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ABSTRACT 
Drug repurposing is a valuable strategy for rare diseases. Sickle cell disease (SCD) is a rare hereditary hemolytic anemia accompanied 
by acute and chronic painful episodes, most often in the context of vaso-occlusive crisis (VOC). Although progress in the knowledge 
of pathophysiology of SCD have allowed the development of new therapeutic options, a large fraction of patients still exhibits unmet 
therapeutic needs, with persistence of VOCs and chronic disease progression. Here, we show that imatinib, an oral tyrosine kinase inhib-
itor developed for the treatment of chronic myelogenous leukemia, acts as multimodal therapy targeting signal transduction pathways 
involved in the pathogenesis of both anemia and inflammatory vasculopathy of humanized murine model for SCD. In addition, imatinib 
inhibits the platelet-derived growth factor-B–dependent pathway, interfering with the profibrotic response to hypoxia/reperfusion injury, 
used to mimic acute VOCs. Our data indicate that imatinib might be considered as possible new therapeutic tool for chronic treatment 
of SCD.

INTRODUCTION

In rare diseases, drug repurposing, which explores known 
and unexpected effects of molecules already in clinical use for 
treatment of other disorders is a valuable strategy.1–3 Different 

approaches might be put in place to select candidate molecules 
to be re-purposed. Among them, an experimental data-driven 
strategy might be extremely interesting in the context of rare 
diseases.1–3

Sickle cell disease (SCD) is a genetically determined rare 
hemolytic anemia characterized by the presence of the patho-
logic hemoglobin S (HbS), which polymerizes under low oxygen 
conditions.4–9 HbS polymerization leads to generation of rigid 
and dense erythrocytes with reduced survival in the circulation, 
resulting in chronic hemolysis and anemia.9,10

SCD is also characterized by acute and chronic painful epi-
sodes, most often in the context of vaso-occlusive crisis (VOC), 
a definition based on the notion that occlusion of small vessels 
and/or capillaries by sickled cells is the triggering mechanism 
for the generation of inflammation and pain. In addition to red 
cells, neutrophils, inflammatory-activated vascular endothelial 
cells, cytokines, and proadhesive molecules such as selectins or 
vascular cell adhesion molecule-1 (VCAM-1), have been identi-
fied to contribute to the pathogenesis of VOCs.4–9 The impair-
ment of proresolving mechanisms reported in humanized SCD 
mice further sustains vascular vulnerability and dysfunction.10

Progress in the knowledge of pathophysiology of SCD has 
allowed the development of new therapeutic options such as 
oral antisickling agent (Voxelotor),11,12 and injectable mono-
clonal antibody against P-selectin (Crizalinzumab), which are 
currently in clinical use.13 However, the persistence of VOCs, as 
well as chronic disease progression, still represent unmet thera-
peutic needs, which require additional therapeutic approaches. 
We recently reported that imatinib, an oral tyrosine kinase 
inhibitor developed for the treatment of chronic myelogenous 
leukemia (CML), reduced the release of free hemoglobin and 
erythroid vesiculation of sickle red cells in vitro, and affected 
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ex vivo sickle red cell adhesion to activated vascular endothelial 
cells.1 Case reports have described uncontrolled improvements 
in severity and recurrence of VOCs in SCD patients treated with 
imatinib due to concomitant CML.14–16 In addition, improve-
ment of pain perception, blood brain permeability as well as 
neuroinflammation has been previously reported in a mouse 
model for SCD (Hemoglobin SS-Berkley mice) treated with ima-
tinib.17–19 Imatinib displays protective effects in murine models 
of acute lung injury or kidney disease related to diabetes,20–25 
preventing the inflammatory-mediated activation of nuclear 
factor kappa-B (NF-kB) and modulating the function of the 
receptor for platelet-derived growth factor-B (PDGFR-B) and 
fibroblast growth factor receptor (FGF-R), which are involved 
in intravascular matrix remodeling and profibrotic events.20–27

In this study, using a humanized mouse model for SCD, we 
focused on acute, hypoxia-mediated sickle cell–related organ 
damage. We report that imatinib protects against hypoxia/reox-
ygenation (H/R)–induced lung and kidney damage. By combin-
ing complementary approaches such as in vivo visualization of 
VCAM-1 expression by magnetic resonance imaging (MRI) and 
immunoblot analysis with specific antibody against VCAM-1, 
we find that imatinib beneficially affects inflammatory vascu-
lopathy. We also find a reduction in profibrotic pathways involv-
ing PDGFR-B/FGF-R signaling and miRNA such as let-7c or 
miR-200a in both lung and kidney of SCD mice treated with 
imatinib. Collectively, our data indicate that imatinib modulates 
signal transduction pathways in sickle red cells which ultimately 
downmodulate the inflammatory response related to H/R, limit-
ing the severity of sickle cell–related organ damage. Thus, imati-
nib should be considered as a potential new therapeutic tool for 
patients affected by SCD.

MATERIALS AND METHODS

Mouse model and experimental design
Experiments were performed on 4–6-month-old sex matched 

healthy control (Hbatm1(HBA)Tow Hbbtm3(HBG1,HBB)Tow) and SCD 
(Hbatm1(HBA)Tow Hbbtm2(HBG1,HBB*)Tow) mice. The animal protocol 
was approved by the Animal Care and Use Committee of the 
University of Verona (CIRSAL). Whole blood was collected 
from each mouse under isoflurane anesthesia via retro-orbital 
venipuncture with heparinized microcapillaries. Hematological 
parameters and red cell indices were evaluated with a Sysmex 
XN-1000 Hematology Analyzer (Kobe, Japan).28–31 Biochemical 
assays in heparinized plasma were performed using stan-
dard human biochemical assays, as previously reported.10,32–35 
Values of soluble cytokines and soluble adhesion molecules 
(Intracellular adhesion moecule 1 [ICAM-1], tumor necro-
sis factor-α [TNF-α], and E-Selectin) were determined by a 
Luminex Mouse Magnetic Assay (10-Plex) LXSAMSM-10 
following the manufacturer instructions (R&D Systems, MI). 
The samples were analyzed using the Bio-Plex 200 System (Bio-
Rad Laboratories, CA). Organs were immediately removed and 
divided into 2 portions which were either immediately frozen in 
liquid nitrogen or fixed in 10% formalin and embedded in par-
affin for histology (see Suppl. Methods). Vehicle (tap water) or 
imatinib (50 mg/kg/d) were administrated by gavage for 3 weeks. 
The dosage of imatinib was based on previous pharmacokinetic 
studies in rodents, which yielded concentrations in plasma sim-
ilar to those observed in patients.36 Imatinib liver concentration 
in healthy (AA) and sickle (SS) mice treated with either vehi-
cle or imatinib was determined by MRM (Suppl. Figure 1Sa). 
Bosutinib (150 mg/kg/d) was administrated by gavage for 11 
days.37 Among the new generation of tyrosine kinase inhibi-
tors, we chose to test bosutinib, which shares some functional 
similarities with imatinib except for its effect on PDGF-R. No 
difference gender related was observed in either vehicle or ima-
tinib/bosutinib-treated animals (eg, Suppl. Figure 13SA, central 
panel; Suppl. Figure 14SB, C, D). Details are reported in Suppl. 

Methods. As shown in Figure 1Sb, imatinib liver concentration 
was similar in healthy AA and SS mice treated with imatinib 
50 mg/kg/d for 3 weeks.

When indicated, mice underwent a hypoxia/reoxygenation 
stress (H/R): 10 hours hypoxia (8% oxygen) followed by 3 
hours reoxygenation (21% oxygen) to mimic acute VOC as pre-
viously described.10,28 Details are reported in Suppl. Methods.

Lung, kidney, and liver histological analysis
Paraffin-embedded tissue blocks were cut into 2–3 μm sec-

tions and mounted on adhesion microscope glass slides for 
Hematoxylin-Eosin, PAS and Perls’ staining for iron content. 
The analysis was performed on 4 different fields at a magnifica-
tion 200×. Tissue pathological analysis, inflammatory cell infil-
trate, the presence of thrombi and iron deposition were carried 
out by blinded pathologists as previously described.10,28,38

Molecular analyses and immunoblot analyses
See Suppl. Methods for details.10,28,39

Live imaging

Transthoracic echocardiography
Cardiac function was evaluated in mice anesthetized with 

1% isoflurane using a Vevo 2100 High Resolution Imaging 
System (Visual Sonics Inc, Toronto, Canada) equipped with a 
30-MHz probe (MS550D) (VisualSonics, Toronto, Canada). 
Echocardiographic parameters were measured under the long-
axis M-mode when heart rate was about 450 bpm.28,40

Magnetic resonance imaging
MRI studies were performed on a Bruker Icon (1 T) under 

1% isoflurane anesthesia. Vehicle or imatinib-treated mice were 
imaged before (PRE) and 24 hours after the intravenous admin-
istration of VCAM-1–targeted micelles (0.05 mmolGd/kg body 
weight).41 Details are reported in Suppl. Methods.

Flow cytometric analysis of kidney inflammatory cell infiltrates
Right kidney was harvested and immediately processed 

for flow cytometric analysis. The following antibodies were 
used: anti CD45-V450, Ly6G APC-Cy7, B220 PE-Cy7, CD3 
FITC, CD4 PE, CD8 PerCP-Cy5.5 (ThermoFisher Scientific, 
Waltham).42,43 Details are reported in Suppl. Methods.

Statistical analysis
Normality was assessed with Shapiro-Wilk test. Two tailed 

unpaired Student t-test or 2-way analysis of variance with 
Tukey’s multiple comparisons were used for data analyses. Data 
show values from individual mice and are presented with mean 
± standard error of the mean. Differences with P < 0.05 were 
considered significant.

RESULTS

Imatinib improves anemia and reduces inflammation in SCD mice 
exposed to hypoxia/reoxygenation

Under normoxia conditions, imatinib significantly increased 
Hct (SS imatinib 36.5 ± 1.3% versus SS vehicle 30.9 ± 1.2%, n 
= 6 per group; P < 0.05) and hemoglobin values in SCD mice 
(SS imatinib 9.9 ± 0.6 g/dL versus Hb SS vehicle 8.6 ± 0.8 g/dL 
n = 6; P < 0.05). A reduction in reticulocyte count (SS imati-
nib 1.4 ± 0.2 cells × 106/µL versus SS vehicle 2.3 ± 0.14 cells × 
106/µL, n = 6; P < 0.05) was also observed with no significant 
changes in neutrophil count (data not shown).

Imatinib-treated mice were then exposed to hypoxia/reox-
ygenation (H/R), a consolidated model to mimic acute sickle 
cell–related VOC.10,28,44 Imatinib reduced H/R-induced hemo-
lysis as supported by higher Hct, Hb, and lower lactate dehy-
drogenase and red cell distribution width values compared with 
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vehicle-treated SCD mice. This agrees with the reduction in liver 
Perls’ staining in humanized SCD mice, a visual assessment of 
liver iron accumulation related to hemolysis45 (Figure 1A, B and 
Suppl. Figure 1Sa, b). In SCD mice treated with imatinib and 
exposed to H/R, we found a reduction in the subset of erythro-
cytes exposing phosphatidylserine (assessed as Annexin-V pos-
itivity, Figure 1C).

We have previously reported that in vitro exposure of human 
sickle erythrocytes to imatinib reduces band 3 Tyrosine (Tyr-) 
phosphorylation and release of erythroid vesicles.1 We found a 
significant reduction in both erythroid total Tyr-phosphorylation 
and band 3 Tyr-phosphorylation in SCD mice treated with ima-
tinib and exposed to H/R when compared with vehicle-treated 
SCD animals (Suppl. Figure 2Sa). This was accompanied by a 
significant reduction in the release of erythroid microvesicles 
(Figure 1D, Suppl. Figure 2Sb).

Imatinib-treated SCD mice exposed to H/R exhibited lower 
values of CRP, a marker of systemic inflammation, as well as of 
circulating neutrophils (Figure 1E). Plasma TNF-alpha, an acute 
inflammatory phase cytokine, P-selectin and ICAM-1, mark-
ers of vascular endothelial activation, were also significantly 
decreased (Suppl. Figure 3Sc).

The adhesion of leukocyte from both healthy (AA) and SCD 
mice to a TNF-α activated vascular endothelial surface in a 
microfluidic chamber was also significantly reduced by the pres-
ence of imatinib (Suppl. Figure 4S).10

These data indicate that imatinib reduces H/R-induced hemo-
lysis and positively modulates systemic inflammatory response, 
preventing neutrophils adhesion to inflammatory activated vas-
cular endothelial cells.

Imatinib enhances sickle red cell and polymorphonuclear leukocytes 
efferocytosis by macrophages

We set out to determine whether efferocytosis of sickle red 
cells and neutrophils, a mechanism essential for removal of 
damaged cells and resolution of inflammation, could be mod-
ified by imatinib. In SCD mice, imatinib treatment significantly 
increased the percentage of spleen macrophages engulfing 
erythrocytes and neutrophils and the fraction of lung macro-
phages with ingested red cells (but not neutrophils, Figure 2A). 
In contrast, we found no differences in efferocytosis of spleen 
macrophages for AA mice treated with imatinib (Suppl. Figure 
5S). Spleen macrophages from imatinib-treated SCD mice had 
significantly higher expression of phagocytic receptors CD68, 
CD206, Tim-4, and CD36, indicating that the imatinib-induced 
increase in efferocytosis is accompanied by a proresolutive mac-
rophage phenotype (Figure 2B, Suppl. Figure 6S). Thus, imatinib 
beneficially modulates inflammatory response by inducing a pro-
resolving profile of macrophages. These results also prompted 
us to test its action in target organs such as lung, kidney, and 
in known mediators of inflammatory response and resolution.

Imatinib reduces lung injury and modulates H/R-induced 
inflammatory response in SCD mice

In lung from imatinib-treated SCD mice exposed to H/R, 
we observed a significant reduction of inflammatory lung cell 
infiltrate within the alveolar walls as well as of edema when 
compared to vehicle-treated animals (Figure  3A; Table  1). 
Indeed, we found reduction of bronchoalveolar lavage total leu-
kocyte and protein content in SCD mice treated with imatinib 

Figure 1. Imatinib improves red cell features and reduces inflammation in SCD mice. (A) Hct and Hb values in healthy (AA) and sickle (SS) mice 
exposed to H/R: hypoxia (8% oxygen; 10 h), followed by reoxygenation (21% oxygen; 3 h) treated with either vehicle or imatinib (50 mg/kg/d for 3 wk). Data are 
presented as mean ± SEM (n = 6; 3 female and 3 male mice). ^P < 0.05 compared with AA, *P < 0.05 compared with vehicle. (B) LDH plasma values in AA 
and SCD mice treated as in (A). Data are mean ± SEM (n = 6; 3 female and 3 male mice). ^P < 0.05 compared with AA, *P < 0.05 compared with vehicle. (C) 
Effect of imatinib on the amount of annexin V+ erythrocytes of AA and SCD mice treated as in (A). Data are presented as mean ± SEM (n = 4; 2 female and 2 
male mice), ^P < 0.05 compared with AA, *P < 0.05 compared with vehicle. (D) Representative micropicture of erythroid microvesicles plasma from SCD mice 
exposed to H/R treated with either vehicle or imatinib. Erythroid vesicle quantification is shown in Suppl. Figure 2SB. (E) CRP plasma values (left panel) and 
peripheral neutrophils count (right panel) in AA and SCD mice treated as in (A). Data are mean ± SEM (n = 6; 3 female and 3 male mice). ^P < 0.05 compared 
with AA, *P < 0.05 compared with vehicle. CRP = C-reactive protein; H/R = hypoxia/reoxygenation stress; Hb = hemoglobin; Hct = hematocrit; LDH = lactate dehydrogenase; SCD = 
sickle cell disease; SEM = standard error of the mean. 
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Figure 2. Imatinib enhances efferocytosis and a proresolutive phenotype of splenic and pulmonary macrophages in SCD mice. (A) In vivo splenic 
phagocytosis in SCD mice exposed to H/R: hypoxia (8% oxygen; 10 h), followed by reoxygenation (21% oxygen; 3 h) treated with either vehicle (n = 4–5 mice; 
2 male/2 female; 2 male/3 female) or imatinib (n = 4 mice; 2 male/2 female) (50 mg/kg for 3 wk). Phagocytosis of erythrocytes and neutrophils were assessed, 
respectively, as the percentage of F4/80+/Ter-119+ and F4/80+/Ly6G+ double positive cells. Results are means ± SEM. (B) In vivo M1/M2 polarization of the 
splenic macrophages from SCD mice exposed to H/R treated with either vehicle or imatinib, determined by flow cytometric analysis using specific surface 
markers. Mean fluorescence intensities (MFI) of CD68, CD206, Tim-4, and CD36 in F4/80+ cells were analyzed. (C–D) As (A) and (B) in lung ((C) vehicle n = 4, 2 
male/2 female, imatinib-treated mice, n = 6, 3 male/3 female; (D) CD68 and CD36: vehicle n = 4, 2 male/2 female; imatinib-treated mice, n = 6, 3 male/3 female; 
CD206 and Tim4: vehicle n = 4, 2 male/2 female, imatinib-treated mice, n = 5, 2 male/3 female). Data are mean ± SEM (n = 4–6; 2/3 female and 2/3 male mice). 
*P < 0.05 compared with vehicle. H/R = hypoxia/reoxygenation stress; SCD = sickle cell disease; SEM = standard error of the mean. 

Figure 3. Imatinib beneficially modifies H/R-induced lung injury. (A) Representative micropicture of H&E-stained sections and Perls’-stained sections of 
lung at 200× magnification from SCD mice exposed to H/R: hypoxia (8% oxygen; 10 h), followed by reoxygenation (21% oxygen; 3 h) treated with either vehicle 
or imatinib (50 mg/kg/d for 3 wk) (scale bar: 50 μm) (see also Table 1). (B) Immunoblot analysis, using specific antibodies against phosphorylated (p)NF-κB p65, 
NF-κB p65, p-Nrf2, and Nrf2, in lung from healthy (AA) and SCD mice in normoxia and exposed to H/R treated with either vehicle or imatinib (2 female and 2 
male mice). 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel from 4 with 
similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 6Sb. (C) Immunoblot analysis, using specific antibodies against ET-1 
and VCAM-1 in lung from AA and SCD mice treated as in (B) (2 female and 2 male mice). 75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel. 
GAPDH serves as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. 
Figure 6Sc. (D) Immunoblot analysis, using specific antibodies against PDGF-B (75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel), phosphor-
ylated (p-)PDGFR-B, PDGFR-B, p-FGFR, and FGFR in lung from AA and SCD mice treated as in (B) (2 female and 2 male mice). 75 µg/µL of protein loaded on 
an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis 
of immunoblots is shown in Suppl. Figure 6Se. (E) Expression of let-7c (left panel) and miR-200a (right panel), as determined using quantitative polymerase chain 
reaction, in the lungs of AA and SCD mice exposed to H/R treated with either vehicle or imatinib. Results are mean ± SEM from 4 mice each group (2 female and 
2 male mice in each group). *P < 0.05 **P < 0.01. ET-1 = endothelin-1; H/R = hypoxia/reoxygenation stress; GAPDH = glyceraldehyde-3 phosphate dehydrogenase; H&E = hematoxylin 
and eosin; PDGF-B = platelet-derived growth factor-B; PDGFR-B = platelet-derived growth factor-receptor-B; p-FGFR = phospho-fibroblast growth factor receptor; SCD = sickle cell disease; SEM 
= standard error of the mean; SS = homozygous HbS; VCAM = vascular cell adhesion molecule-1. 
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compared with vehicle-treated animals exposed to H/R stress. 
This supports the beneficial effect of imatinib on H/R-induced 
abnormal pulmonary vascular leakage (Suppl. Figure 7Sa). 
Noteworthy, imatinib prevented the H/R-induced deposition 
of hemosiderin in macrophages, which are the only cells accu-
mulating iron in lung.10,46 Consistent with these observations, 
we found a significant decrease in the active forms of NF-kB 
p65 and Nrf2 induced by H/R in AA and SCD mice treated 
with imatinib (Figure 3B, Suppl. Figure 7Sc). We then evaluated 
key proinflammatory cytokines such as interleukin-6 (IL-6) and 
endothelin-1 (ET-1): their expression was significantly reduced 
in imatinib-treated mice exposed to H/R than in vehicle-treated 
groups (Figure 3C, Suppl. Figure 7Sb, 7Sd). With imatinib we 
also saw a reduction in the expression of heme-oxygenase-1 (a 
Nrf2-dependent antioxidant system involved in heme catabo-
lism)10,40 (Suppl. Figure 7Se). Noteworthy, imatinib prevented 
H/R-induced increase in expression of vascular adhesion mol-
ecule (VCAM-1) in lung from both AA and SCD mice exposed 
to H/R when compared with vehicle-treated animals (Figure 3C, 
Suppl. Figure 6Sd).

Imatinib has been shown to protect against both bleomy-
cin acute lung injury and lung fibrosis by direct inhibition of 
both platelet-derived growth factor-receptor-B (PDGFR-B) and 
fibroblast growth factor-1 (FGF-R1).47–49 We first evaluated the 
expression of PDGF-B, known to be a factor involved in lung 
extravascular matrix remodeling in response to hypoxia.50,51 
As shown in Figure  3D, imatinib prevented the H/R-induced 
increased expression of PDGF-B in both mouse models. This 
was accompanied by a reduction in activation of PDGFR-B and 
FGF-R1, both involved in modulation of extravascular matrix 
deposition and fibroblast activation (see also Suppl. Figure 
7Sf).52 In agreement, we found upregulation of miRNA Let-7c 
and miR-200a, both interfering with TGF-β1 mediate profi-
brotic pathways (Figure 3E).10,53

No sign of imatinib-related cardiotoxicity, assessed by heart 
ultrasonography, was found in SCD mice (Suppl. Figure 8Sa).54 
No evidence of liver toxicity by histopathologic analysis was 

detected in imatinib-treated SCD mice exposed to H/R when 
compared with vehicle-treated animals (Suppl. Figure 8Sb). 
Noteworthy, imatinib reduced inflammatory cell infiltrates in 
liver from SCD mice exposed to H/R (Suppl. Figure 8Sb).

These data provide in vivo evidence that imatinib treatment 
protects SCD mice against H/R-induced lung injury by suppress-
ing key mediators of inflammation and vascular damage, modu-
lating extravascular matrix remodeling.

Imatinib diminished H/R-induced kidney damage and modulates the 
local inflammatory response in SCD mice

We therefore examined if imatinib may protect SCD mice 
from H/R-induced kidney injury.24 To avoid possible interfering 
factors related to either gender or age, we studied 4–6 month-
old and gender-matched AA and SCD mice.55,56 Treatment with 
imatinib significantly prevented the H/R-induced increase in 
creatinine and blood urea nitrogen plasma values in SCD mice 
compared with vehicle-treated SS animals (Figure 4A). Because 
the size of metabolic cage is not compatible with hypoxic cham-
ber, we could not determine albuminuria in SCD mice exposed 
to H/R stress.

Histopathologic analysis of kidney from SCD mice exposed 
to H/R and treated with imatinib revealed a marked reduction 
in pericapillary and periglomerular inflammatory cell infiltra-
tion compared with vehicle-treated H/R animals (Figure  4B 
and Table 1). Reduction in inflammatory cell kidney infiltrates 
was also confirmed by flow-cytometry (Figure 4B, lower panel; 
Suppl. Figure 9S).

Perls’ staining showed important iron deposits located in 
tubular epithelium, together with periglomerular capsule in 
vehicle-treated SCD mice exposed to H/R (Figure  4B). Iron 
deposition was markedly reduced in imatinib-treated SCD mice 
exposed to H/R, which were characterized by iron deposition 
mainly within the tubular epithelium (Figure 4B). This change 
may reflection diminished hemolysis (Figure 1B).

In kidneys from all imatinib-treated mice, we found a reduc-
tion in H/R-induced activation of NF-kB and Nrf2 (Figure 4C, 
Suppl. Figure 10Sa), a reduction in E-selectin and IL-1b expres-
sion (Suppl. Figure 10Sb) and a blunted expression of ET-1 and 
VCAM-1(Figure 4D, Suppl. Figure 10Sc).

Taken together, these data indicate that imatinib protects 
kidney against sickle cell–related H/R injury, modulating local 
inflammatory response and vascular activation.

Imatinib reduces the inflammatory-related profibrotic stimulus in 
kidney from SCD mice exposed to H/R stress

In kidney, H/R stress related to sickle cell VOCs represents 
a potent profibrotic stimulus,57–60 which might be further 
amplified by the pro-oxidant effect of kidney iron deposition. 
We found increased protein oxidation in kidney of SCD mice 
exposed to H/R stress, which was significantly reduced by ima-
tinib treatment (Suppl. Figure 11Sa). H/R stress and oxidation 
are both potent profibrotic stimuli for PDGF-B and PDGFR-B, 
which play a key role in mesangial cell proliferation and 
matrix accumulation in various kidney disease such as diabetic 
nephropathy.24,61–63 As shown in Figure 5A, imatinib prevented 
H/R-induced increased expression of PDGF-B and activation of 
PDGFR-B (phospho-PDGFR-B form) in SCD mice exposed to 
H/R (Suppl. Figure 11Sb). The expression of miR-200a, previ-
ously shown to reduce renal fibrosis through the TGF-β1 sys-
tem,10,53,64 was increased in kidney from imatinib-treated AA 
and SCD mice, whereas the expression of let-7c was unaffected 
(Figure  5B). We also found a significant reduction of active 
TGF-β1 receptor in kidney from imatinib-treated AA and SCD 
mice (Figure 5C, Suppl. Figure 11Sc).

In different models of acute and chronic kidney injury, abnor-
malities in autophagy have been described.65,66 These mainly 
involve the activation of mammalian target of rapamycin 
(mTOR), the gatekeeper of autophagy, with accumulation of 

Table 1

Effects of Imatinib on Lung and Kidney Pathology of Sickle Cell 
(SS) Mice Under Normoxia and Exposed to H/R Stress

 Normoxia H/R H/R Imatinib 

Lung (n = 6) (n = 6) (n = 4)
  Inflammatory cell infiltrates 8.8 ± 0.7 96.8 ± 8.2a 15.4 ± 2.5a,b

  Edema 0 + (4/6)
++ (1/6)

0

  Mucus 0 + (1/6) 0
Kidney (n = 6) (n = 6) (n = 4)
  Inflammatory cell infiltrates 0 3.55 ± 0.46a 0.90 ± 0.013a,b

  Necrosis 0 0 0

Lungs: Mucus: 0: no mucus, +: mucus filling <25% of the area of the bronchus circumference; 
++ mucus filling 25%–50% of the area of the bronchus circumference; +++: 50%–100% of 
the area of the bronchus circumference at magnification of 400×. Score for inflammatory cell 
infiltrate: Quantification of inflammatory cell infiltrates was expressed as the mean of cells per 
field at magnification of 250×, as resulting by the analysis of at least 10 different fields on each 
hematoxylin-eosin–stained whole lung section (see also refs: 28 and 29). Data are expressed as 
mean ± SEM. Kidney: Score for inflammatory cell infiltrate: Quantification of inflammatory cell 
infiltration in renal cortex of kidney was determined in hematoxylin-eosin–stained sections using 
a 0–4 scale based on the percentage of cell infiltrates occupied area in each filed. 0 (no sign of 
infiltration); 1 (1%–10% of the area with cell infiltration); 2 (11%–25%); 3 (26%–50%); 4 (50%). 
The mean of 15 randomly selected field were analyzed at magnification 400× (see also refs: 22 and 
46). Data are expressed as mean ± SEM. Statistical analysis: nonparametric pairwise Wilcoxon Rank 
Sum tests) was used; each group was balanced in sex (50% males–50% female). We repeated the 
comparisons for males and females separately with equivalent results; regarding the gender, our 
data did not show evidence of differences between males and females.
aP < 0.05 compared with normoxia.
bP < 0.05 compared with vehicle..
H/R = hypoxia/reoxygenation stress; SEM = standard error of the mean; SS = homozygous hemoglobin S.
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p62, late phase autophagy marker.65,66 mTOR is part of the sig-
naling downstream of PDGFR.65,66 Here, we found that imatinib 
treatment inhibited mTOR in kidney from both AA and SCD 
mice exposed to H/R stress when compared with vehicle-treated 
animals (Figure  5D, Suppl. Figure 11Sd). This was associated 
with significant reduction in H/R-induced activation of LC3 and 
accumulation of p62, indicating that the impaired autophagy in 
the vehicle-treated mice was ameliorated by imatinib treatment 
(Figure 5E, Suppl. Figure 11Se). An imatinib-induced reduction 
in accumulation of ubiquitinated proteins in kidney from SCD 
mice exposed to H/R was also found (Suppl. Figure 12S).

Thus, imatinib reduces H/R-induced profibrotic stimulus 
and may protect from progression of sickle cell–related kidney 
injury.

Imatinib protects against inflammatory vasculopathy during acute 
hypoxia/reoxygenation stress in SCD mice

In SCD, amplified inflammatory response and defective 
proresolving mechanisms result in endothelial dysfunction 
and vascular vulnerability leading to an inflammatory vascu-
lopathy which plays a key role in acute organ damage.8,9,67 

Previous studies have shown that imatinib might beneficially 
impact inflammatory vasculopathy such as atherosclero-
sis.23,68–70 Here, we found that imatinib significantly reduces 
the expression of VCAM-1 in aorta from SCD mice when 
compared with vehicle-treated animals, as determined by com-
plementary approaches: in vivo molecular imaging MRI using 
VCAM-1–targeted Gd-based micelles and immunoblot anal-
ysis with specific anti-VCAM-1 antibody (Figure 6A, Suppl. 
Figure 13Sa). We also demonstrated a significant correlation 
between the aorta T1-MRI contrast enhancement related to 
VCAM-1–targeted micelles and VCAM-1 detected by immu-
noblot analysis on isolated aorta for the same mice analyzed 
by imaging (Suppl. Figure 13Sa, lower panel). Imatinib pre-
vented the H/R-induced upregulation of markers of inflam-
matory vasculopathy such as VCAM-1, E-Selectin, and ET-1 
(Figure 6B, Suppl. Figure 13Sb). In agreement, imatinib pre-
vented the H/R-induced overactivation of PDGFR-B in iso-
lated aorta of SCD mice when compared with vehicle-treated 
animals (Figure 6C, Suppl. Figure 13Sc). These data indicate 
that imatinib prevents severe vascular dysfunction and disease 
progression in SCD exposed to H/R stress, mimicking sickle 
cell–related VOCs.

Figure 4. Imatinib reduces H/R-induced kidney damage modulating the local inflammatory response and the vascular activation. (A) BUN (upper 
panel) and plasma creatinine (lower panel) values in healthy (AA) and SCD mice under normoxia conditions or exposed to H/R: hypoxia (8% oxygen; 10 h), 
followed by reoxygenation (21% oxygen; 3 h) treated with either vehicle (n = 6; 3 female and 3 male mice) or imatinib (50 mg/kg/d for 3 wk) (n = 4; 2 female and 
2 male mice). Data are means ± SEM. °P < 0.05 compared with normoxia, ^P < 0.05 compared with AA; *P < 0.05 compared with vehicle. (B) Upper panel: 
Representative PAS and Perls’-stained sections at 400× magnification. Black arrows: Iron deposits are located in tubular epithelium, together with periglomer-
ular capsule (scale bar: 50 μm). Lower panel: Inflammatory cell infiltrates assessed by flow cytometric analysis of kidney tissue from SCD mice exposed to H/R 
treated with either vehicle or imatinib (n = 3 female mice). Data are means ± SEM (n = 3). *P < 0.05 compared with vehicle (see also Table 1). (C) Immunoblot 
analysis, using specific antibodies against phosphorylated (p-)NF-κB p65, NF-κB p65, p-Nrf2, and Nrf2, in kidney from AA and SCD mice in normoxia and 
exposed to H/R treated with vehicle or imatinib (2 female and 2 male mice). 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves 
as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 9Sa. (D) 
Immunoblot analysis, using specific antibodies against HO-1 (40 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel), ET-1 (75 µg/µL of protein 
loaded on an 11% T, 2.5%C polyacrylamide gel), and VCAM-1 (40 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel) in lung from AA and SCD 
mice treated as in (C). GAPDH serves as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of immuno-
blots is shown in Suppl. Figure 9Sc. BUN = blood urea nitrogen; ET-1 = endothelin-1; GAPDH = glyceraldehyde-3 phosphate dehydrogenase; H/R = hypoxia/reoxygenation stress; HO-1 
= heme-oxygenase-1; PAS = periodic acid-Schiff; SCD = sickle cell disease; SEM = standard error of the mean; VCAM-1 = vascular cell adhesion molecule-1. 
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DISCUSSION

The present study, in a widely used and validated mouse 
model for SCD, provides multiple lines of evidence supporting 
beneficial effects of imatinib in anemia and acute and chronic 
organ damage in SCD. These new data further support the prior 
in vitro data and the case reports in SCD patient treated with 
imatinib due to concomitant CML, which have suggested that 
imatinib therapy could be a disease modifier in SCD. Our in 
vivo data in the SCD mouse model provide evidence for multi-
ple effects of imatinib on crucial signal transduction pathways 
involved in the pathogenesis of sickle cell–related organ damage.

In SCD, imatinib targets proinflammatory and profibrotic 
response to ischemic reperfusion damage. Indeed, imatinib 
lowered both systemic and local proinflammatory responses, 
most-likely by immunomodulatory effects on both neutrophils 
and organ macrophages (Figure 6D). Moreover, the proresolv-
ing profile of macrophages found in both lung and spleen of 
imatinib-treated animals optimizes phagocytosis and provides 
an additional mechanism of action of imatinib in accelerating 
the proresolving events in SCD. This is further corroborated by 
the reduction in the activation of NF-kB with downregulation 
of IL-6 and ET-1 expression in lung and kidney from imati-
nib-treated SCD mice exposed to H/R stress when compared 
with vehicle-treated animals. The protective effect of imatinib 
against inflammatory vasculopathy is also supported by the 
reduction of VCAM-1 expression in lung, kidney, and isolated 
aorta induced by H/R, as determined by different methodologic 

approaches (Figure 6D). This agrees with the observation that 
imatinib prevented ex vivo neutrophil adhesion to TNF-α–acti-
vated vascular endothelial cells.

Recently, we show that H/R stress mimicking acute sickle 
cell–related VOC promotes lung extracellular matrix remod-
eling and the activation of profibrogenic pathways such as 
PDGF-B.10,71 Imatinib has been also reported to specifically 
target the PDGF-B signaling pathway reducing lung fibro-
sis.49,72 In SCD mice exposed to H/R stress, imatinib pre-
vented the H/R-induced activation of receptors for either 
PDGF-B or FGF, involved in progression of lung fibrosis. 
This was associated with the upregulation of let-7c and 
miR-200a, interfering with TGF-b1 mediate profibrotic 
pathways.10,53 The antifibrotic effect of imatinib, as reduced 
activation of both PGF-B and TGF-β1 receptors, was also 
observed in kidney from imatinib-treated SCD mice exposed 
to H/R stress (Figure 6D). This agrees with previous reports 
in other models of kidney disease showing that inhibi-
tion or silencing of PDGF-B pathway leads to reduction in 
extracellular matrix remodeling and cell oxidation.63,66,73,74 
Indeed, in bosutinib-treated SCD mice, no major change in 
hematologic phenotype as well as in H/R-induced increased 
VCAM-1 expression and overactivation of PDGF-R were 
observed (Suppl. Figure 14Sa–d).

Finally, in imatinib-treated SCD mice, we found decreased 
oxidation of kidney proteins. In combination with the inhibition 
of PDGFR-B that is upstream in signaling pathway of mTOR, 
this results in inhibition of mTOR and activation of autophagy. 

Figure 5. Imatinib reduces inflammatory related profibrotic stimulus and modulates autophagy in kidney of SCD mice. (A) Immunoblot analysis, 
using specific antibodies against PDGF-B (75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel), phosphorylated (p-)PDGFR-B, PDGFR-B, in 
kidney from healthy (AA) and SCD mice under normoxia conditions or exposed to H/R: hypoxia (8% oxygen; 10 h), followed by reoxygenation (21% oxygen; 
3 h) treated with either vehicle or imatinib (50 mg/kg daily for 3 wk). 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. One representative gel 
from 3 with similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 10Sb. (B) Expression of miR-200a (left panel) and let-7c 
(right panel), as determined using quantitative polymerase chain reaction, in kidney of AA (n = 4, 2 female/2 male) and SCD (miR-200a SS H/R vehicle n = 4, 
2 female/2 male; SS H/R imatinib n = 5, 2 male/3 female; let7c SS H/R vehicle n = 5, 2 female/3 male; SS H/R imatinib n = 4, 2 male/2 female) mice exposed 
to H/R and treated with either vehicle or imatinib. Results are shown as mean ± SEM from 3 to 5 mice per group. *P < 0.05 **P < 0.01. (C) Kidney immunopre-
cipitation using specific antiphosphotyrosine antibodies (IP: pY), revealed with specific anti-TGF receptor (Rec) antibody (75 µg/µL of protein loaded on an 8% 
T, 2.5%C polyacrylamide gel). GAPDH in WCL and Ig-G are used as loading controls. One representative gel from 3 others with similar results is presented. 
Densitometric analysis of immunoblots is shown in Suppl. Figure 10Sc. (D) Immunoblot analysis, using specific antibodies against phosphorylated (p-)mTOR 
and mTOR in kidney from AA and SCD mice treated as in (A) (2 female and 2 male mice). 100 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. 
One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 10Sd. (E) Immunoblot analysis, 
using specific antibodies against LC3 I/II (75 µg/µL of protein loaded on an 14% T, 2.5%C polyacrylamide gel) and p62 (50 µg/µL of protein loaded on an 8% 
T, 2.5%C polyacrylamide gel) in kidney from AA and SCD mice treated as in a (2 female and 2 male mice). One representative gel from 4 with similar results is 
shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 10Se. GAPDH = glyceraldehyde-3 phosphate dehydrogenase; H/R = hypoxia/reoxygenation stress; 
mTOR = mammalian target of rapamycin; PDGF-B = platelet-derived growth factor-B; PDGFR-B = platelet-derived growth factor-receptor-B; SCD = sickle cell disease; SEM = standard error of 
the mean; TGF = transforming growth factor; WCL = whole-cell lysate. 
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Indeed, we found (i) reduction of LC3 I/II, an autophagy initia-
tor; (ii) decreased accumulation of p62, a late phase autophagy 
cargo protein; and (iii) reduced accumulation of ubiquinated 
proteins. These data point to an improvement of autophagic 
flux in kidney from imatinib-treated SCD mice exposed to H/R 
(Figure 6D). An efficient autophagy is crucial to ensure the clear-
ance of damage proteins, whose accumulation promotes cell 
oxidation redirecting cells toward apoptosis and progression of 
kidney damage.66,73–75

In conclusion, imatinib protects against H/R-induced organ 
damage in humanized SCD and improves multiple key points of 
its disease pathophysiology, resembling the multimodal action 
of HU. The recent development of new therapeutic options such 
as voxelotor, an oral anti-sickling agent, or crizanlizumab, a 
monoclonal anti-P-Selectin antibody, has opened a new era for 
clinical management of patients with SCD. Our data generate 
a rational for considering imatinib to treat SCD. Imatinib has 
already been tested in clinical trials and used for 2 decades in 
CML patients. This is extremely helpful in design the follow-up 
strategy to early intersect possible adverse events related to long-
term treatment with imatinib in SCD. Here, we have excluded a 
worsening of cardiac function in humanized SCD mice treated 
with imatinib and the literature shows that patients with SCD 
and CML have well-tolerated imatinib treatment without severe 
adverse events.14–16

Collectively, our data may substantially reduce R&D costs 
and provide an accelerated pipeline of clinical studies as this 
potentially new therapeutic option for SCD. Last but not least, 
our study validates VCAM-1 MRI as a new in vivo technique 
to be combined with already available prognostic markers (or 
diagnostic techniques) for monitoring inflammatory vasculopa-
thy in patients with SCD.
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Figure 6. Imatinib protects SCD mice against inflammatory vasculopathy during H/R stress. (A) Representative T1-weighted axial images of the 
abdominal aorta acquired before (PRE) and 24 h (POST) the injection of VCAM-1–targeted micelles in healthy (AA) vehicle, HbS homozygous (SS) vehicle, or SS 
imatinib-treated mice. The white arrows indicate the abdominal aorta sections. (B) Immunoblot analysis, using specific antibodies against VCAM-1 (40 µg/µL of 
protein loaded on an 8% T, 2.5%C polyacrylamide gel), ET-1 (75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel), and E-selectin (75 µg/µL of 
protein loaded on an 8% T, 2.5%C polyacrylamide gel) in isolated aorta from AA and SCD mice under normoxia or exposed to H/R treated with either vehicle 
or imatinib (2 female and 2 male mice). One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown in Suppl. 
Figure 12Sb. (C) Immunoblot analysis, using specific antibodies against phosphorylated (p-)PDGFR-B and PDGFR-B in isolated aorta from AA and SCD mice 
treated as in a (2 female and 2 male mice). 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. One representative gel from 4 with similar results 
is shown. Densitometric analysis of immunoblots is shown in Suppl. Figure 12Sc. (D) Schematic diagram of multimodal action of imatinib in humanized mouse 
model for SCD. Imatinib improves red cell features with the reduction H/R-induced hemolysis and generation of erythroid microvesicles. This is combined with 
modulation of local inflammatory response with modulation of NF-kB–dependent response and inhibition of profibrotic PDGF-B/TGF-β signaling pathway. This 
protects against severe H/R-mediated cell injury with improvement of autophagy, ensuring cell survival against H/R stress. Collectively imatinib protects against 
H/R stress, mimicking acute sickle cell–related vaso-occlusive crisis, modulating local and systemic inflammatory response, and preventing disease progres-
sion. ET-1 = endothelin-1; H/R = hypoxia/reoxygenation stress; NF-kB = nuclear factor-kB; PDGF-B = platelet-derived growth factor-B; PDGFR-B = platelet-derived growth factor-receptor-B; 
SCD = sickle cell disease; TGF-b = transforming growth factor-b; VCAM-1 = vascular cell adhesion molecule-1. 
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