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Summary

Mechanistic target of rapamycin (mTOR) has been shown to play an important role in red blood 

cell physiology, with inhibition of mTOR signalling leading to alterations in erythropoiesis. To 

determine if mTOR inhibition would improve anaemia in sickle cell disease (SCD), mice with 

SCD were treated with the dual mTORC1/2 inhibitor, INK128. 1 week after daily oral drug 

treatment, erythrocyte count, haemoglobin, and haematocrit were all significantly increased while 

reticulocyte counts were reduced. These parameters remained stable during 3 weeks of treatment. 

Similar effects were observed following oral treatment with the mTORC1 inhibitor, sirolimus. 

Sirolimus treatment prolonged the lifespan of sickle cell erythrocytes in circulation, reduced 

spleen size, and reduced renal and hepatic iron accumulation in SCD mice. Following middle 

cerebral artery occlusion, stroke size was reduced in SCD mice treated with sirolimus. In 

conclusion, mTOR inhibition is protective against anaemia and organ damage in a murine model 

of SCD.
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 Introduction

Sickle cell disease (SCD) is a relatively common inherited blood disorder affecting millions 

worldwide (GBD 2013 Mortality and Causes of Death Collaborators 2015) that occurs in 

approximately 1 out of every 500 African American births (https://www.nhlbi.nih.gov/news/
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spotlight/fact-sheet/sickle-cell-disease-research-care). When deoxygenated, the mutated 

haemoglobin tetramer polymerizes to form a network of fibrous polymers that cause 

erythrocytes to acquire a sickle shape (Savitt and Goldberg 1989). The rigid, sickled 

erythrocytes are subject to premature destruction resulting in haemolytic anaemia (Platt, et al 
1991). Sickled erythrocytes also lead to microvascular occlusions, which lead to painful 

crises and end organ damage (Platt, et al 1991), including stroke(Platt, et al 1991). In 

addition to supportive treatment for acute complications, current therapies for SCD include 

blood transfusions (DeBaun, et al 2014) and treatment with hydroxycarbamide (also termed 

hydroxyurea; Lanzkron, et al 2008). Repeated blood transfusions have been shown to reduce 

the risk of recurrent stroke although iron overload with haemochromatosis is a long-term 

complication (Aliyu, et al 2006, Dos Santos, et al 2012). Prolonged treatment with 

hydroxycarbamide also appears to be beneficial in preventing some SCD complications 

(Lanzkron, et al 2008).

In addition to peripheral destruction of erythrocytes, impaired bone marrow erythropoiesis 

may contribute to anaemia and morbidity in SCD (Wu, et al 2005). Additional treatments are 

needed to further reduce the health burden of SCD patients. Given that the mechanistic 

target of rapamycin (mTOR) has been shown to affect erythropoiesis and to improve 

anaemia in some circumstances (Gan, et al 2008, Knight, et al 2014), the aim of this study 

was to test the effect of mTOR inhibition on anaemia and organ pathology in a murine 

model of SCD.

 Methods

 Mice

Mice carrying the homozygous sickle cell mutation (Hbbhβs/hβs) (Wu, et al 2006) along with 

strain-matched controls (Hbb+/+), as well as wild-type (WT) C57BL6/J male mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME). Eight-week-old mice were fed a 

standard laboratory rodent diet (#5001, TestDiet, Richmond, IN) in specific pathogen-free 

facilities. SCD and control experimental mice were generated by bone marrow 

transplantation (BMT) from Hbbhβs/hβs mice or Hbb+/+ donors to WT C57BL6/J male 

recipients. Non-bone marrow-transplanted SCD and control experimental mice were also 

used.

 Bone marrow transplantation

BMT was performed as previously described (Luo, et al 2012). Briefly, donor mice for BMT 

were euthanized at 8-10 weeks of age and bone marrow was then flushed from femurs and 

tibias. Recipient mice were irradiated with 650 rads × 2 separated by a 3-h interval (total of 

1300 rads). Each recipient mouse was administered a 200 μl bone marrow suspension in 

phosphate-buffered saline (PBS: 2 × 107cells/ml) via tail vein injection. Acid water (6 mM 

HCl, pH=2.5) was provided to animals beginning 4 days before BMT to 4 weeks following 

BMT. Recipient mice were housed in a specific pathogen-free animal facility.

Wang et al. Page 2

Br J Haematol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://https://www.nhlbi.nih.gov/news/spotlight/fact-sheet/sickle-cell-disease-research-care


 Drug treatment

INK128 (Cayman Chemical, Ann Arbor, MI) was dissolved in dimethyl sulfoxide (DMSO) 

and then diluted with PBS to 0.1 mg/ml. Mice were gavaged daily with 1 mg/kg INK128. 

Sirolimus (Pfizer, New York, NY) was suspended in PBS at a concentration of 0.5 mg/ml. 

Mice were gavaged daily with 5 mg/kg sirolimus.

 Haemoglobin electrophoresis

Haemoglobin electrophoresis was performed as previously described (Campbell, et al 2011). 

Briefly, 20 μl of whole blood, collected by retro-orbital bleeding, was used for analysis on a 

Bio-Rad Variant II Haemoglobin Testing System using an ion-exchange high performance 

liquid chromatography (HPLC) column (Bio-Rad, Hercules, CA). Separated haemoglobin 

fractions were detected by absorbance at 415 nm.

 Cell counting

Complete blood counts were measured in the Unit for Laboratory Animal Medicine core at 

the University of Michigan using a Hemavet 950 haematology system (Drew Scientific, 

Miami Lakes, FL). Reticulocytes were manually counted after staining with New Methylene 

Blue “N” Stain (RICCA Chemical Company, Arlington, TX), according to manufacturer's 

instructions and expressed as a percentage of total erythrocytes.

 Erythrocyte lifespan measurement

For analysis of erythrocyte lifespan, biotin labelling was used with intravenous injection of 

50 mg/kg Sulfo-NHS-Biotin (Life Technologies, Grand Island, NY) to produce a pulse-

label. Flow cytometry was then performed to determine decay of biotinylated cells and RBC 

lifespan at 4-day intervals.

 Transfusion experiment

Sickle blood cells from sirolimus or PBS-treated SCD(BMT) donor mice were biotinylated 

with intravenous injection of 50 mg/kg Sulfo-NHS-Biotin (Life Technologies, Grand Island, 

NY). After terminal bleeding, the red blood cells were isolated by centrifugation at 1000 

rpm for 10 min. WT(BMT) recipient mice orally treated with sirolimus (5 mg/kg in PBS, 

gavage) or PBS for one week were transfused with 300 μl erythrocytes at haematocrit of 

50%. The percentage of biotinylated cells was monitored with flow cytometry in the 

following days. The percentage of biotinylated cells at 1 h after transfusion was set at 100% 

for each mouse.

 Erythrocyte in vitro culture

Sickle red blood cells were isolated by centrifugation at 1000 rpm for 10 min. 2 ml of 

reticulocytes (2 × 106 /ml) were cultured for 48 h in 24-well plates with Iscove's modified 

Dulbecco's medium, 30% heat-inactivated fetal bovine serum, 1% deionized bovine 

albumin, 100 units/ml penicillin G, 100 μg/ml streptomycin, and 0.1 mM α-thioglycerol in 

the presence of sirolimus (10 μM) or vehicle control (Koury, et al 2005). CD71 expression 

level was measured with flow cytometry. Four wells were analysed for each group and the 

experiment was repeated three times.
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 Erythroid cell analysis in blood, bone marrow and spleen

Blood was collected from the retroorbital sinus and anticoagulated with 3.2% buffered 

sodium citrate. Erythroid cells were isolated by centrifugation at 1000 rpm for 10 min. Bone 

marrow extracted from femur was passed through a 25-gauge needle 30 times to obtain a 

single cell suspension. A section of spleen was cut and ground though a 100 μm cell strainer 

and passed through a 25-gauge needle 30 times to produce a single cell suspension. Cells 

were washed in PBS+2% fetal clalf serum (FCS), and then resuspended in PBS+2% FCS for 

flow cytometry analysis. In blood, CD71-positive erythrocytes were expressed as percentage 

of TER119 positive cells (erythrocytes). Erythroid cells at different developmental stages, 

including proerythroblasts (ProE, Ter119medCD71hi), early basophilic erythroblasts (Ery A , 

Ter119hiCD71hi), and late basophilic erythroblasts (EryB, Ter119hiCD71med) were detected 

and expressed as percentage of total bone marrow or spleen cells (Liu, et al 2006).

 Flow cytometry

Fluorescein isothiocyanate (FITC)-conjugated Avidin (Life Technologies) was used for 

biotinylated cell detection. Biotin anti-mouse CD71 antibody (Biolegend, San Diego, CA), 

FITC-conjugated Avidin (Life Technologies) and allophycocyanin/cyanin 7 (APC/Cy7) anti-

mouse TER-119/erythroid cells antibody (Life Technologies) were used to measure the 

maturation status of the cells. Cell counts of 2 × 106 in 200 μl PBS+2% FCS were incubated 

with fluorochrome-conjugated antibodies for 30 min followed by washing once in PBS+2% 

FCS. Flow cytometry was performed with a Gallios Flow Cytometer (Beckman Coulter, 

Indianapolis, IN).

 Splenectomy

Mice were anesthetized with 2% isoflurane. A 1.5-2 cm laparotomy was made at the left 

lateral abdomen. The spleen was gently trapped and pushed free of adjacent tissues. A single 

knot of 6-0 nylon suture was used to tie off the splenic artery and another knot was used to 

tie off the efferent vein. Connective tissue was then cut away and the spleen was removed. 

The musculoperitoneal layer was closed with 6.0 nylon sutures and the skin was closed with 

interrupted 5-0 nylon sutures. Animals were placed on a heating pad until they were 

completely awake. 2 weeks following splenectomy, mice were bled for complete blood 

count measurement.

 Tissue iron staining

For analysis of tissue iron, tissues were fixed in neutral-buffered formalin, and then 

dehydrated in 90% and then 70% ethanol, embedded in paraffin, and 6-μm thick sections 

cut. Iron deposition was determined with the Iron Stain Kit (Sigma-Aldrich, St Louis, MO). 

Three fields of each section were photographed and then percent area stained was calculated 

with automated computer software (ImageJ, National Institutes of Health, Bethesda, MD).

 Stroke model

Stroke was induced by photochemical-mediated injury to the middle cerebral artery (MCA) 

similar to that previously described (Luo, et al 2014, Su, et al 2008) except that MCA 

exposure to the laser was performed through the parietal cranium after the left temporal 
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muscle was transected and peeled back to expose the cranium. Rose Bengal (50 mg/kg) was 

injected via the tail vein while a 1.5-mW green light laser (540 nm) was applied to the 

middle cerebral artery for 30 min to induce thrombotic occlusion. The temporal muscle and 

skin were then sutured back in place. At 72 h later the brains were harvested, sectioned and 

stained with 2% 2, 3, 5-triphenyltetrazolium chloride (TTC) for infarct area measurement.

 Statistics

Values are expressed as mean ± standard error of the mean. The statistical significance of 

differences between two groups was determined by the student 2-tailed t test. For multiple 

comparisons, results were analysed using two-way ANOVA, followed by Bonferroni post-

test analysis or one-way ANOVA, followed by Dunnett post-test analysis if compared with 

the same group. P<0.05 was considered significant.

 Ethics Statement

All procedures complied with the Principles of Laboratory and Animal Care established by 

the National Society for Medical Research and were approved by the University of Michigan 

Committee on Use and Care of Animals.

 Results

 Effect of mTOR inhibition on anaemia in SCD mice

To test the effects of combined mTORC1 and mTORC2 inhibition in a murine model of 

SCD, we used the dual mTORC1/2 inhibitor, INK128, beginning 10 weeks after BMT. 

Following 1 week of daily oral gavage with either PBS or INK128 (1 mg/kg), mice treated 

with INK128 showed significantly higher erythrocyte counts, haemoglobin (Hb) and 

haematocrit (Hct), along with reduced reticulocyte counts (Figure 1A-D).

Treatment with the mTORC1 inhibitor, sirolimus, for 1 week with daily oral gavage (5 mg/

kg), demonstrated similar beneficial effects on anaemic parameters compared to the PBS-

treated group (Figure 1A-D). In contrast to SCD(BMT) mice, WT(BMT) mice treated with 1 

week of sirolimus showed no significant difference in erythrocyte counts, Hb or Hct when 

compared to mice treated with PBS (Figure 1E-H). Following a more prolonged treatment 

regimen with INK128 or sirolimus (3 weeks), differences in anaemic parameters between 

drug-treated and PBS-treated SCD(BMT) mice persisted and remained similar to the 1-week 

treatment course (Figure 1A-D). No differences were observed in erythrocyte counts, Hb or 

Hct in WT(BMT) mice treated with 3 weeks of sirolimus compared to PBS (Figure 1E-H).

To exclude the possibility that mTOR inhibition was affecting late marrow-related events 

post-BMT that may only be relevant in the BMT model, we tested mTOR inhibition in non-

transplanted SCD mice purchased from Jackson Laboratory (Stock Number:013071) along 

with strain-matched controls. Following 3 weeks of oral sirolimus treatment at 5 mg/kg/ day, 

erythrocyte counts, Hb and Hct increased to a similar extent as observed in the SCD(BMT) 

mice (Figure 1I-L), demonstrating that the effects of mTOR inhibition are not specific to 

BMT mice.
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To determine whether the apparent beneficial effect of mTOR inhibition on anaemia was 

associated with a reduction in spleen weight, spleens were weighed from SCD(BMT) mice 3 

weeks after treatment with sirolimus or INK128. Spleens from mice treated with either 

sirolimus or INK128 weighed less than spleens from PBS-treated mice while no differences 

in total body weight were observed between the groups (Table I).

 Effect of sirolimus treatment on fetal haemoglobin and erythrocyte lifespan in SCD mice

Sirolimus has been shown to increase fetal haemoglobin (HbF) in erythrocytes in vitro 
(Mischiati, et al 2004). To determine whether effects of mTOR inhibition on anaemia and 

erythrocyte turnover were due to increases in HbF, levels were measured in SCD(BMT) mice 

3 weeks after treatment with sirolimus or PBS. The percentage of HbF was not different 

between sirolimus-treated and PBS-treated mice (1.92 ± 0.09% vs 1.89 ± 0.07%, 

respectively, p=0.76), indicating that effects on HbF are not the mechanism by which 

sirolimus improves anaemia in SCD mice.

To determine whether the effect of mTOR inhibition on anaemia in SCD was associated with 

increased erythrocyte survival, biotin was injected in a pulse manner to label blood cells and 

the percentage of labelled cells was monitored with flow cytometry. Treatment with 

sirolimus or PBS in SCD(BMT) mice was initiated 1 week prior to biotin injection and 

continued throughout the monitoring phase. Erythrocyte lifespan was significantly 

prolonged in SCD(BMT) mice treated with sirolimus compared to mice treated with PBS. 

There was no effect of sirolimus treatment on erythrocyte lifespan in WT(BMT) mice 

compared to PBS treatment (Figure 2A).

To further clarify the target of sirolimus, sickle red blood cells from sirolimus or PBS-

treated SCD(BMT) donor mice were labelled with biotin, isolated and then transfused into 

sirolimus or PBS-treated WT(BMT) recipient mice. The percentage of labelled cells was 

monitored with flow cytometry. In recipient mice treated with sirolimus, labelled sickle red 

blood cells survived longer, regardless of the donor source, compared to recipient mice 

treated with PBS (Figure 2B) suggesting that sirolimus targets the peripheral circulating 

erythroid cells.

 Effect of sirolimus treatment on erythroid maturation in SCD mice

To further study the potential of sirolimus to promote maturation of peripheral sickle 

reticulocytes, erythrocytes from SCD(BMT) mice were isolated and cultured in vitro in the 

presence of sirolimus or vehicle control. After 48 h, CD71 expression was analysed with 

flow cytometry. Mean florescence intensity (MFI) was reduced on cells treated with 

sirolimus, indicating a more mature status (Figure 3A). Consistently, peripheral CD71+ cells 

were reduced in SCD(BMT) mice treated with sirolimus for 1 week compared to SCD(BMT) 

mice treated with PBS. (Figure 3B).

mTOR pathways are essential to cell growth and proliferation, and mTOR inhibition may 

therefore suppress bone marrow erythropoiesis (Aliyu, et al 2006), (Dos Santos, et al 2012). 

To study erythropoiesis in our SCD(BMT) mice, bone marrow cells were isolated and 

analysed for haematopoietic progenitor cells using flow cytometry following 1 week of 

treatment. The percentage of ProE, EryA and EryB was increased in bone marrow from 
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SCD(BMT) mice compared to WT(BMT) mice, however, sirolimus treatment of SCD(BMT) 

mice had no effect on these cell populations (Figure 3C-E). Analysis of erythropoietic 

progenitor cells was also performed from spleens. The percentage of ProE, EryA and EryB 

of splenic cells was increased in SCD(BMT) mice compared with WT(BMT) mice while 

sirolimus treatment only reduced the ratio of EryB in SCD(BMT) mice (Figure 3F-H).

To further explore the role of the spleen in the pathology of sickle cell anaemia, splenectomy 

was performed in SCD(BMT) mice. Anaemia was not improved in SCD(BMT) mice 2 weeks 

after splenectomy (Figure 4), indicating the spleen is not a relevant target organ for sirolimus 

with regard to the improvement of anaemia in SCD.

 Effect of sirolimus treatment tissue iron deposition in SCD mice

To determine whether sirolimus treatment affected tissue iron deposition, iron staining was 

performed on sections of liver and kidney from SCD(BMT) mice treated with PBS or 

sirolimus for 3 weeks. Iron deposition in WT(BMT) was not detectable (data not shown). Iron 

staining was reduced in livers (Figure 5A, C) and kidneys (Figure 5B, D) from mice treated 

with sirolimus compared to PBS. Iron staining in the kidneys was confined to the tubules 

within the renal cortex (Figure 5B).

 Effect of sirolimus treatment on stroke volume in SCD mice

To further determine whether the apparent beneficial effects of sirolimus on anaemia in SCD 

might lead to other beneficial effects related to end organ damage, we induced stroke in mice 

treated with sirolimus or placebo. SCD(BMT) and WT(BMT) mice were treated with daily 

sirolimus or PBS for 1 week prior to stroke induction. The infarct area was increased in 

SCD(BMT) mice compared to WT(BMT) mice while stroke size was reduced in SCD(BMT) 

mice treated with sirolimus compared with PBS-treated SCD(BMT) mice (Figure 5E). No 

effect of sirolimus on stroke size was observed in WT(BMT) mice (Figure 5E).

 Discussion

mTOR activity has been previously implicated in erythropoiesis (Gan, et al 2008, Knight, et 
al 2014). Both activation and inhibition of mTOR activity may contribute to anaemia (Gan, 

et al 2008, Knight, et al 2014). Ineffective erythropoiesis due to increased mTOR signalling 

has also been demonstrated in FOXO3 deficiency (Zhang, et al 2014). In β-thalassaemic 

mice, sirolimus treatment reversed the defect in erythropoiesis leading to enhanced erythroid 

cell maturation and less severe anaemia (Zhang, et al 2014). Other investigators have shown 

that chronic sirolimus treatment in rats leads to erythrocyte microcytosis without anaemia 

(Diekmann, et al 2012), while in humans, the effect of chronic sirolimus treatment on 

anaemia is controversial. For example, one study showed a higher incidence of anaemia in 

patients scheduled to undergo renal transplantation that were treated with sirolimus (Ekberg, 

et al 2010) while another study showed that anaemia correlates most with allograft 

dysfunction in renal transplant patients (Friend, et al 2007).

Sickle cell anaemia has been characterized as a disease in which ineffective erythropoiesis 

may contribute to disease severity (Wu, et al 2005). As ineffective erythropoiesis may be a 

therapeutic target in SCD, we hypothesized that inhibition of mTOR would be beneficial. To 
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test this hypothesis we used a murine model of SCD because murine models of SCD are 

available that mimic many of the abnormalities observed in humans with SCD (Ryan, et al 
1997), (Paszty, et al 1997), (Nagel 1998). BMT from a donor SCD mouse to WT recipients 

can be used to generate large numbers of age and sex-matched SCD mice on a relatively 

homogenous genetic background.

In this study, sirolimus treatment improved anaemia in SCD mice after just 1 week of 

treatment. Although sirolimus has been shown to upregulate HbF in erythrocytes in vitro 
(Mischiati, et al 2004), an effect of sirolimus on HbF after in vivo treatment was not 

observed in this study, indicating a distinct mechanism related to improved anaemia. 

Erythrocyte lifespan was mildly prolonged by sirolimus treatment indicating that the effect 

of sirolimus may prevent erythrocyte sickling. In a passive transfusion experiment, 

transfused sickled erythrocytes treated with sirolimus survived longer in circulation, 

indicating the target of mTOR inhibition may be the peripheral erythroid population; 

however, it is probable that many of these transfused erythrocytes were reticulocytes that 

remain sensitive to the maturation effects of sirolimus.

Splenomegaly secondary to chronic haemolysis is present in SCD mouse models and 

correlates with disease severity (Kean, et al 2003). The spleen may play an important role as 

a haematopoietic organ in mice, and the reductions in spleen size in SCD following mTOR 

inhibition observed in this study could be due to suppression of haematopoiesis. However, 

given that the reduction of spleen size was associated with improvements in anaemia, it is 

probably secondary to reduced erythrocyte sickling. There may also be other pathways 

involved in mTOR inhibition on spleen size as previous studies have shown that sirolimus 

leads to reduced spleen size in non-SCD human populations without compromising splenic 

function (Araujo, et al 2014). As splenectomy did not improve anaemia in SCD mice, the 

spleen is unlikely to be the relevant target organ for sirolimus with regards to the 

improvement of anaemia in SCD.

Although the high ratio of reticulocytes in SCD peripheral blood is considered a sign of 

stress haematopoiesis, a defect in reticulocyte terminal differentiation has also been reported 

(Chen, et al 2008). This defect may contribute to SCD because sickle reticulocytes are more 

susceptible to sickling with less capacity to resume a discoid shape compared to mature 

sickle erythrocytes (Onyike, et al 1995). The data showing that sirolimus promotes erythroid 

maturation both in vitro and in vivo indicate the mechanism may be due to correction of a 

maturation defect in circulating SCD erythrocytes. Mechanisms by which mTORC1 

inhibition may affect reticulocyte maturation and/or prolong circulating half-life include the 

well-described induction of autophagy by mTORC1 inhibitors (Jung, et al 2010). Induction 

of reticulocyte autophagy could facilitate turnover and shrinkage of the plasma membranes 

(Mankelow, et al 2015, Ney 2011) as well as modify intracellular oxidative stress by 

affecting autophagy of reticulocyte mitochondria (Zhang, et al 2009).

Tissue iron deposition secondary to chronic haemolysis has also been shown to correlate 

with SCD severity in mice (Kean, et al 2003). Tissue iron may activate downstream 

oxidative stress pathways and constitute one of the mechanisms of organ damage in SCD 

(Thomas, et al 2009). This is especially true in SCD patients who receive chronic blood 
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transfusions (Dos Santos, et al 2012). The reduced organ iron deposition suggests that 

sirolimus treatment may protect the vasculature and other organs in SCD in addition to 

improvements in anaemia. Reduced tubular iron deposition may be a consequence of 

decreased intravascular haemolysis and haemoglobinuria.

Stroke is one of the most devastating complications of SCD (Yawn, et al 2014). We have 

previously demonstrated that stroke volumes are larger in SCD mice following middle 

cerebral artery thrombotic occlusion (Luo, et al 2014) due to sickling involving the 

ischaemic microvasculature. Treatment with sirolimus reduced stroke area in this study, 

indicating that SCD outcomes may also be improved in this regard. The effects of sirolimus 

on stroke size are probably due to reduced sickling/vaso-occlusion in the ischaemic 

penumbra, which is consistent with the other effects we observed.

In conclusion, mTOR inhibition is associated with improvements in anaemia and reduced 

organ damage in a mouse mode of SCD. The mechanism appears to be related to maturation 

of circulating erythroid cells resulting in a longer lifespan. A clinical trial will be necessary 

to determine the relevance of these finding to humans. Further studies of downstream mTOR 

signalling pathways may also identify additional cellular targets that may prove beneficial in 

SCD.
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Figure 1. Complete blood count analysis
(A - D) Erythrocyte counts (A), Hb (B), Hct (C) and reticulocyte percentage (D) of 

SCD(BMT) mice (n=10 per group; *p<0.05, **p<0.01, ***p<0.001 vs. control group after 1 

week of treatment; +p<0.05, ++p<0.01, +++p<0.001 vs control group for 3 weeks 

treatment). (E - H) Erythrocyte counts (E), Hb (F), Hct (G) and reticulocyte percentage (H) 

of WT(BMT) mice (n=9 for PBS treatment and n=10 for sirolimus treatment). (I - L) 

Erythrocyte counts (I), Hb (J), Hct (K) and reticulocyte percentage (L) of non-BMT SCD 

mice treated with sirolimus or PBS (n=3 for WT mice treated with PBS, n=3 for SCD mice 

treated with PBS and n=6 for SCD mice treated with sirolimus; *p<0.05, **p<0.01, 

***p<0.001 vs. SCD mice treated with PBS for 3 weeks). RBC red blood cells; Hb, 

haemoglobin; Hct, haematocrit; SCD, sickle cell disease; BMT, bone marrow 

transplantation; WT, wild-type; PBS, phosphate-buffered saline.
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Figure 2. Effect of sirolimus on sickle red blood cell
(A) Red blood cell lifespan in SCD(BMT) mice (n=6 for PBS treatment and n=5 for sirolimus 

treatment) or WT(BMT) mice treated with sirolimus or PBS (n=6 for PBS treatment and n=5 

for sirolimus treatment). (B) Survival of transfused sickle red blood cells (n=5 for each 

group with donor mice treated with sirolimus, and n=6 for each group with donor mice 

treated with PBS). *p<0.05, **p<0.01, ***p<0.001. SCD, sickle cell disease; BMT, bone 

marrow transplantation; WT, wild-type; PBS, phosphate-buffered saline.
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Figure 3. Effect of sirolimus on sickle red blood cell maturation
(A) Mean fluorescence intensity of CD71 on sickle red blood cells cultured in vitro. (B) 
CD71 positive cell percentage in blood of SCD(BMT) mice treated with PBS (n=6) or 

sirolimus (n=5) and WT(BMT) mice treated with PBS (n=4) or sirolimus (n=3) for 1 week. 

(C - E) Percentage of proerythroblasts (C), early basophilic erythroblasts (D) and late 

basophilic erythroblasts (E) in bone marrow of SCD(BMT) mice treated with PBS (N=6) or 

sirolimus (n=5) and WT(BMT) mice treated with PBS (n=4) or sirolimus (n=3) for 1 week. (F 
- H) Percentage of ProE (F), EryA (G) and EryB (H) in spleen of SCD(BMT) mice treated 

with PBS (n=6) or sirolimus (n=5) and WT(BMT) mice treated with PBS (n=4) or sirolimus 

(n=3) for 1 week. *p<0.05, **p<0.01, ***p<0.001. MFI, mean fluorescence intensity; SCD, 

sickle cell disease; BMT, bone marrow transplantation; WT, wild-type; PBS, phosphate-

buffered saline; ProE, proerythroblasts; EryA, early basophilic erythroblasts; EryB, late 

basophilic erythroblasts.
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Figure 4. Effect of splenectomy on sickle cell anaemia
Erythrocyte counts (A), Hb (B), Hct (C) of SCD(BMT) mice with/without splenectomy (n=7 

and n=10, respectively) or WT(BMT) mice with/without splenectomy (n=8 and n=10, 

respectively) 2 weeks after operation. *p<0.05, **p<0.01, ***p<0.001. RBC red blood cells; 

Hb, haemoglobin; Hct, haematocrit; SCD, sickle cell disease; BMT, bone marrow 

transplantation; WT, wild-type.
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Figure 5. Protective effect of sirolimus on SCD(BMT) tissue iron accumulation and stroke
(A) Representative pictures of iron staining in liver (bar: 250 μm). (B) Representative 

pictures of iron staining in kidney (bar: 100 μm). (C) Quantification of iron stained area in 

liver (n=5 per group) (D) Quantification of iron stained area in kidney (n=5 per group). (E). 

Stroke size in brain of SCD(BMT) mice or WT(BMT) mice treated with sirolimus (n=9 per 

group) or PBS (n=8 per group). * p<0.05, ***p<0.001. SCD, sickle cell disease; BMT, bone 

marrow transplantation; WT, wild-type; PBS, phosphate-buffered saline.
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Table I

Body and spleen weight of SCD(BMT) mice treated with phosphate-buffered saline (PBS), sirolimus or 

INK128 for 3 weeks.

PBS (n=10) Sirolimus (n=10) INK128 (n=10)

Body weight (g) 21.0±2.1 21.9±0.4 22.9±0.5

Spleen (mg) 562.5±31.4
486.1±16.0

*
407.8±26.3

**

*
P<0.05 vs. PBS

**
p<0.01 vs. PBS.
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