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Summary

Many hypotheses have been proposed to explain how a glutamate to valine substitution in sickle 

haemoglobin (HbS) can cause sickle cell disease (SCD). We propose and document a new 

mechanism in which elevated tyrosine phosphorylation of Band 3 initiates sequelae that cause 

vaso-occlusion and the symptoms of SCD. In this mechanism, denaturation of HbS and release of 

heme generate intracellular oxidants which cause inhibition of erythrocyte tyrosine phosphatases, 

thus permitting constitutive tyrosine phosphorylation of Band 3. This phosphorylation in turn 

induces dissociation of the spectrin-actin cytoskeleton from the membrane, leading to membrane 

weakening, discharge of membrane-derived microparticles (which initiate the coagulation cascade) 

and release of cell-free HbS (which consumes nitric oxide) and activates the endothelium to 

express adhesion receptors). These processes promote vaso-occlusive events which cause SCD. 
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We further show that inhibitors of Syk tyrosine kinase block Band 3 tyrosine phosphorylation, 

prevent release of cell-free Hb, inhibit discharge of membrane-derived microparticles, increase 

sickle cell deformability, reduce sickle cell adhesion to human endothelial cells, and enhance 

sickle cell flow through microcapillaries. In view of reports that imatinib (a Syk inhibitor) 

successfully treats symptoms of sickle cell disease, we suggest that Syk tyrosine kinase inhibitors 

warrant repurposing as potential treatments for SCD.

Keywords

anion exchanger 1; erythrocyte membrane; haemoglobinopathy; sickle cell disease; tyrosine 
phosphorylation

Introduction

Although most symptoms of SCD are thought to be caused by occlusion of the 

microvasculature,1-4 the mechanistic steps underpinning these vaso-occlusive events are still 

debated. The most cited mechanisms include: i) loss of erythrocyte viscoelastic properties 

deriving from sickle haemoglobin (HbS) polymerisation, red blood cell (RBC) dehydration, 

and membrane rigidification,1,3,5-9 ii) activation of adhesion receptors on the vascular 

endothelium and/or erythrocyte membrane,1013 and iii) initiation of thrombosis by RBC-

derived microparticles (MPs) and the subsequent activation of platelets by thrombin and 

other coagulation factors.12-17 Vaso-occlusive processes may result in tissue hypoxia, 

ischaemia-reperfusion injury, organ damage and associated morbidities, and debilitating pain 

which results in significant suffering and may require medical treatment/hospitalization.18,19 

Sickle cell haemolysis, reduced sickle red cell lifespan, and anaemia can further aggravate 

clinical symptoms.20,21

While RBC dehydration,3,5,6,22 loss of membrane deformability3,23 and increased RBC/

endothelial cell adhesion10-12 undoubtedly contribute to SCD, an increasing number of 

researchers now propose that additional pathologic sequelae may arise from the weakening 

of the erythrocyte membrane, leading to discharge of MPs12,14,15,17 and free haemoglobin 

(Hb).15,24 In this hypothesis, accelerated denaturation of HbS25 hemichrome formation26,27 

and release of heme may collectively induce oxidative stress within the RBC.26,28,29 

Increased oxidative stress can then cause inhibition of RBC tyrosine phosphatases which 

normally prevent constitutive Band 3 tyrosine phosphorylation.30-33 Upon inhibition of these 

phosphatases, over-phosphorylation of Band 3 then induces global destabilisation of the 

erythrocyte membrane,34,35 accelerating intravascular haemolysis and MP release. The 

increased plasma haemoglobin and heme can ‘activate’ the vascular endothelium, causing 

expression of adhesion receptors (e.g., p-selectin, E-selectin and von Willebrand factor),10-12 

as well as sequestration of the vasodilator (NO),11,36-38 while the release of MPs can trigger 

intravascular thrombosis via activation of prothrombin.12,14,15,17 When initiated 

concomitantly with loss of RBC deformability and enhanced vaso-adhesion, the sequelae 

associated with membrane weakening can aggravate an already compromised blood flow, 

leading to micro-emboli and progressive tissue damage.
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In this paper, we explore the role of Band 3 tyrosine phosphorylation and consequent 

membrane weakening in the development of the symptoms in SCD. We first show that the 

extent of tyrosine phosphorylation of Band 3 correlates with the percentage of HbS in sickle 

erythrocytes, the concentration of cell-free Hb in the patient’s plasma, and the number of 

RBC-derived MPs in a patients’ peripheral blood. We next document that the blockade of 

tyrosine phosphorylation of Band 3 with tyrosine kinase inhibitors prevents the release of 

cell-free Hb and the discharge of RBC-derived MPs, while concomitantly enhancing sickle 

cell deformability, reducing sickle cell sickling at lower O2 pressures, and enhancing sickle 

cell flow through microcapillaries. Finally, we also establish that imatinib treatment 

suppresses adhesion of erythrocytes to heme-activated endothelium. Based on evidence from 

several labs that MPs,12,14-17 cell-free Hb,36,39,40 reduced sickle cell deformability, and 

enhanced sickle cell adhesion to the endothelium10-12,23,41 contribute to the pathology of 

SCD, we argue that Band 3 tyrosine phosphorylation inhibitors could constitute a potent 

therapy for treatment for SCD.

Methods

Processing of SCD blood samples

All sickle cell blood samples were obtained following informed consent using procedures 

approved by the local institutional review boards (IRBs). Venous blood was collected from 

patients (genotype SS or Sβ0) and healthy volunteers in EDTA-containing vacutainer tubes 

and maintained at 4°C until use. Samples were centrifuged at 800 rcf (relative centrifugal 

force) for ten minutes and plasma was removed for analysis of MPs and cell-free Hb. RBC 

pellets were washed three times with phosphate buffered saline, pH 7·4, containing 5 mM 

glucose (PBS-G) and the buffy coat was aspirated after each wash cycle.

Quantitation of Band 3 tyrosine phosphorylation

Washed RBCs were suspended at 30% haematocrit (Hct) in PBS-G and treated with either 5 

μM of a drug (imatinib, PRT062607 or R406) or vehicle (control) for 4 h at 37°C, shaking at 

50 rpm. The 5 μM drug concentration was determined from the minimum concentration of 

imatinib required to completely reverse Band 3 tyrosine phosphorylation within 4 h. RBC 

membranes were prepared and processed for western blotting as described in supplemental 

information. Band 3 tyrosine phosphorylation intensity was quantitated using image J 

software. To induce Band 3 tyrosine phosphorylation and membrane fragmentation in 

healthy erythrocytes, blood from healthy donors was washed and cells were suspended at 

30% Hct in PBS-G, containing either 5 μM imatinib or a vehicle of dimethyl sulfoxide 

(DMSO); ≤0·5% v/v to minimise impact of the vehicle on cells (see Fig S1), at 37°C for 1 h. 

After the 1h incubation, 2 mM sodium orthovanadate (OV) was added to both imatinib-

treated and untreated cells, and cells were incubated for 4 h at 37°C, while shaking at 1400 

rpm.

Quantitation of erythrocyte-derived microparticles and free plasma haemoglobin

Plasma from sickle cell samples was centrifuged two times at 2500 rcf for 15 min to remove 

platelets, and 100 μl supernatant, containing MPs, was incubated for 20 min on ice with 0·5 

μl mouse anti-human glycophorin A antibody (BD Biosciences #562938). To test if the MPs 
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are CD71 positive, 1·0 μl of CD71 antibody (BD biosciences #12-0711-82) was added 

alongside the glycophorin A antibody. Samples were diluted with 1 ml stain buffer (BD 

Biosciences #554656), transferred to BD Trucount™ tubes (BD Biosciences #340334) and 

analysed on Attune NxT Flow Cytometer, utilising a violet fluorescent trigger channel.42 

The absolute number of MPs was calculated as follows:

Absolute microparticles count =
((Glycophorin A positive events) ∕ (bead events))

× ((Number of trucount beads) ∕ Volume)

For evaluation of the effect of tyrosine kinase inhibitors on release of MPs, 500 μL sickle 

cells, suspended at 30% Hct in PBS-G, were treated for 1 h with the desired tyrosine kinase 

inhibitor or vehicle control, and shaken at 1400 rpm for 4 h. Newly released microparticles 

were separated from residual RBCs by centrifuging at 800 rcf for 10 min, collecting the 

supernatant, and quantitating the MPs as described above.

Cayman’s haemoglobin colorimetric assay was used to quantitate cell-free Hb according to 

manufacturer’s instructions.

Measurement of red blood cell deformability

Erythrocyte deformability was measured using Technicon™ Ektacytometer and plotted as 

elongation index versus shear stress. Data were acquired while accelerating the 

ektacytometer from 0 to 250 rpm and shear stress was calculated:

Shears stress
= (2π × viscoscity(poise) × rpm × radius of cylinder(cm)) ∕

(60 × gap between the two cylinders(cm))

Measurements of RBC flow through microcapillaries

The effect of imatinib on the rate of sickle cell flow through 5 μm × 6·5 μm microcapillaries 

at different oxygen pressures was measured using a high speed camera mounted onto an 

inverted microscope, focused on a microfluidic device through which sickle blood was 

flowed at constant pressure (1·6 psi), as described in Supplement Information and reference.
43

Oxygen gradient ektacytometry (oxygenscan)

To determine the point of sickling (PoS) upon deoxygenation, oxygenscans were performed 

using a Laser Optical Rotational Red Cell Analyzer, as described.44 Patient samples were 

washed and resuspended at 20% haematocrit in HBSS, modified with 10 mM HEPES and 

10 mM MgCl2, and incubated with 5 μM imatinib or DMSO for 4 h at 37 °C. RBCs of 300 × 

106 were added to 5 ml Oxylso solution (RR Mechatronics, Zwaag, the Netherlands) and 

loaded into the Lorrca where they were subjected to constant shear stress (30 Pa). 

Deformability was measured while partial pressure of oxygen (pO2) was gradually 

decreased from 150 mmHg to < 20 mmHg before reoxygenation with ambient air. The PoS 

was determined as the pO2 at which samples reached 95% of their initial deformability and 

began to sickle.
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Measurements of RBC adhesion to endothelial cell functionalised microchannels

Microfluidic channels were fabricated and incubated with fibronectin prior to coating with a 

monolayer of human umbilical vein endothelial cells (HUVEC) and human pulmonary 

microvascular endothelial cells (HPMECs), as described earlier.16,45 Two hours prior to 

analysis of RBC adhesion, adherent HUVECs and HPMECs were activated with 40 μM 

heme to induce expression of adhesion receptors.16 Freshly isolated sickle cells were 

simultaneously incubated in basal medium for 4 h and perfused through the microchannels 

at a physiological shear stress level of 1 dyne/cm2 in precisely controlled physiological 

hypoxia (SpO2 of 83%).16 The SpO2 level was chosen to be pathologically relevant to SCD, 

based on clinical studies.46 Non-adherent RBCs were washed away and adherent 

erythrocytes were counted (see details in Supplemental Information).

Statistical analysis

Data are reported as mean ± standard error of the mean (SEM) and F-test on linear 

regression. Statistical significance was set at a 95% confidence level for all tests (P < 0·05).

Results

To test the hypothesis that sickle cells are distinguished by increased tyrosine 

phosphorylation of Band 3, membrane weakening, and release of both cell-free Hb and MPs, 

we focused studies on RBCs from non-transfused children (age range 3–20 years, mean 9·3 

years; n = 48) with SCD – all undergoing hydroxycarbamide treatment. As shown in Fig. 

1A, the concentration of cell-free Hb in patient plasma was more than twice that of healthy 

volunteers, i.e. in agreement with previous studies.12,15,24,47 Moreover, the number of MPs, 

identified as glycophorin A positive particles of 0·1–1·0 μm diameter (Figure S2), were also 

more than twice as abundant in patients than in healthy volunteers (panel B), and therefore 

also consistent with previous observations14 by12,15,48 It is worth noting that the glycophorin 

A positive microparticles identified herein are CD71 negative (Figure S3), which indicates 

that the MPs observed are mainly derived from mature erythrocytes. Because release of MPs 

would be expected to render the membrane-depleted erythrocytes less deformable (due to 

their smaller surface to volume ratios and higher Hb concentrations2,3,5,23,41), the reduced 

deformability of SCD blood versus normal controls (panel C) was expected. Importantly, the 

nearly linear correlation between MP count and cell-free Hb in each patient’s blood sample 

(panel D) suggested a possible relationship between cell-free Hb and RBC-derived MPs. 

The weakening of the membrane by tyrosine phosphorylation of Band 3 could account for 

this correlation.

It has been frequently reported that oxidative stress leads to inactivation of erythrocyte 

tyrosine phosphatases,30,31,49 which in turn allow unimpeded tyrosine phosphorylation of 

Band 3 by constitutively active tyrosine kinases.30,35,50 Because this tyrosine 

phosphorylation induces an intramolecular interaction in Band 3, which causes dissociation 

of the spectrin-actin cortical cytoskeleton from the membrane,34,35 we hypothesised that 

oxidative stress deriving from premature HbS denaturation25,28,29 might initiate a 

phosphorylation cascade, which would lead to dissociation of the spectrin-based 

cytoskeleton from the membrane, causing membrane destabilisation and fragmentation. To 
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test this hypothesis, we compared tyrosine phosphorylation of Band 3 in sickle cells and 

healthy controls. As shown in Fig. 2A, tyrosine phosphorylation of Band 3 in healthy cells 

was almost undetectable, whereas phosphorylation in sickle cells was prominent. Evidence 

that phosphorylation in sickle cells was dependent on their levels of HbS is provided in 

panel B, where a positive correlation (Pearsons r = 0·70) and a significant linear 

‘relationship (P = 0·008) was observed between Band 3 tyrosine phosphorylation and the 

percentage of HbS in each patient’s sample.

Documentation that tyrosine phosphorylation of Band 3 was likely also related to release of 

Hb into plasma was demonstrated by a significant correlation (P = 0·02, Pearson’s r = 0·63) 

between these two parameters (panel C). Furthermore, an indication that Band 3 tyrosine 

phosphorylation was related to the release of MPs is shown in panel D (Pearson’s r = 0·72, P 
= 0·01). These data suggest that elevated tyrosine phosphorylation of Band 3 in sickle cells 

is related to the membrane destabilisation that causes release of MPs and free Hb.

To further test the hypothesis that Band 3 tyrosine phosphorylation might promote release of 

Hb and MPs from sickle erythrocytes, we explored the effect of imatinib on tyrosine 

phosphorylation of Band 3. As shown in Fig. 3A, healthy erythrocytes displayed low levels 

of Band 3 phosphorylation, whereas sickle erythrocytes exhibited higher levels of 

phosphorylation. Moreover, treatment of sickle erythrocytes with 5 μM imatinib lowered 

their Band 3 tyrosine phosphorylation to levels similar to control cells, demonstrating that 

imatinib can inhibit the natural tyrosine phosphorylation of Band 3 in sickle cells. As 

documented in panels B and C, imatinib treatment also reduces the release of cell-free Hb 

and MPs, suggesting that Band 3 phosphorylation is directly related to both characteristics 

of sickle blood. Importantly, although the tyrosine phosphorylation of Band 3 and 

accompanying Band 3 conformational changes are readily reversible, Hb and MP release are 

not reversible.33-35

Because imatinib inhibits several kinases besides Syk,51 the question arose whether other 

more Syk-specific inhibitors might similarly suppress Band 3 tyrosine phosphorylation in 

sickle cells. As shown in Fig. 3, incubation of sickle cells with either 5 μM PRT062607 

(panel D) or R406 (panel E) resulted in an analogous diminution of Band 3 tyrosine 

phosphorylation. Moreover, the same Syk-specific inhibitors also suppressed MP and Hb 

release from both sickle cells (Figure S4) and o-vanadate-treated healthy cells (Figure S5). 

These data demonstrate that Syk-specific inhibitors also suppress the tyrosine kinase that 

phosphorylates Band 3 in SCD, suggesting that at least one of the kinases that 

phosphorylates Band 3 in SCD is Syk.

Because defects in molecular bridges connecting the erythrocyte membrane to its cortical 

spectrin-actin cytoskeleton have been shown to compromise erythrocyte deformability,34,35 

we next examined whether inhibition of Band 3 tyrosine phosphorylation might restore the 

disrupted bridges and thereby improve sickle cell deformability. Firstly, sickle blood samples 

were incubated for 4 h in the presence or absence of 5 μM imatinib and then examined by 

ektacytometry for changes in cell deformability. As shown in Fig. 4A, although the 

deformability of sickle cells was lower than that of healthy controls, incubation with 

imatinib improved their deformability. Secondly, the deformability of sickle erythrocytes 
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under constant shear stress was examined during deoxygenation and re-oxygenation of the 

sickle cells.44 As shown in Fig. 4B, sickle RBCs pre-incubated with imatinib exhibited 

higher baseline deformability, initiated sickling only when exposed to lower pO2 (point of 

sickling 5%), and displayed improved minimal deformability (EImin, panel B) compared to 

untreated cells from the same patient. Thirdly, because pO2-regulated RBC capillary flow 

velocity relates mechanistically to cell deformability,43 we studied the flow of sickle 

erythrocytes through microcapillaries at controlled pO2 (panel C). Relative to untreated 

cells, imatinib-treated cells were found to experience a significant increase in capillary 

velocity, which improved as the concentration of imatinib was increased (panel C). Since 

similar observations were obtained at all other O2 pressures examined, we conclude that 

imatinib improves the flow of sickle cells through microcapillaries.

To directly demonstrate that tyrosine phosphorylation of Band 3 promotes membrane 

weakening and release of cell-free Hb and RBC membrane-derived MPs, we induced 

tyrosine phosphorylation of Band 3 in healthy erythrocytes by treatment with the tyrosine 

phosphatase inhibitor, orthovanadate, and then examined release of cell-free Hb and MPs in 

the presence and absence of imatinib. As shown in Fig. 5, treatment of control RBCs with 

orthovanadate induced tyrosine phosphorylation of Band 3 (panel A), as well as the release 

of cell-free Hb (panel B) and the discharge of MPs (panel C) in a manner that could be 

inhibited by imatinib. These data demonstrate that tyrosine phosphorylation of Band 3 

constitutes the cause of Hb and MP release and that imatinib prevents these pro-embolic 

processes by inhibiting Band 3 tyrosine phosphorylation.

Finally, we examined the effect of imatinib on the adhesion of flowing sickle cells to heme-

activated endothelial cells. As seen in representative images of adherent RBCs in Fig. 6, 

untreated sickle cells (panels A and B) are more adherent to heme-activated HUVECs and 

HPMECs under hypoxia than imatinib-treated sickle cells (panels C and D). The mean 

adhesion of naive sickle cells was 383 ± 57 (control), compared to 171 ± 30 for imatinib-

exposed sickle cells (panel E, n = 13 patients; P < 0·001, paired t-test). These data suggest 

that imatinib can further reduce vaso-occlusive events by suppressing adhesion of sickle 

cells to activated endothelial cells.

Discussion

Multiple publications have reported that oxidative stress is elevated in sickle cells,11,28,29 

that this oxidative stress inhibits erythrocyte tyrosine phosphatases,26,30,31,50 and that 

inhibition of erythrocyte tyrosine phosphatases leads to elevated tyrosine phosphorylation of 

Band 3.34,34,35 We document here that elevated tyrosine phosphorylation of Band 3 causes 

destabilisation of the membrane, promoting the release of both MPs and cell-free Hb.34,35,52 

Recognising that erythrocyte-derived MPs14 (as previously observed by 12,15,48) and cell-

free Hb12,15,47 are pro-embolic, we formulated the hypothesis that elevated oxidative stress 

in sickle cells should sequentially induce: i) heightened tyrosine phosphorylation of Band 

3,30,32,34,53,54 ii) destabilisation of the sickle cell membrane,34,35 iii) release of MPs and 

cell-free Hb,4,12,14,15,47 iv) activation of adhesion receptors on the vascular endothelium by 

the released cell-free Hb and heme,10,11,14,16 v) stimulation of micro-embolisms by the 

prothrombotic MPs,4,12,14,15 vi) enhancement of adhesive properties of sickle cells,10-13,39 
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and vii) induction of vaso-occlusive events due to concurrent activation of the above 

processes. The data presented here provide strong evidence that these sequelae do in fact 

occur in SCD and that Band 3 tyrosine phosphorylation is critical for their occurrence.

In addition to the effects of inhibitors of Band 3 tyrosine phosphorylation on SCD symptoms 

outlined above, we also envision that these inhibitors may exert other unanticipated positive 

effects on SCD. Although inhibition of MP and HbS/heme release can be predicted to 

reduce micro-embolic events, the concomitant reduced blebbing/loss of the erythrocyte 

membrane area should also improve sickle cell deformability by maintaining a higher cell 

surface to volume ratio, thereby improving the flow of sickle erythrocytes (Fig. 4A, C). This 

maintenance of sickle cell volume should also suppress the cell’s tendency to sickle, since 

the delay in sickling is related to the 30th power of HbS concentration (i.e. a change in only 

8% in RBC volume will cause a 10-fold change in the lag time before sickling8,9), and 

prevention of membrane loss will prevent the associated increase in cytoplasmic HbS 

concentration (Fig. 4B). The observed decline in sickle cell adhesiveness upon treatment 

with imatinib (which must derive from an effect on the erythrocyte membrane since the 

endothelial cells were not exposed to imatinib) should also improve sickle cell flow through 

the vasculature, and this improved flow should reduce the time each sickle cell remains 

deoxygenated, thereby further decreasing the tendency to sickle (Fig. 6).8,9 Furthermore, 

while our studies did not examine sickle cell lifespan, it’s predictable that inhibition of Band 

3 phosphorylation should also improve sickle cell survival, since prevention of membrane 

loss should prolong maintenance of RBC flexibility and thereby reduce its susceptibility to 

phagocytosis by macrophages55,56 and hence improve SCD-associated anaemia.

Erythrocyte deformability is thought to depend on three parameters: i) the cell’s surface to 

volume ratio, ii) the viscosity of the cell’s cytoplasm (which is determined by the 

concentration of Hb), and iii) the intrinsic deformability of the RBC plasma membrane3,5 As 

shown in Fig. 4, both sickle cell deformability and sickle blood rheology are improved 

within 4 h of exposure to imatinib. Because significant changes in either RBC volume or 

surface to volume ratio did not occur over this short time span, the rapid improvement in 

RBC rheology must have derived from an enhancement in membrane deformability. These 

data therefore suggest that restoration of the disrupted bridges between Band 3 and the 

spectrin-actin cytoskeleton by imatinib can improve membrane deformability. The fact that 

exposure of the isolated sickle cells to imatinib also reduced their tendency to bind heme-

activated human endothelial cells (Fig. 6) also suggests that imatinib has a positive effect on 

sickle cell membrane properties.

With more potent kinase inhibitors readily available,34 the question naturally arises why we 

selected imatinib to test involvement of Band 3 phosphorylation in SCD. Following initial 

observations that inhibition of Band 3 phosphorylation by tyrosine kinase inhibitors 

suppressed release of cell-free Hb and MPs, it seemed logical to explore whether any SCD 

patients might have fortuitously been treated for another disease with such inhibitors. Upon 

screening FDA-approved tyrosine kinase inhibitors for inhibition of Band 3 tyrosine 

phosphorylation, we found that imatinib was an effective inhibitor at clinically relevant 

concentrations. We then looked for reports in the literature where chronic myelogenous 

leukaemia (CML) patients who coincidentally suffered from SCD might have been treated 
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with imatinib. We found two anecdotal publications that essentially reported the same 

observation, namely that administration of imatinib successfully treated the symptoms of 

SCD in their CML patient.57,58 Although neither author linked his/her findings to any RBC 

property, their results nevertheless suggest that an inhibitor of Band 3 tyrosine 

phosphorylation could constitute a therapy for SCD. While chronic use of imatinib should 

not be considered for the treatment of SCD in children because it can stunt a child’s growth,
59,60 a well-designed short term clinical evaluation of imatinib in a more mature population 

could provide a proof-of-concept test which would inform whether a search for a more 

selective inhibitor of Band 3 tyrosine phosphorylation might be worthwhile.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Quantitation of cell-free Hb and erythrocyte membrane-derived MPs in blood from patients 

with SCD. The concentration of cell-free Hb in the plasma (A) and numbers of erythrocyte 

membrane-derived MPs (B) were evaluated in both patients with SCD and healthy controls 

(n = 48). Erythrocyte elongation index as a function of increasing shear stress (i.e. 

deformability) was also compared for SCD and control blood samples (C, representative 

sample of three different healthy controls and five different SCD patients). A plot of free 

plasma Hb versus MP count was constructed to explore a possible common mechanism 

leading to their production (D). (Error bars are expressed as SEM, *** denotes P ≤ 0·005 

computed from one-way ANOVA or student t-test; Pearson’s r = 0·65, and P = 0·0001 in 

panel D). (Hb, haemoglobin; MP, microparticle; SCD, sickle cell disease; SEM, standard 

error of the mean).
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Fig 2. 
Analysis of the relationship between Band 3 tyrosine phosphorylation, cell-free Hb and MP 

count in sickle cell blood samples. A) Representative anti-phosphotyrosine immunoblot of 

Band 3 in erythrocyte membranes from a healthy control (C) and a sickle cell patient (SCD) 

treated with hydroxycarbamide. The correlation between Band 3 tyrosine phosphorylation 

and percentage of HbS in the blood sample (B), cell-free Hb in the plasma (C), and RBC 

membrane-derived MPs (D), is also plotted. (Statistical data from F-tests are as indicated on 

the respective figures). (Hb, haemoglobin; MP, microparticle; HbS, sickle haemoglobin; 

RBC, red blood cell).
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Fig 3. 
Effect of treatment of sickle cells with imatinib or other tyrosine kinase inhibitors on: A) 

tyrosine phosphorylation of Band 3 in healthy erythrocytes (control), erythrocytes from a 

SCD-T patient, and erythrocytes from non-SCD-T patients treated with hydroxycarbamide, 

B) release of cell-free Hb (n = 5), and C) discharge of RBC membrane-derived MPs from 

non-transfused sickle cell blood samples in vitro (n = 6). Panels D and E illustrate the effect 

of two Syk-specific inhibitors on tyrosine phosphorylation of Band 3 in erythrocytes from 

healthy controls, and non-SCD-T patients on hydroxycarbamide. Whole blood samples from 

healthy controls or SCD patients were washed three times in PBS-G and incubated for 4 h at 

37°C in PBS-G, containing or lacking 5 μM imatinib, or 5 μM PRT062607, or 5 μM R406 

while shaking at 50 (A), or 1400 (B-E) rpm prior to analysis. Note that the sickle cell patient 

receiving transfusions (SCD-T) exhibits no increase in Band 3 tyrosine phosphorylation. 

(Error bars are expressed as SEM, *denotes P ≤ 0·05, computed from one-way ANOVA). 

(SCD-T, transfused sickle cell disease; Hb, haemoglobin; RBC, red blood cell; MP, 

microparticle; PBS-G, phosphate-buffered saline with glucose; SEM, standard error of the 

mean).
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Fig 4. 
Effect of imatinib on the deformability and rheology of sickle cells at different oxygen 

pressures. A) The deformability of healthy erythrocytes and washed sickle cells is 

determined by ektacytometry in the presence and/or absence of 5 μM imatinib. B). A 

representative scan of inhibition of sickling after treatment of blood from SCD patients with 

imatinib or DMSO (vehicle control) as detected by Oxygenscan. Elmax, point of sickling 

(PoS5%) and Elmin are recorded as the sample is deoxygenated and then reoxygenated after 

4 h incubation with 5 μM imatinib or an equal volume of DMSO carrier. Note both the left-

shift in PoS5% and higher Elmin in sickle RBCs following incubation with imatinib, which 

are indicative of improved deformability of the cells. C) Washed sickle or healthy cells were 

incubated for 4 h at 37°C in the indicated concentrations of imatinib and then equilibrated at 

the indicated partial pressures of oxygen, prior to analysis of flow rates. [***denotes P ≤ 

0·05, figures are representative of three (panel A) and five (panels B and C) different patient 

samples]. (SCD, sickle cell disease; DMSO, dimethyl sulfoxide; Elmax or Elmin, Eadie-

Hofstee linearisation maximum or minimum deformability).
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Fig 5. 
Effect of imatinib on release of cell-free Hb and membrane-derived MPs from healthy RBCs 

following treatment with the tyrosine phosphatase inhibitor OV. Effect of sodium OV and 

imatinib on (A) Band 3 tyrosine phosphorylation, (B) release of cell-free Hb, and (C) 

discharge of membrane-derived MPs from healthy HbAA RBCs. Cells were incubated with 

the indicated concentrations of imatinib and OV for 4 h with shaking at 1400 rpm prior to 

analysis. (Error bars are expressed as SEM, * denotes P ≤ 0·05, **denotes P ≤ 0·025, 

***denotes P ≤ 0·01 computed from one-way ANOVA) (OV, orthovanadate; Hb, 

haemoglobin; MPs, microparticles; RBC, red blood cell; SEM, standard error of the mean).
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Fig 6. 
Sickle RBC adhesion to heme-activated endothelial cells under physiologic hypoxia in 

microfluidic channels in vitro. Representative images of adherent RBCs to heme-activated 

endothelial cells are also shown in the control group (A, B on HUVECs and HPMECs) and 

in the imatinib-treated group (C, D on HUVECs and HPMECs). Arrows indicate RBCs 

adherent to endothelium. (E) Sickle RBC adhesion to heme-activated endothelial cells is 

significantly reduced by imatinib (5 μM) treatment, compared with control (vehicle, DMSO) 

treatment (N = 13 subjects, mean adhesion of untreated vs. imatinib-treated sickle cells ± 

SEM = 383 ± 57 vs. 171 ± 30, P < 0·001, paired t-test).). (RBC, red blood cell; HUVEC, 

human umbilical vein endothelial cells; HPMEC, human pulmonary microvascular 

endothelial cells).
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