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Sickle cell disease patients are at increased risk of developing a chron-
ic kidney disease. Endothelial dysfunction and inflammation asso-
ciated with hemolysis lead to vasculopathy and contribute to the

development of renal disease. Here we used a Townes sickle cell disease
mouse model to examine renal endothelial injury. Renal disease in
Townes mice was associated with glomerular hypertrophy, capillary
dilation and congestion, and significant endothelial injury. We also
detected substantial renal macrophage infiltration, and accumulation of
macrophage stimulating protein 1 in glomerular capillary. Treatment of
human cultured macrophages with hemin or red blood cell lysates sig-
nificantly increased expression of macrophage membrane-associated
protease that might cleave and activate circulating macrophage stimulat-
ing protein 1 precursor. Macrophage stimulating protein 1 binds to and
activates RON kinase, a cell surface receptor tyrosine kinase. In cultured
human renal glomerular endothelial cells, macrophage stimulating pro-
tein 1 induced RON downstream signaling, resulting in increased phos-
phorylation of ERK and AKT kinases, expression of Von Willebrand fac-
tor, increased cell motility, and re-organization of F-actin. Specificity of
macrophage stimulating protein 1 function was confirmed by treatment
with RON kinase inhibitor BMS-777607 that significantly reduced
downstream signaling. Moreover, treatment of sickle cell mice with
BMS-777607 significantly reduced glomerular hypertrophy, capillary
dilation and congestion, and endothelial injury. Taken together, our find-
ings demonstrated that RON kinase is involved in the induction of renal
endothelial injury in sickle cell mice. Inhibition of RON kinase activation
may provide a novel approach for prevention of the development of
renal disease in sickle cell disease. 
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ABSTRACT

Introduction

Sickle cell disease (SCD) is the most commonly inherited hematologic disorder
caused by a single nucleotide mutation in the β-globin gene (HBB) resulting in HbS
hemoglobin. HbS polymerization leads to sickling and hemolysis of red blood cells
(RBCs), vaso-occlusion and organ damage. SCD patients are at increased risk of
developing chronic kidney disease (CKD).1,2 Renal involvement in SCD can be pres-
ent in childhood, as evidenced in 16-28% of children with clinical manifestations
of proteinuria and microalbuminuria.3 Albuminuria and proteinuria are observed in
more than 50% of adult SCD patients, and renal failure is developed in about
30%.4,5 SCD-associated nephropathy is characterized by tubular dysfunction,
which is manifested by inability to concentrate urine, and consequent hypos-
thenuria and polyuria, and glomerular damage. Glomerular abnormalities are char-
acterized by glomerular hypertrophy, expansion of mesangium, thrombotic



microangiopathy, focal segmental glomerulosclerosis
(FSGS), membranoproliferative glomerulonephritis, and
albuminuria.5-8 Two major disease mechanisms of chronic
kidney disease in SCD have been proposed: 1) hemolysis-
endothelial dysfunction leading to vasculopathy; and 2)
inflammation and hyper-viscosity leading to vaso-occlu-
sion.9 Intrarenal RBC hemolysis was suggested to be a trig-
ger for both mechanisms. 

Spleen, the physiological site of RBC removal from the
circulation, is abnormal in SCD patients. The functional
asplenia is likely to increase the rates of intravascular
hemolysis. Sickling of RBCs and intra-organ hemolysis
stimulate infiltration by circulating monocytes and their dif-
ferentiation into macrophages. Endocytosis of RBC lysate
products affects macrophage phenotypes.10,11 Intravascular
RBC hemolysis also releases lysate products that impair
endothelial function leading to chronic vasculopathy.
Vascular endothelium and monocytes are activated in SCD
patients, and monocyte numbers are increased.12-14

Activated macrophages express matriptase-1 (MT-SP1)
which is one of the proteases that cleavages and activates
circulating macrophage stimulating protein 1 (MSP1).15,16 

MSP1  was shown to accumulate in glomeruli in the rat
model of anti-Thy1 glomerular disease; its neutralization
by antibodies reduced serum creatinine and proteinuria,
and protected rats from glomerular injury.17 MSP1 is a plas-
ma protein secreted by liver and circulated as a single-

chain, biologically inactive pro-MSP1. It is activated by
proteolytic cleavage of Arg483-Val484 bond by either
serum proteases or proteases expressed on the cell
surface.18 Pro-MSP1 diffuses into local tissues where it is
activated by proteolytic cleavage and plays a role in the
tissue injury or repair.18 Activated MSP1 binds to and acti-
vates a cell surface receptor tyrosine kinase, Recepteur
d'Origine Nantais (RON).19 We hypothesize that endocy-
tosis of RBC lysis products by kidney-infiltrating
macrophages stimulates expression of MT-SP1, which
then locally activates circulating MSP1. We further
hypothesize that MSP1 binds to RON tyrosine kinase
receptor and activates glomerular endothelium in SCD.
We test these hypotheses using a humanized mouse
model of SCD (Townes) which recapitulates several
hematologic manifestations of human SCD, including
renal vascular occlusion, as well as vascular, tubular and
glomerular changes.20,21 Here we showed that glomerular
disease in SCD mice was associated with endothelial
injury, increase in renal macrophage infiltration, and
glomerular MSP1 accumulation. In vitro, treatment of cul-
tured human macrophages with hemin, a breakdown
product of hemoglobin, or RBC lysate significantly
increased expression of MT-SP1. In cultured human renal
glomerular endothelial cells, MSP1 treatment induced
phosphorylation of RON downstream signaling ERK and
AKT kinases, increased expression of von Willebrand fac-
tor (vWF) and cell motility, and induced re-organization of
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Figure 1. Renal disease in sickle cell
disease (SCD) mice is characterized
by significant glomeruli hypertrophy
and capillary dilation. (A-D)
Representative pictures of hematoxylin
and eosin staining (H&E) (A and B),
and periodic acid–Schiff staining (PAS)
(C and D) of renal sections. Squares
show enlarged areas (B and D). Bar
sizes on microphotographs are 
100 μm (A and C) and 40 μm. (B and
D). (E and F) Quantification of
glomeruli size (E) and capillary size per
glomeruli cross section (F) is per-
formed using CellSens Standard soft-
ware. Five mice per group were used
for each staining. For quantification
graphs, means are shown. Each dot
represents a value obtained from one
glomerulus cross-section. Ctrl: control.
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F-actin. RON kinase inhibitor (RONi, BMS-777607) signif-
icantly reduced RON signaling. Moreover, injections of
RONi in young SCD mice prevented the development of
glomerular disease, substantially reducing glomerular
hypertrophy, capillary dilation and congestion, and
endothelial injury.

Taken together, these data demonstrated that renal
glomerular accumulation of MSP1 and the activation of
RON kinase were involved in the induction of renal
endothelial injury in SCD mice. Inhibition of RON kinase
activation is a novel approach to prevent CKD develop-
ment in SCD. 
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Figure 2. Renal disease in sickle cell disease (SCD) mice is associated with significant endothelial injury. (A-D) Representative pictures of von Willebrand factor
(vWF) (A and B) and CD34 (C and D) immunostaining (red) of renal sections. Squares show enlarged areas (B and D). Non-specific primary antibodies (Abs) were
used as a negative control. Bar sizes on the microphotographs are 100 μm (A and C) and 40 μm. (B and D). (E and F) Quantification of vWF (E) and CD34 (F) expres-
sion in glomeruli cross sections is performed using ImageJ Fiji version. Five mice per group were used for each staining. For quantification graphs, means are shown.
Each dot represents a value obtained from one glomerulus cross-section. Ctrl: control.
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Methods

Mice and RONi injections
The animal protocol was approved by the Institutional Animal

Care and Use Committee at the Children's National Health

System. Townes mice, here referred to as SCD mice, were
obtained from the Jackson Laboratory. 

Two-month old mice were injected subcutaneously with 10
mg/kg of body weight of RON inhibitor (RONi, BSM-777607,
Santa Cruz Scientific) in 2% DMSO daily for 14 consecutive days.
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Figure 3. Glomerular macrophages infiltration and MSP1 accumulation is increased in sickle cell disease (SCD) mice. (A-D) Representative pictures of
macrophages (F4/80) (A and B, red) and macrophage stimulating protein 1 (MSP1) (C and D, brown) immunostaining of renal sections. Squares show enlarged
areas immunostaining (B and D). Non-specific primary antibodies (Abs) were used as a negative control. Bar sizes on the microphotographs are 100 µm (A and C)
and 40 µm. (B and D). (E and F) Quantification of F4/80 positive macrophages per glomeruli cross section (E) and MSP1 accumulation in the glomeruli (F) is per-
formed using ImageJ Fiji version software. Five mice per group were used for each staining. For quantification graphs, means are shown. Each dot represents a
value obtained from one glomerulus cross-section. Ctrl: control.



Six SCD and 4 control mice were injected with RONi. Similar
groups were injected with 2% DMSO (vehicle). 

Immunohistochemistry 
Paraffin embedded tissue sections were used for immunostain-

ing with rat anti-mouse F4/80 (AbD Serotec), rabbit anti-vWF
(Dako), rat anti-mouse ICAM (BioLegend), rat anti-mouse CD34
(Cedarline), and mouse anti-MSP1 (R&D Systems). AEC and DAB
kits were obtained from Vector Laboratory. Images were acquired
with an Olympus 1x51 microscope with an Olympus DP 72 cam-
era. Quantification of positive staining was performed using
ImageJ Fiji version and CellSens Standard (Olympus) software.

Cell culture
Human glomerular endothelial cell line (HGEC) was generated

as described22 and maintained in DMEM media supplemented
with 10% fetal bovine serum (FBS) and antibiotics (all from
Thermo-Fisher). THP1 human monocytic cell line was purchased
from ATCC and maintained in RPMI-1640 media supplemented
with 10% FBS, antibiotics and 2 μM β-mercaptoethanol (Sigma-
Aldrich). THP-1 cells were differentiated into macrophages by
treatment with 10 nM phorbol 12-myristate 13 acetate (PMA,
Sigma-Aldrich) for 48 hours (h). 

Treatment of THP-1 cells with hemin and RBC lysate
Hemin was obtained from Frontier Scientific. Blood samples

were collected from healthy control subjects. RBCs were isolated
by centrifugation, frozen at -80°C for 15 min, and then thawed for
lysis. Cellular debris was pelleted by centrifugation, and the
hemolysates were stored at -80°C. Differentiated THP-1 cells
were treated either with different concentrations of hemin or
hemolysates for 18 h. 

Immunofluorescent staining and western blots
Rabbit MT-SP1 (Calbiochem) antibody was used for immunos-

taining and western blot (WB) of THP1 cells. HGEC were treated
with 1 μM of human recombinant MSP1 (R&D Systems) with or
without RON inhibitor (200 nM) for varying times. WB analysis
was performed with rabbit anti-p44/p42 MAPK (Erk1/2), rabbit
anti-phospho-p44/p42 Erk1/2, rabbit anti-pan-Akt, and rabbit
anti-phospho-Akt antibodies (all from Cell Signaling Technology).
Mouse anti-β-actin antibodies and phalloidin-FITC conjugate
were obtained from Sigma-Aldrich. 

Wounding migration assay 
The HGEC monolayers were wounded by strokes across the

diameter of the well with 2.5-mm-wide pipet and medium with
MSP1 (1 μM) was added. The width of the wound was visualized
with pictures taken at pre-treatment and 5 h post treatment. A
total of 20 random measurements were analyzed for each wound
at each time point. 

Isolation of mouse renal glomeruli and glomeruli 
permeability assay

Mouse renal glomeruli were isolated from control mice using a
sieving technique.23 Glomerular permeability was measured by a
determination of albumin permeability, as described previously24

with slight modification (Online Supplementary Methods). 

Statistical analysis
Results were expressed as mean±Standard Deviation.

Differences between two groups were compared by unpaired
parametric t-test, between multiple groups by one-way ANOVA
(GraphPad software). Differences between groups were consid-
ered significant at P<0.05.

Results

SCD mouse kidneys have increased macrophage 
infiltration and MSP1 accumulation in the glomeruli

Kidneys were collected from 4-month old SCD and con-
trol mice (n=5 per group) and renal injury was evaluated.
SCD mice develop RBC sickling, anemia, leukocytosis,
behavioral changes, and multi-organ pathology character-
istic of SCD patients.21,25,26 Glomerular abnormalities in 4-
month old SCD mice were characterized by: glomerular
hypertrophy [Figure 1A, B, and E, hematoxylin and eosin
(H&E) staining]; expansion of mesangium [Figure 1C and
D, periodic acid Schiff (PAS) staining, and Online
Supplementary Figure S1, PCNA staining]; capillary dilation,
and thickening of capillary loops and glomerular basement
membrane (Figure 1C, D and F, PAS staining). Glomerular
capillaries, peritubular cortical capillaries, and capillaries in
the medulla and papilla were markedly congested, and
sickling of RBCs was observed especially in the medulla
and papilla (Online Supplementary Figure S2, H&E staining).
Capillary congestion and dilation together with hemolysis
might induce endothelial cell injury and secretion of von
Willebrand Factor (vWF) into the surrounding blood and
sub-endothelium.27,28 Indeed, glomerular capillary expres-
sion of vWF was significantly increased in SCD mice
(Figure 2A, B and E, immunostaining, red). Murine
glomerular capillary showed positive immunostaining for
endothelial marker CD3429 that was significantly increased
in SCD mice (Figure 2C, D and F, immunostaining, red).
Because CD34 is also expressed on hematopoietic progen-
itors cells which are increased in the circulation in SCD
mice30 these cells may also be a source of increased CD34
staining in the congested capillary. We also observed a sig-
nificant renal glomerular and interstitial infiltration of acti-
vated macrophages in SCD mice (Figure 3A, B and E,
F4/80 immunostaining, arrows, and Online Supplementary
Figure S3). Glomerular infiltrated macrophages were nega-
tive for the inducible nitric oxide synthase (iNOS), a mark-
er of M1 pro-inflammatory macrophage (Online
Supplementary Figure S4). MSP1 was accumulated in SCD
renal glomerular capillary (Figure 3C, D and F, immunohis-
tostaining, brown). High levels of MSP1 accumulation
were found in 46±8% of glomeruli in SCD mice. In con-
trast, less than 20% of glomeruli demonstrated low levels
of MSP1 accumulation in control mice. Together, these
findings show that renal disease in SCD mice is associated
with significant endothelial injury, macrophage infiltra-
tion, and accumulation of MSP1 in the glomerular capillar-
ies.

Hypoxia, hemin, and red blood cell lysate stimulate
expression of matriptase 1 in human macrophages

MSP1 is produced by the liver and secreted into circula-
tion where it is activated by proteolytic cleavage.18

Macrophage membrane-bound matriptase 1 (MT-SP1) is
one of the proteases which activate MSP1 protein.16,31 We
tested whether renal hypoxia and RBC hemolysis
increased expression of MT-SP1. Meta-analysis of the
NCBI Geo database demonstrated a 2-fold increase in MT-
SP1 expression in human monocyte-derived differentiated
macrophages compared to non-differentiated monocytes
(Figure 4A). Meta analysis also showed that MT-SP1
expression was further increased in macrophages that
were cultured under hypoxia (Figure 4B). Non-differentiat-
ed human pro-monocytic cell line (THP-1 cells) expressed
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a low level of MT-SP1, which was increased after THP-1
differentiation into macrophages by PMA treatment
(Figure 4C and D, compare lanes 1 and 2). Treatment of
THP-1-derived macrophages with hemin or RBC lysate
further increased MT-SP1 expression (Figure 4C-F).
Immunofluorescent staining of THP-1-derived
macrophages demonstrated membrane and cytoplasmic
distribution of MT-SP1 (Figure 4G, green) which was sig-
nificantly increased upon treatment with hemin (10 μM)
or RBC lysate (Figure 4G). Collectively, hemolysis prod-
ucts (tested in this study) and hypoxia (meta-analysis data)
demonstrated increased expression of MT-SP1 in human
macrophages. Higher levels of MT-SP1 expression might
induce local activation and accumulation of circulating
MSP1. 

MSP1 induces endothelial cell motility and activated
downstream RON signaling of ERK and AKT

To assess the impact of MSP1 on the endothelium, we
examined its effect on cultured human glomerular

endothelial cell line (HGEC) recently generated in our lab-
oratory.22  Treatment with 1 μM MSP1 did not induce pro-
liferation of HGEC (Figure 5A). In contrast, MSP1 treat-
ment significantly increased motility of HGEC in a 2D
wound assay (Figure 5B and C). F-actin plays a central role
in the endothelial cell motility and permeability.32

Inflammatory mediators can alter F-actin formation and
distribution.32 In confluent HGEC, F-actin formed mostly a
cortical rim with few stress fibers (Figure 5D, green).
MSP1 stimulated re-organization of F-actin and formation
of stress fibers. (Figure 5D, green). Treatment cells with
specific RON kinase inhibitor (200 nM; RONi) inhibited
MSP1-induced formation of stress fibers and vWF expres-
sion (Figure 5D, F-actin and vWF staining). MSP1 treat-
ment also increased expression of vWF in HGEC (Figure
5D, red), and this increased expression was inhibited by
RONi (Figure 5D). Next, we examined activation of RON
kinase signaling in HGEC. Binding of MSP1 to RON leads
to phosphorylation of the downstream kinases, ERK and
AKT.33 Levels of ERK and AKT phosphorylation in HGEC

A. Khaibullina et al.
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Figure 4. Hemin, red blood
cell (RBC) count and hypoxia
treatment increase expres-
sion of matriptase MT-SP1 in
human THP1-derived
macrophages. (A and B)
Meta-analysis of membrane
type serine protease 1 (MT-
SP1) expression in human
primary monocyte-derived
macrophages using Geo
database NCBI (A) Data Set
GDS3203 and (B) Data Set
GDS2036. For quantification
graphs, mean and Standard
Deviation (SD) are shown. (C
and E) Western blot of MT-
SP1 in human THP-1-derived
macrophages treated with
different concentrations of
hemin (C) or RBC lysate (D).
β-actin was used for normal-
ization. (D and F)
Quantification of MT-SP1 on
Western blot. For quantifica-
tion graphs, mean and SD
are shown. *P<0.05. Results
are representative of three
independent experiments.
(G) Immunostaining of MT-
SP1 in THP-1-derived
macrophages treated with
hemin (10 nM) or RBC lysate
(green). DAPI was used for
nuclear staining. Bar size 40
μm. PMA: phorbol 12-myris-
tate 13-acetate.
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Figure 5. MSP1 treatment of cultured human glomerular endothelial cell line (HGEC) induces cell motility and vWF expression, F–actin re-organization, and RON
kinase signaling in HGEC. (A) Cell growth measured by MTT assay. Five wells are used for either control or treatment with 1 μM of recombinant MSP1 in each exper-
iment. Results are representative of three independent experiments. (B) Representative picture of wound migration assay of control cells and cells treated with 1
μM of MSP1. Bar size 300 μm. (C) Quantification of wound migration assay. Three wells are used per treatment in each experiment. Results are representative of
three independent experiments. (D) Immunostaining of F-actin (green) and vWF (red) in control and treated MSP1 (1 μM) treated cells with or without RONi (200
nM). DAPI (for F-actin) and Hematoxylin (for vWF) were used for nuclear staining. Non-specific primary antibodies were used for negative control. Bar size 40 μm for
F-actin and 100 μm for vWF. (E and F) Western blots of phosphorylated and non-phosphorylated forms of ERK and AKT kinases in HGEC. (E) Cells were treated with
MSP1 (1 μM) and collected at different time points after treatment. (F) Cells were treated with MSP1 (1 μM) with or without RON inhibitor (RONi, 200 nM) for 30
min. (G-J) Quantification of pERK and pAKT on Western blot. For quantification graphs, mean and SD are shown. *P<0.05. Results are representative of three inde-
pendent experiments. β-actin used for loading normalization. 
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were significantly increased after MSP1 treatment (Figure
5E-G). Phosphorylation of ERK and AKT was significantly
reduced after treatment with RONi (Figure 5H-J). Taken
together, MSP1 activated RON receptor signaling in cul-
tured HGEC leading to the re-organization of F-actin and
increasing cell motility and vWF expression.

MSP1 increases permeability in SCD mouse glomeruli
Glomerular hyperfiltration is an early stage manifesta-

tion in the development of SCD glomerulopathy.34,35 To
test whether MSP1 increases glomeruli permeability, we
utilized a mouse whole glomeruli permeability assay.24

Renal glomerular permeability measurement was based
on the determination of albumin permeability. In the
absence of capillary filtration, the diffusional loss of albu-
min from glomeruli capillary is negligible.24  Placement of
intact glomeruli into the hypooncotic solution increases
glomeruli volume due to water accumulation inside
glomeruli according to oncotic gradient.24  Treatment of
glomeruli with permeating agents that increase glomerular
filtration significantly increases albumin loss and reduces
oncotic gradient, leading to a reduced glomerular volume
in the hypooncotic solution.24  Renal glomeruli were isolat-
ed from control mice and treated with recombinant MSP1
(1 μM) in the presence or absence of RONi (200 nM) for
30 min (see Methods for details). PBS was used as a vehicle
control. Placement of vehicle-treated glomeruli in hypoon-
cotic solution significantly increased glomerular volume
by more than 3.5-fold (Figure 6A and B). MSP1 treatment
reduces glomerular volume, whereas RONi treatment
restored the ability of glomeruli to enlarge in the hypoon-
cotic solution (Figure 6A and B). Taken together, pre-treat-
ment of mouse glomeruli with MSP1 significantly

increased glomerular permeability for albumin, and RONi
reduced MSP1-associated glomerular permeability.

Treatment of SCD mice with RONi significantly 
ameliorates glomerular endothelial injury

To test whether RONi prevents development of
glomerular endothelial injury in young SCD mice, 2-
month old SCD mice were injected with either RONi (10
mg/kg of body weight in 2% DMSO) or vehicle (2%
DMSO, n=6 per group) subcutaneously for 14 days.
Control non-SCD mice were also injected with either
RONi or vehicle (n=4 per group). We used younger (2-
month old) mice to test whether RONi prevents develop-
ment of glomerular disease, because older (4-month old)
mice had already developed profound glomerular disease
(Figures 1 and 2). Only 20% of 2-month old mice devel-
oped microalbuminuria (1 of 5 mice), and 40% of 12-week
old non-treated SCD mice developed microalbuminuria (2
of 5 mice) (data not shown). In contrast, we found that all
non-treated mice had glomerular endothelia cell injury at
12 weeks of age. Because endothelial injury was detected
before the onset of albuminuria, we focused on the role of
RON signaling in the development of endothelial injury.
Administration of RONi in SCD mice did not affect body
weight (Figure 7A), but significantly reduced kidney size
(Figure 7B and C). Moreover, administration of RONi in
SCD mice significantly reduced glomerular hypertrophy
and capillary congestion (Figure 8A and E and Online
Supplementary Figure S5, H&E staining). Capillary dilation
and thickening of capillary loops and glomerular basement
membrane were significantly reduced in SCD mice treat-
ed with RONi compared to mice with vehicle injection
(Figure 8B and F and Online Supplementary Figure S5, PAS
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Figure 6. MSP1 increases glomerular perme-
ability in whole glomeruli assay. (A)
Representative pictures of glomeruli isolated
from control mice placed in isooncotic and
hypooncotic solutions. Glomeruli were pre-
treated with vehicle (PBS), or with MSP1 (1
μM) with or without RON inhibitor (RONi 200
nM). Bar size 40 μm. (B) Quantification of
glomerular volume change in hypooncotic
solution. CellSens Standard software was
used for measurement of the glomeruli area
and glomeruli volume was calculated. Percent
of volume changes in isooncotic solution is
shown. For quantification, graphs means are
shown. Each dot represents a value obtained
from one glomerulus.
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staining). RONi treatment did not affect mesangial expan-
sion in SCD mice (Figure 8A and B, H&E and Online
Supplementary Figure S6, PAS staining). However, RONi
administration in SCD mice significantly reduced capillary
expression of vWF (Figure 8C and G and Online
Supplementary Figure S5, immunostaining, red), and
Intercellular Adhesion Molecule 1 (ICAM1) (Figure 8D
and E and Online Supplementary Figure S5, immunostain-
ing, red), which are the markers of endothelial injury.36,37

Thus, inhibiton of RON receptor in SCD mice significant-
ly ameliorated development of endothelial and glomerular
injury.

Discussion

Renal disease in SCD patients includes a variety of
glomerular and tubular complications, but the mechanism
of their development is not fully understood. The most
important finding in our study is that MSP1 and its recep-
tor RON kinase may play a role in the activation of renal
endothelium and development of glomerular pathology in
SCD mice. Moreover, treatment of mice with RONi, an
inhibitor of RON kinase, significantly ameliorated
glomerular hypertrophy, capillary dilation and congestion,
and endothelial injury. These findings reveal a previously
unknown mechanism which contributes to glomerular
endothelial injury in SCD. 

Sickle cell disease mice spontaneously develop FSGS
that may be directly associated with RBC sickling and
chronic hemolysis. The focal nature of glomerulosclerosis
in SCD mice and SCD patients apparently excludes the
effect of global factors, such as hypoxia, cell-free heme,
iron, and other circulating factors that would lead to a
global and not  focal glomerulosclerosis with involvement
of only 50% of glomeruli in SCD mice. Thus, locally-pro-
duced factor(s) are more likely to contribute to the devel-
opment of FSGS.

In agreement with a previous report,21 we demonstrate
here that macrophage infiltration in renal glomeruli was
increased in SCD mice. Sickling and adhesion of RBCs,
and accumulation of RBC lysate products within the kid-
ney might stimulate renal infiltration of monocyte-derived
macrophages. Monocyte-derived renal macrophages are
present in all forms of kidney disease with inflammation,
and renal capillary macrophage infiltration is a character-
istic pathology of FSGS.38 In many human biopsy studies,
number of glomerular or interstitial macrophages correlate
with poor outcomes, suggesting their possible role in the
disease progression.39,40 However, the role of infiltrating
macrophages in the progression of renal disease is not well
understood. Phagocytosis of senescent sickled RBCs, RBC
exosomes and endocytosis of cell-free hemoglobin
increases inflammatory response in the cultured human
monocytes/macrophages.12 Activation of proteases is a
universal inflammatory response in macrophages.41 We
demonstrate here that products of RBC hemolysis signifi-
cantly increased expression of macrophage membrane-
bound protease, MT-SP1 in cultured human macrophages.
Meta-analysis data also showed that hypoxia and mono-
cyte differentiation increased MT-SP1 expression in pri-
mary human macrophages. MT-SP1 is a type II membrane
serine protease that plays important roles in cell migration
and tumor cell metastasis.42  

MT-SP1  is one of the proteases that activate circulating

MSP1.15 MSP1 expression has been found in the renal
tubular cells.43,44 In agreement with previous studies, we
did not observe MSP1 expression or accumulation in
glomeruli of control mice. In contrast, we found that
MSP1 was accumulated in approximately 46±8% of renal
glomerular capillaries in SCD mice. This accumulation
rate was similar to the percentage of injured glomeruli in
SCD mice. Glomerular accumulation of MSP1 was previ-
ously shown in the rat model of anti-Thy1 glomerular dis-
ease, and the neutralization of MSP1 by the injected anti-
bodies reduced serum creatinine and proteinuria, and pro-
tected animals from glomerular injury.17  However, the
mechanism of MSP1-associated glomerular injury was not
clarified. RON is expressed in human renal tubular cells
and glomerular mesangial cells.43,44 MSP1 treatment
induces growth, motility and collagen invasion of mesan-
gial cells.43  Expression of functional RON in endothelial
cells is unknown. MSP1 that is accumulated in glomerular
capillary of SCD mice may potentially affect endothelial
cells, or leak from capillary to affect mesangial cells or
podocytes. The increased glomeruli size associated with
dilated glomerular capillary and mesangial proliferation
was reported both in SCD patients and mouse model of
SCD.20,21,45 In our study, inhibition of RON in SCD mice
significantly reduced glomerular hypertrophy, as well as
capillary dilation and congestion without reduction of
mesangial expansion. It is possible that the short time of
treatment was not enough to produce statistically signifi-
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Figure 7. Treatment of sickle cell disease (SCD) mice with RON inhibitor
reduces kidney hypertrophy. (A) Treatment of SCD mice with RON inhibitor
(RONi) does not affect body weight (BW). (B) Representative picture of kidneys
of controls and SCD mice treated either with (RONi) or vehicle (2% DMSO). (C)
Quantification of kidney weight. Kidney weights (KW) to BW ratios are shown. 

A
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C P=0.04



cant differences in mesangial cell proliferation, or that fac-
tors other than MSP1  could stimulate mesangial growth
in SCD mice. Thus, we hypothesized that MSP1 played a
role in the activation of endothelial cells. The effect of
MSP1 on renal glomerular endothelial cells is still not
known.

To test the effect of MSP1 on endothelium, we used cul-
tured HGEC. MSP1 had previously been shown to stimu-
late motility of murine resident peritoneal macrophages

and kidney epithelial cells.18,46  We demonstrated that
MSP1 treatment increased motility of HGECs and induced
formation of F-actin stress fibers that is essential for motil-
ity and permeability of endothelial cells.32 Further studies
are needed to determine whether MSP1/RON signaling
induces permeability of cultured endothelial cells.
Interestingly, MSP1 increased vWF expression levels in
HGEC. High levels of vWF were also found in SCD
murine glomeruli. RONi treatment reduced endothelial
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Figure 8. Treatment of sickle cell disease (SCD) mice with RON inhibitor (RONi) reduces renal endothelial injury. Representative pictures of renal sections of control
and SCD mice treated with either RONi or vehicle (DMSO) are shown. (A) Hematoxylin&Eosin (H&E) staining. (B) Periodic Acid-Schiff (PAS) staining. (C) von Willebrand
factor (vWF) immunostaining (red). (D) Intercellular Adhesion Molecule (ICAM) immunostaining (red). Bar sizes 50µm. (E and F) Quantification of glomeruli size (E)
and capillary size per glomeruli cross section (F) is performed using CellSens Standard software. (G and H) Quantification of vWF (G) and ICAM (H) expression in
glomeruli cross sections is performed using ImageJ Fiji version software. Six mice per group were used for each staining. Each dot represents a value obtained from
one glomerulus cross-section. For quantification graphs, means are shown. 
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vWF levels in vivo and in vitro. vWF mediates adhesion of
sickle RBCs to endothelial cells, inducing oxidant stress,
and increasing expression of ICAM-1, VCAM and E-
selectin.47 Indeed, RONi treatment in SCD mice was asso-
ciated with reduced vWF levels in glomerular capillaries,
and decreased RBC adhesion and ICAM-1 levels.
Therefore, the mechanism of RON inhibition may be
associated with prevention of glomerular capillary conges-
tion, leading to improvement of renal hemodynamics. A
correlation between an alteration of renal hemodynamics
and a renal histological injury has been demonstrated in a
model of renal ischemia in SCD.48 In addition, our results
demonstrate that MSP1 treatment of glomeruli isolated
from control mice significantly increased albumin perme-
ability that was effectively prevented by RON inhibition.
Hyperfiltration is associated with glomerular hypertrophy
and glomerulosclerosis.49 We demonstrate a significant
reduction in glomerular size in SCD mice after treatment
with RON inhibitors, suggesting a possible change in
hyperfiltration. Reduction of glomerular size after 14-day
treatment with RONi is unlikely to be due to structural
remodeling or reduced proliferation of endothelial cells.
To the best of our knowledge, this is the first study
demonstrating function of MSP1/RON in the glomerular
endothelial cells. Future studies will clarify the mechanism
of MSP1-associated endothelial cell activation and its role

in the development of glomerular injury.
The present study established for the first time that

inhibition of RON kinase significantly ameliorates SCD
renal pathology in mice. Short-term inhibition of RON
kinase reduced endothelial injury in young SCD mice dur-
ing the early stage of renal disease before the onset of
albuminuria. We do not know how long this effect per-
sists after RONi withdrawal. Whether short-term inhibi-
tion of RON kinase will ameliorate already developed
renal disease in older mice is currently under investigation.
Future studies will elucidate a role of Ron kinase in renal
disease in SCD patients. These findings also highlight a
new potential therapeutic target for CKD in SCD. A
recent pre-clinical study50 and Phase 1 clinical trial (clinical-
trials.gov identifier: 01721148) of BMS-777607 RON
inhibitor for treatment of human cancers demonstrated its
safety and good tolerability, providing a proof of principal
for the potential use of this pharmacological approach. 
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