subjects
with HbSS 67. Here, our Ol results show that HbSS subjects with relatively lower Ols had
significantly higher HbF levels and MCV (Figure 3E&F). We found that 89% (8 out of 9) of
the subjects in the Low OI group were on-HU compared to 44% (4 out of 9) of the subjects
in the High OI group (Table 1, p=0.046, chi-squared test). However, when comparing on-HU
subjects with off-HU subjects among the HbSS population, we did not observe a significant
difference in measured Ols (Figure 4A). We hypothesized that such discrepancies arise from
the poorly understood molecular mechanism of HU therapy 8. We therefore segregated the
HU responders from HU non-responders using HbF levels and MCV via K-means clustering
analysis (Figure S2). We found that the Ols of HU responders were significantly lower
compared to HU non-responders and were relatively lower compared to the off-HU HbSS
subjects (Figure 4B). Altogether, these results were in accordance with previous studies
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about the benefits of HU; the OcclusionChip assay has the potential to evaluate the efficacy
of HU therapy and identify HU non-responders who may require additional management to
insure adherence or consideration for alternate therapies.

Pulmonary shunts allow a proportion of blood to bypass the pulmonary capillaries through
large-diameter intrapulmonary arteriovenous anastomotic vessels that directly connect
pulmonary arteries and veins. Pulmonary capillaries are the site for gas exchange in the
lungs, and therefore, poorly oxygenated blood that flows through the shunt vessels does not
participate in oxygenation 6°. Moreover, pulmonary capillaries also act as natural filters to
remove blood clots formed in the venous circulation /0. As a result, abnormal recruitment of
IPS under pathological conditions may induce increased chronic hypoxemia and trigger
further complications such as ACS 1. Even though the clinical and laboratory associations
of IPS are beginning to be outlined, the underlying biophysical mechanisms of IPS have not
been elucidated. In SCD, the pulmonary microvascular bypass may be especially
detrimental, since intracellular HbS polymerizes under deoxygenated conditions, which
significantly impairs the RBC deformability and increases the adhesiveness of the RBC,
prominently in high risk patients 28: 3% 72 Here, our results show that HbSS subjects in the
High Ol group, who had significantly higher levels of pathological microcapillary occlusion,
were more likely to have clinically reported IPS compared to those in the Low Ol group
(Table 1, p=0.046). The mean Ol of the IPS group is relatively higher compared to that of
the subjects without or not tested for IPS (Table S1), even though we did not observe a
statistical significance (p>0.05). Although pathophysiologically plausible, (i.e. hypoxic
stress on the RBC leading to a permanent inability of the sickle RBCs to fully re-oxygenate,
increasing deformability, contributing to more severe microvascular occlusion in the lungs,
resulting in shunting and in a vicious cycle), definitive causality awaits a dedicated
prospective effort (e.g., a shunting-on-a-chip microfluidic platform) with carefully curated
clinical associations.

A limitation of the study is the relatively small number of subjects, thereby limiting our
understanding of treatment associations (transfusion, hydroxyurea, and supportive care i.e.
absence of disease modifying therapies, Table S1). Future work will focus on prospectively
demonstrating the clinical utility of this assay, as an in vitro therapeutic benchmark in a
larger patient population, undergoing a range of treatments, including therapies with curative
intent.

In conclusion, we have utilized the OcclusionChip technology to assess RBC mediated
microcapillary occlusion in a clinically diverse population with HbSC or HbSS disease.
Results suggest that RBC mediated microcapillary occlusion, represented by the Ol,
associates with subject clinical phenotypes including Hb levels, serum LDH levels, ARCs,
HbF levels, and MCV. Notably, we observed that the measured Ols positively correlate with
a concomitant diagnosis of IPS, which may have pathophysiological implications in the
abnormal recruitment of IPS. Altogether, these findings suggest that RBC mediated
microcapillary occlusion reflects clinical severity of SCD. The OcclusionChip and the
standardized Ol may offer significant benefit in improving effective monitoring and
management of emerging targeted and curative therapies in SCD.
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Figure 1. The OcclusionChip microfluidic platform allows standardized assessment of RBC
mediated microcapillary occlusion.

(A) A schematic view of the assay is shown. RBCs diluted in PBS at 20% hematocrit are
infused into the microchannel using a manual syringe pump at constant pressure. (B) A
schematic of the OcclusionChip design is shown. The OcclusionChip features nine
micropillar arrays with microcapillaries ranging from 20 to 4 um, coupled with two
anastomosis-mimicking side pathways that are 60 um wide. Inset: Scanning electron
microscopy image showing the microvascular features. Scale bar represents a length of 50
um. (C) The entire microchannel is shown at 4X magnification. Arrow indicates flow
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direction. Scale bar represents a length of 2 mm. (D) Close-up view showing the
anastomosis side flow. Scale bar represents a length of 50 um. (E) Macro view of the
OcclusionChip with a blood sample is shown.
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Figure 2. Standardized microfluidic assessment of RBC mediated microvascular occlusion
reveals a clinically diverse population in subjects with SCD.

Representative fluorescent microscopy images showing retained RBCs from: (A) healthy
individuals (HbAA), (B) subjects with HbSC, and (C) subjects with HbSS. Insets are close-
up phase-contrast images showing individual retained cells in 4 ym microcapillaries. Values
correspond to the Occlusion Indices of the three shown subjects. Scale bars represent 50 pm
and 10 um, respectively. (D) The Occlusion Index of HbSS RBCs is significantly higher than
that of HbSC RBCs or HbAA RBCs, and the Ol of HbSC RBCs are significantly higher than
that of HbAA RBCs. Colored horizontal lines represent mean of data set. Statistical
significance between groups defined by Mann-Whitney U test (P < 0.05).
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Figure 3. Occlusion Index (Ol) associates with clinical variables in subjects with homozygous

SCD (HbSS).

(A&B) A bimodal distribution of the kernel density of the Ol among the subjects with
homozygous SCD was identified. Subjects were categorized into two groups (Low Ol group
and High Ol group) based on the local minimum of 2.18% as the cutoff threshold. Subjects
with higher Ols displayed significantly lower hemoglobin levels (C), significantly higher
serum lactate dehydrogenase levels (D) and absolute reticulocyte counts (E), and
significantly lower fetal hemoglobin levels (F) and mean corpuscular volume (G), compared
to those with lower Ols. Colored horizontal lines represent mean of data set. Statistical
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significance between groups defined by one-way ANOVA or Mann-Whitney U test
depending on data normality (P< 0.05).
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Figure 4. Occlusion Index (Ol) associates with hydroxyurea (HU) therapy and can be utilized to

identify HU non-response in SCD.

(A) No significant difference was observed in Ol when comparing the on-HU subjects (N =
12) to off-HU subjects (N = 6) among the study HbSS population. (B) HU responders (N =
5) had significantly lower Ols compared to HU non-responders (N = 7, £=0.023, Mann-
Whitney). HU responders (N = 5) among the on-HU HbSS subjects had relatively lower Ols
compared to off-HU HbSS subjects (N = 6, = 0.083, Mann-Whitney). No significant
difference was observed in the Ol between HU non-responders (N = 7) and off-HU HbSS
subjects (N = 6). Error bars represent standard deviation (SD). ns, no significance.
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Clinical variables of the study population

Table 1.

Page

20

Clinical variables l\(llg;rr?gé;HszAs)A HbSC (’l\\l/lf%n + SD; HbSSiLSODV\;I ﬁlé)lvlean HbSSil—éigr;w NO=I9()Mean p-value’
Occlusion Index (%) 0.13-0.23 052+0.15 0.93+0.32 3.11+£0.60 <0.001%
Age N/A 39+7 39+10 33+9 0233
Hematocrit (%) 36-50 323+28 25.0+3.75 23.4+4.8 0446~
Hemoglobin (g/dL) 12-18 12+1 9.2+0.9 80+13 0.037”
MCV (fL) 82-95 82+5 113+ 12 92+8 0.001°
WBC Count (109/L) 4-11 115+24 9.0+32 10119 0.336*
Platelet Count (10%/L) 150-400 314 + 84 389 + 152 351 + 108 0.552%
ANC (10°/L) 1500-8000 6896 + 2600 5354 + 2347 5482 + 2012 0.903%
Reticulocyte (10%/L) 20-150 183 £ 54 174 + 98 356 + 86 0.001”
LDH (U/L) 140-280 256 + 194 222 +33 451 + 126 <0.001%
Ferritin (ug/L) 12-300 182 + 159 1218 + 1572 544 + 512 0.289
Hemoglobin S (%) N/A 435+73 71.3+139 64.1+30.2 0.659
Hemoglobin A (%) 99-100 6.2+13.1 6.9+ 135 249 +27.1 0.791™"
Hemoglobin F (%) 0-0.9 10+11 176 £4.7 35+29 <0.001™*
E}‘ﬁggﬁfﬁo‘;“ary Shunting N/A 0% of Subjects (0/7)  44% of Subjects (4/9)  89% of Subjects (8/9)  0.046 (x?)
On-hydroxyurea N/A 0% of Subjects (0/7) 89% of Subjects (8/9) 44% of Subjects (4/9)  0.046 (x?)

A total of 30 blood samples were obtained from 5 healthy donors (HbAA), 7 subjects with hemoglobin-SC disease (HbSC), and 18 subjects with

homozygous SCD (HbSS).

T: P-value for comparing the Low Ol group and the High Ol group.

*
: Parametric one-way ANOVA.

Hok

: Non-parametric Mann-Whitney U test.

XZ: Chi-squared test.

SD: Standard deviation.
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