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Heme activates platelets and exacerbates rhabdomyolysis-induced acute
kidney injury via CLEC-2 and GPVI/FcRy
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* Heme, a novel endoge-
nous ligand shared by
CLEC-2 and GPVI/
FcRy, activates human
and murine platelets.

¢ Platelet CLEC-2 and
GPVI/FcRy exacerbate
RAKI in mice.

There is increasing evidence that platelets participate in multiple pathophysiological
processes other than thrombosis and hemostasis, such as immunity, inflammation,
embryonic development, and cancer progression. Arecent study revealed that heme (hemin)-
activated platelets induce macrophage extracellular traps (METs) and exacerbate
rhabdomyolysis-induced acute kidney injury (RAKI); however, how hemin activates
platelets remains unclear. Here, we report that both C-type lectin-like receptor-2 (CLEC-2)
and glycoprotein VI (GPVI) are platelet hemin receptors and are involved in the
exacerbation of RAKI. We investigated hemin-induced platelet aggregation in humans and
mice, binding of hemin to CLEC-2 and GPVI, the RAKI-associated phenotype in a mouse
model, and in vitro MET formation. Using western blotting and surface plasmon resonance,
we showed that hemin activates human platelets by stimulating the phosphorylation of SYK
and PLCy2 and directly binding to both CLEC-2 and GPVI. Furthermore, hemin-induced
murine platelet aggregation was partially reduced in CLEC-2-depleted and FcRy-deficient
(equivalent to GPVI-deficient) platelets and almost completely inhibited in CLEC-2-depleted
FcRy-deficient (double-knockout) platelets. In addition, hemin-induced murine platelet
aggregation was inhibited by the CLEC-2 inhibitor cobalt hematoporphyrin or GPVI antibody
(JAQ-1). Renal dysfunction, tubular injury, and MET formation were attenuated in double-
knockout RAKI mice. Furthermore, in vitro MET formation assay showed that the
downstream signaling pathway of CLEC-2 and GPVI is involved in MET formation. We
propose that both CLEC-2 and GPVI in platelets play an important role in RAKI development.

Introduction

Rhabdomyolysis may be caused by trauma, heat stroke, or medication and can lead to acute kidney injury
(AKI)." In rhabdomyolysis-induced AKI (RAKI), myoglobin-derived heme is immediately converted to
hemin in the blood.? Hemin induces multiple pathologic responses, such as inflammation, cellular
damage, and endothelial activation, due to its ability to generate reactive oxidative species.® Therefore,
oxidative stress generated by hemin has been thought to directly exacerbate RAKI.*® A recent study
proposed a novel mechanism of action for RAKI in which METs mediated by hemin-activated platelets
promote renal tubule injury and lead to renal dysfunction; however, the mechanism of hemin-induced
platelet activation remains unclear.”

Platelets are activated by multiple biological substances, which have corresponding receptors and
downstream signaling cascades. C-type lectin-like receptor-2 (CLEC-2) and glycoprotein VI (GPVI) are
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platelet activation receptors with different endogenous ligands
(podoplanin and collagen, respectively). Nevertheless, they share
downstream signaling molecules, such as SYK, SLP-76, and
PLC~2. A number of recent studies have shown that CLEC-2
and GPVI are involved in various pathophysiological processes,
including thrombosis, immunity, inflammation, embryonic de-
velopment, and cancer progression.®”'® In the current study, we
performed in vitro and in vivo analyses to elucidate the mechanism
underlying hemin-induced platelet activation and its contribution to
the exacerbation of RAKI. We propose that both CLEC-2 and GPVI
are novel hemin receptors that activate platelets and are involved
in RAKI development.

Methods

Preparation of hemin solution

Hemin was purchased from Nakalai Tesque (Kyoto, Japan).
According to PubChem (https://pubchem.ncbi.nlm.nih.gov/), the
molecular weight of hemin is 651.9 g/mol and the net charge is O.
Hemin was dissolved in 1% dimethyl sulfoxide/phosphate-buffered
saline (PBS). For each experiment, we prepared the hemin solution
from powder immediately before use and shaded the solution
during experiments to maintain the quality.

Platelet aggregation

Washed human and murine platelets (2.0 X 10%/mL) were
prepared as previously described'' and stimulated with O to
10 pg/mL hemin, 0.125 or 0.25 pg/mL collagen-related peptide
(CRP) (Peptide Institute, Osaka, Japan), 5 or 10 nM rhodocytin,"?
0.25 U/mL thrombin (Haematologic Technologies, Essex, VT), or
250 nM phorbol 12-myristate 13-acetate (PMA) (Wako Pure
Chemical, Osaka, Japan). Before stimulation, the washed platelets
were incubated with 0.2 mM Arg-Gly-Asp-Ser (RGDS) (Peptide
Institute, Osaka, Japan) for 5 minutes, 50 uM PP2 (Merck,
Darmstadt, Germany) for 5 minutes, 10 uM SU6656 (Cayman
Chemical, Ann Arbor, MI) for 30 minutes, 1 ©M R406 (Cayman
Chemical) for 1 minute, 0.8 pg/mL cobalt hematoporphyrin (Co-
HP)'2 for 2 minutes, or 10 wg/mL anti-mouse GPVI antibody (clone
JAQ-1; Emfret Analytics, Eibelstadt, Germany) for 5 minutes.
Platelet aggregation was evaluated by using MSM Hematracer
712 (LMS, Tokyo, Japan).

This study was approved by the Ethical Committee at the University
of Yamanashi and the Animal Care and Use Committee at the
University of Yamanashi. All participants provided written informed
consent in accordance with the Declaration of Helsinki.

Western blotting

Western blotting was performed as previously described.'* Hemin-
stimulated washed human platelets (5.0 X 10%/mL) with or without
PP2 were directly dissolved in sample buffer, separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, and electro-
transferred. The membranes were incubated with antibodies
(1:1000) against phospho-human SYK (Y525/526) (Cell Signaling
Technology, Beverly, MA) and phospho-human PLCy2 (Cell
Signaling Technology). The membranes were washed, followed
by incubation with horseradish peroxidase—conjugated secondary
antibody. The protein bands were visualized through chemilumi-
nescence using enhanced chemiluminescence ECL prime western
blotting detection reagents (GE Healthcare, Chicago, IL). The blots
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were subsequently stripped and reprobed with antibodies (1:1000)
against human SYK (Santa Cruz Biotechnology, Dallas, TX) and
human PLCy2 (Santa Cruz Biotechnology). The bands were
visualized in the same way. The protein bands were quantified by
densitometry in Imagel. The phosphorylation levels of SYK and
PLCy2 normalized by total SYK and PLCy2, respectively, are
presented relative to the mean phosphorylation levels of untreated
controls.

Surface plasmon resonance spectrometry

The direct binding of hemin to CLEC-2 and GPVI was analyzed by
using BlAcore X (BlAcore AB, Uppsala, Sweden). Human CLEC-
2-human Fc, human GPVI-human Fc, and human Fc (control)
recombinant proteins'® were covalently coupled to a CM chip
(GE Healthcare). Various concentrations of hemin diluted in N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid-buffered saline
with surfactant containing 1% dimethyl sulfoxide were perfused
over the recombinant-coated surface at a rate of 10 wL/min at
25°C, and the changes in resonance unit (RU) were recorded.
NaOH was used as a regeneration solution and injected to break
the specific binding between the analyte and ligand. The RU
showing hemin/CLEC-2 or hemin/GPVI interactions was calculated
by subtracting RU of human Fc from that of human CLEC-2—human
Fc or human GPVI-human Fc. The kinetics analysis was performed
by using the Langmuir model.

Cell-based competitive binding assay

Human CLEC-2-T-REx 293 cells'® and GPVI-Jurkat cells'”
were used to examine whether hemin competes with known
ligands (podoplanin and CRP) in binding to the binding sites of
CLEC-2 and GPVI. CLEC-2 expression was induced by adding
1 ng/mL doxycycline (BD Biosciences, San Jose, CA) or PBS
to the medium. After 24 hours of treatment with doxycycline,
T-REx 293 cells with or without CLEC-2 were suspended in
PBS and incubated with 75 pg/mL of hemin for 20 minutes.
Next, 2.5 pg/mL of human podoplanin-human Fc or human Fc
was added to the cells and incubated for 1 hour. After washing,
goat anti-human immunoglobulin G (IgG)-Alexa Fluor 488 (200:
1) (Invitrogen, Carlsbad, CA) was added to detect the binding
of human podoplanin-human Fc using the Accuri C6 flow
cytometer (BD Biosciences). To detect CRP binding, we
labeled CRP with Alexa Fluor 488 (CRP-AF488) using the
Alexa Fluor 488 Antibody Labeling Kit (Invitrogen). Jurkat cells
with or without GPVI were suspended in PBS and incubated
with 75 pg/mL of hemin for 20 minutes. Thereafter, we added
0.1 pg/mL of CRP-AF488 and detected the binding of CRP
using a flow cytometer.

Mice

FcRy-deficient C57BL/6 mice were provided by the RIKEN
Research Center for Allergy and Immunology (Yokohama, Japan).'®
To obtain platelet-specific CLEC-2-depleted mice, we used an
anti—-CLEC-2 antibody (clone; 2A2B10)."® 2A2B10 (8 mg/kg body
weight) was intravenously or peritoneally injected into wild-type
(WT) mice (C57BL/6; purchased from CLEA Japan, Tokyo, Japan).
CLEC-2 levels were confirmed by using flow cytometry. Similarly, to
prepare CLEC-2—-depleted FcRy-deficient (referred to as double-
knockout [DKQ] in this study) mice, anti-CLEC-2 antibody was
administered to FcRy-deficient mice.
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RAKI model mice

Fifty percent glycerol (Sigma-Aldrich, St. Louis, MO) diluted in water
was bilaterally injected (7.5 mL/kg body weight) into 8- to 10-week-
old mouse quadriceps.?’ To deplete platelet CLEC-2 expression,
anti-mouse CLEC-2 antibody (8 mg/kg body weight)'® was injected
intravenously 1 week before glycerol injection. Rat IgG (Cosmo Bio,
Tokyo, Japan) was used as a control. Renal function was assessed
by serum creatinine level 48 hours after glycerol injection. To
evaluate renal tubular injury, mice were killed 48 hours after glycerol
injection. Kidneys were fixed in 4% paraformaldehyde, embedded in
paraffin, sliced at a thickness of 5 um, and stained with periodic
acid-Schiff. We defined tubular injury as intratubular cast forma-
tion, debris, loss of the brush border, and necrosis.?! Furthermore,
we counted the number of injured tubules in 9 areas (668 X
524 um) of the cortex.

For evaluation of MET formation, mice were killed 8 hours after
glycerol injection. Kidneys were fixed in 4% paraformaldehyde,
embedded in optimal cutting temperature compound (Sakura
Finetek Japan, Tokyo, Japan), and cryosectioned at a thickness of
16 wm. Sections were blocked with 10% donkey serum for
30 minutes. We incubated specimens with 1:200 rabbit anti-CitH3
antibody (Ab5103, Abcam, Cambridge, MA) and 1:200 rat anti-F4/
80 antibody (eBioscience, San Diego, CA) at 4°C overnight and
then with 1:1000 Alexa Fluor 555—labeled anti-rabbit IgG antibody
(Abcam) and 1:500 Alexa Fluor 488-labeled anti-rat IgG antibody
(Life Technologies, Carlsbad, CA) for 90 minutes. After immuno-
fluorescence staining, autofluorescence was suppressed by using
TrueVIEW (Vector Laboratories, Burlingame, CA). Finally, nuclear
staining was performed with 5 pg/mL 4’ ,6-diamidino-2-phenyl-
indole (Sigma-Aldrich) for 5 minutes. We defined DNA-, F4/80-, and
citrullinated histone H3 (CitH3)-positive MET fibers exceeding
20 pm in length as MET-like structures according to a previous
report.” We captured 5 representative fields (236 pm X 236 pm)
per kidney and counted the MET-like structures (Olympus FV-
1000).

Cell culture and induction of METs

THP-1 (human monocytic leukemia cell line, ATCC, Manassas, VA)
was cultured in RPMI 1640 (Gibco Laboratories, Grand Island, NY)
supplemented with 10% fetal bovine serum (Gibco) and penicillin/
streptomycin (Lonza, Basel, Switzerland) at 37°C under 5% carbon
dioxide. We incubated 1 X 10° THP-1 cells in 500 pL RPMI 1640
with 50 nM PMA for 3 days at 37°C under 5% carbon dioxide to
differentiate these cells into macrophage-like cells. THP-1-derived
macrophages were cultured without fetal bovine serum overnight
and primed with 10 ng/mL tumor necrosis factor-a (Invitrogen) for
15 minutes. A total of 1 X 10%/pL platelets were stimulated with
75 wg/mL hemin before adding 50 pL of hemin-activated platelet
solution to THP-1-derived macrophages in the presence of 1 uM
SYTOX Green (Life Technologies) and 1 pg/mL Hoechst33342
(Dojindo Laboratories, Kumamoto, Japan). To confirm the in-
volvement of the SFK signaling pathway in platelet activation, PP2
was added to the washed platelets before hemin stimulation. As
a positive control for MET formation, 500 nM PMA was added to
THP-1-derived macrophages. We considered extracellular SYTOX
Green—positive fibers as MET-like structures. Five fields (704 pm X
528 pum) were captured per well using a fluorescence microscope
(Olympus IX71S1F-2), and the numbers of MET-like structures and
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total cells were counted. The percentage of MET-like structures in
total cells was calculated.

Statistical analysis

Data are expressed as mean * standard deviation unless otherwise
noted. Statistical analyses were performed by using the Student
t test, Tukey’s multiple comparison test, or the Holm-Sidak multiple-
comparison test in GraphPad Prism 8 (GraphPad Software, La
Jolla, CA). Differences with a P value <.05 were considered
significant.

Results

Hemin activates human platelet through the
SFK-SYK-PLCvy2 pathway

To elucidate the role of platelets in RAKI, we first examined the
molecular mechanism underlying platelet activation by heme
(hemin). In aggregation assays, hemin increased light trans-
mittance of washed human platelets in a dose-dependent manner
(Figure 1A). RGDS, an inhibitory peptide of integrin-mediated
platelet aggregation, almost completely blocked the hemin-induced
increase in light transmittance. Similar results were obtained when
platelets were stimulated with CRP or rhodocytin, ligands of GPVI,
or CLEC-2, respectively (Figure 1B), indicating that hemin induces
platelet aggregation but not agglutination. Hemin-induced platelet
aggregation was also blocked by the SFK inhibitors PP2 and
SU6656, as well as the R406 SYK inhibitor. In addition, western
blot analysis showed that the phosphorylation of SYK and PLCvy2
was upregulated by hemin, and the upregulation was inhibited by
PP2 to a basal level (Figure 1C-D). These results indicate that
hemin activates human platelets through the SFK-SYK-PLCvy2
pathway.

Among platelet activation receptors, CLEC-2 and GPVI require
SFK-SYK-PLCy2 signaling for platelet activation.?? Furthermore,
Ca®" flux and adenosine 5'-diphosphate release have an important
role in CLEC-2-mediated or GPVI-mediated platelet aggregation,
especially when stimulated with low concentrations of agonists. We
therefore examined the dependence of hemin-induced platelet
activation on Ca®" flux and adenosine 5’-diphosphate release to
confirm the similarity between hemin-induced and CLEC-2- and
GPVI stimulation—induced platelet activation. BAPTA-AM, a mem-
brane-permeable Ca®" chelator, completely inhibited hemin-
induced platelet aggregation. BAPTA-AM also completely inhibited
CRP- or rhodocytin-induced platelet aggregation (supplemental
Figure 1A). Although the inhibitory effect of apyrase was minimal
when platelets were stimulated by a high concentration (7.5 pug/mL)
of hemin, apyrase exhibited a noticeable inhibitory effect on platelet
aggregation induced by a low concentration (3 wg/mL) of hemin
(supplemental Figure 1B). A similar concentration-dependent effect
of apyrase was observed in CRP- and rhodocytin-induced platelet
aggregation.

Hemin binds directly to both CLEC-2 and GPVI

Because the hemin-induced platelet activation seems mechanisti-
cally similar to the activation thorough CLEC-2 and/or GPVI, we
hypothesized that hemin is an endogenous ligand for CLEC-2 and/
or GPVI. Surface plasmon resonance was used to examine whether
hemin directly binds to human CLEC-2 and/or human GPVI. Hemin
was perfused on surfaces coated with human CLEC-2—-human Fc
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Figure 1. Hemin activates human platelet through the SFK-SYK-PLCvy2 pathway. (A) Hemin-induced platelet aggregation in humans. Washed human platelets were
stimulated with 6 concentrations of hemin (0, 1.0, 2.5, 6.0, 7.5, and 10 pg/mL). The representative curves (left) and quantifications of maximum light transmission (right) are
shown. (B) Blocking effect of 0.2 mM RGDS, 50 uM PP2, 10 pM SU6656, and 1 WM R406 on hemin (7.5 pg/mL)-, CRP (0.25 ug/mL)-, or rhodocytin (Rhod) (10 nM)-
induced platelet aggregation. The representative curves and quantifications of maximum light transmission are shown. (C) Western blot analysis of phospho-human SYK
(Y525/526), phospho-human PLCy2 (Y759), human SYK, and human PLCy2. Representative images of hemin-induced (7.5 ug/mL) phosphorylation of SYK and PLCy2 and
its inhibition by PP2 in human platelets are shown. (D) Quantitative analysis of SYK (left) and PLCv2 (right) phosphorylation normalized by total SYK and PLC~2, respectively.
Data are the mean =+ standard deviation (panels A, B, and D); n = 3 to 4. *P < .05, **P < .01, **P < .001. Tukey's multiple-comparison test for panels A and D, Student

t test for panel B.

2020 OISHI et al 13 APRIL 2021 - VOLUME 5, NUMBER 7 & blood advances



CLEC-2

150 -

— fn )
o= ~
= st
= 100 =
= =
= @
=+ ()
o =
= <
< =
5 2
g 501 &
(=4

60 120 180 240 300 360 420 480
Time (sec)

GPVI
100
75 4 Hemin (ug/mL)
— 1.0
50 — 0.5
— 0.1
25 —0

T T T T T T T T T

60 120 180 240 300 360 420 480
Time (sec)

Figure 2. Hemin binds directly to both CLEC-2 and GPVI. Direct binding of hemin to immobilized human CLEC-2 (left) and human GPVI (right) evaluated by using the

BlAcore X system. The changes in RU using different concentrations of hemin (0, 0.1,

or human GPVI-human Fc. The resonance unit, which indicates
binding of hemin to the ligands (coated human CLEC-2—human Fc or
human GPVI-human Fc), increased during perfusion of hemin
solution and decreased after perfusion of hemin-free solution. The
same experiment was performed by changing the ligand to human Fc
alone. The RU curves were corrected for human Fc values.
Interestingly, following the human Fc correction, the sensorgrams
indicated direct and dose-dependent binding of hemin to both human
CLEC-2 and human GPVI (Figure 2). Kinetics analysis showed that
hemin binds to human CLEC-2 and human GPVI, with dissociation
constant (Kp) values of 0.915 pM and 29.4 M, respectively.

Both CLEC-2 and GPVI contribute to hemin-induced
platelet activation

First, we confirmed that hemin induces platelet activation in mice
and that this involves the SFK and SYK pathways. Hemin induced
platelet aggregation in WT mice at similar concentrations to those
observed in human subjects (Figure 3A). Furthermore, the inhibitory
effects of PP2, SU6656, and R406 on hemin-induced platelet
aggregation observed in mice were similar to the effects observed
in humans (supplemental Figure 2). Next, we examined the
dependency of hemin-induced platelet activation on mouse
CLEC-2 and/or mouse GPVI. Platelet aggregation assay was
further conducted by using CLEC-2-depleted platelets, FcRy-
deficient platelets (which lack GPVI expression), and CLEC-
2-depleted FcRy-deficient (referred to as DKO) platelets.
Hemin-induced platelet aggregation was slightly but significantly
decreased in CLEC-2-depleted platelets compared with that in
WT platelets and further decreased in FcRy-deficient platelets
(Figure 3B). Importantly, in DKO platelets, hemin-induced
(5.0 pg/mL) platelet aggregation was completely inhibited, and
even the highest concentration of hemin (10 wg/mL) induced
only marginal aggregation.

We confirmed platelet aggregation induced by 0.5 pwg/mL CRP,
5 nM rhodocytin, or 0.05 U/mL thrombin as controls for our 4
platelet conditions. As expected, thrombin induced platelet
aggregation in CLEC-2-depleted, FcRy-deficient, and DKO
platelets at equivalent levels as in WT platelets. On the other hand,
responses of CLEC-2-depleted and GPVI-deficient platelets to
CRP and rhodocytin, respectively, were preserved (data not
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0.5, and 1.0 pg/mL) are shown.

shown). These findings indicate that hemin-induced platelet
activation is highly dependent on both CLEC-2 and GPVI.

To elucidate whether hemin shares the CLEC-2 and GPVI binding
sites with the known ligands, we used 2 competitive inhibitors
against CLEC-2 and GPVI. One of them, Co-HP, was reported to
competitively inhibit CLEC-2—podoplanin interaction."® The second
one is an anti-mouse GPVI monoclonal antibody, JAQ1, which
reportedly recognizes an epitope identical with or similar to the
CRP-binding site on GPVI and inhibits CRP-induced aggregation of
murine platelets.?®2° To clearly detect the inhibitory effect of Co-
HP and JAQ1, FcRy-deficient and CLEC-2-depleted platelets
were used in a platelet aggregation assay, respectively. Co-HP
significantly inhibited hemin- or rhodocytin-induced platelet aggre-
gation (Figure 3C). Similarly, JAQ-1 inhibited hemin- or CRP-
induced platelet aggregation (Figure 3D). In contrast, low or no
inhibitory effects of Co-HP or JAQ-1 were observed on thrombin- or
PMA-induced platelet aggregation (supplemental Figure 3). In
addition, cell-based competitive binding assay by flow cytometry
showed that hemin significantly inhibits the binding of podoplanin or
CRP to CLEC-2 or GPVI, respectively (supplemental Figure 4A-B).
These results suggest that hemin shares the binding sites with
known ligands for CLEC-2 and GPVI.

Renal damage and MET formation are reduced in
DKO mice

A previous report showed that hemin-activated platelets exacerbate
RAKI by inducing MET formation in renal tubules.” Based on our
findings regarding the capacity of hemin to activate human platelets
by binding to both CLEC-2 and GPVI, and because hemin-induced
platelet activation in mice was dependent on CLEC-2 and GPVI
expression, we hypothesized that both CLEC-2 and GPVI are
involved in RAKI. An RAKI mouse model was generated by injecting
glycerol into the quadriceps of WT and DKO mice. We performed
macroscopic observations for kidney ischemia, assessed serum
creatinine levels, and used periodic acid—Schiff staining to identify
tubular injuries. Severely ischemic, pale-appearing bilateral kidneys
were observed in glycerol-injected WT mice, whereas nonischemic,
deep-red kidneys were observed in glycerol-injected DKO mice,
similar to the observation in water-injected non-rhabdomyolytic mice
(Figure 4A). Serum creatinine levels of DKO mice were significantly

CLEC-2 AND GPVI/FcRy: NOVEL HEME RECEPTORS IN AKI 2021
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Figure 3. Contribution of CLEC-2 and GPVI to platelet activation by hemin. (A) Hemin-induced platelet aggregation in WT mice. Washed murine platelets were
stimulated with 5 concentrations of hemin (0, 2.5, 6.0, 7.5, and 10 pg/mL). (B) Hemin-induced murine platelet aggregation using 4 concentrations of hemin (0, 5.0, 7.5, and 10
wg/mL) in WT (blue), CLEC-2-depleted (red), FcRy-deficient (green), and CLEC-2—-depleted FcRy-deficient (purple) mice. The representative aggregation curves of platelets
treated with 7.5 pg/mL hemin are shown. (C) Blocking effect of 0.8 pg/mL Co-HP or 1% dimethyl sulfoxide/PBS (control) on hemin (10 pg/mL)- or rhodocytin (Rhod) (5 nM)-
induced platelet aggregation in FcRy-deficient mice. The representative curves (left and middle) and quantifications of maximum light transmission (right) are shown. (D)
Blocking effect of 10 wg/mL anti-GPVI antibody (ab) or control rat IgG (control) on hemin (10 pg/mL)- and CRP (0.125 pg/mL)-induced platelet aggregation in CLEC-
2-depleted mice. The representative curves (left and middle) and quantifications of maximum light transmission (right) are shown. Data in the bar graphs (panels A-D) are mean
+ standard deviation; n = 3. *P < .05, **P < .01, **P < .001. Tukey's multiple-comparison test was used for panels A and B, Student t test was used for panels C and D.

lower than those of WT mice (Figure 4B). Furthermore, the We next performed immunofluorescence imaging of MET-like
percentage of injured tubules in WT mice was significantly higher structure in RAKI-induced kidneys by detecting CitH3, F4/80, and
than that in DKO mice (Figure 4C). DNA. The number of MET-like structures in RAKI-induced kidney
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Figure 4. Renal damage and MET formation are reduced in DKO mice. Phenotypic analyses of RAKI WT and CLEC-2—depleted FcRy-deficient (DKO) mice. (A)
Representative macroscopic images of kidneys showing RAKI-induced ischemia. The top panel indicates water-injected (non-rhabdomyolytic) WT kidneys. (B) Serum creatinine

(Cre) level at 48 hours after glycerol injection into WT and DKO mice. Data are expressed as mean * standard deviation; n = 11 and 9, respectively. (C) Renal tubular injury

evaluated by periodic acid—Schiff staining at 48 hours after glycerol injection into WT and DKO mice. Scale bars: 50 um. Data are expressed as mean =+ standard deviation; n
= 7. (D) Immunofluorescence imaging of citrullinated histone H3 (CitH3, red), F4/80 (green), and 4',6-diamidino-2-phenylindole (DAPI) (blue) for the detection of MET forma-

tion in renal tubules at 8 hours after glycerol injection into WT and DKO mice. The arrow indicates macrophages undergoing MET formation. Magnified single-color views of

a framed area in each merged image are shown on the right. Scale bars: 50 pum. Data are expressed as mean * standard deviation; n = 6. *P < .05, **P < .01.

was significantly reduced in DKO mice compared with that in WT
mice (Figure 4D). These results strongly suggest that platelet CLEC-
2 and GPVI/FcRy have an important role in the exacerbation of RAKI.

MET formation by hemin-activated platelets requires
activation of the SFK signaling pathway in platelets

To examine whether hemin-activated platelets promote MET
formation via platelet SFK pathway, we used an in vitro MET
formation assay using THP-1-derived macrophages. In the
presence of hemin-activated platelets, 8.4% of MET-like structures
were observed in macrophages differentiated from THP-1, which is
comparable to the percentage of MET-like structures observed
under stimulation with PMA (positive control). In contrast, hemin
alone or resting platelets induced significantly fewer METs,
comparable to the basal level. Importantly, METs induced by
hemin-treated platelets were significantly inhibited by PP2 pre-
treatment of platelets, whereas PP2 did not inhibit PMA-induced
MET formation (Figure 5). These results indicate that PP2 indirectly
blocks MET formation by inhibiting platelet activation but does not
directly affect THP-1-derived macrophages. Taken together, these
results strongly suggest that generation of METs by hemin-activated
platelets requires activation through the SFK-signaling pathway in
platelets.

Discussion

Rhabdomyolysis is a potentially fatal condition, and RAKI is
a particularly serious complication. Myoglobin released from
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injured skeletal muscles has been thought to be the trigger for RAKI.
In addition, macrophages have been shown to be involved in the
pathogenesis of rhabdomyolysis.2° Although the precise molecular
mechanism remains unclear, platelets are reportedly involved in this
mechanism. Okubo et al” presented a new mechanism underlying
rhabdomyolysis-induced AKI, in which activated platelets by hemin
released from necrotic muscle cells promote MET formation in
kidneys. However, the mechanism by which hemin activates
platelets has not been fully elucidated. In this study, we showed
that hemin is a novel ligand of both CLEC-2 and GPVI and activates
platelets through the SFK-SYK-PLCvy2 pathway. Furthermore, we
showed that inhibition of platelet activation reduced MET formation
in vitro, and that DKO mice exhibited reduced MET formation in
RAKI-induced kidneys and attenuated renal dysfunction. This
suggests that CLEC-2 and GPVI/FcRy play an important role in
the development of RAKI.

Surface plasmon resonance spectrometry, platelet aggregation
assay, western blotting, and cell-based competitive binding assay
indicated that hemin activates platelets through the SFK-SYK-
PLC+2 signaling pathway by binding to known ligand binding sites
of CLEC-2 and GPVI. However, there are some unsolved issues.
First, the precise hemin binding site on CLEC-2 and GPVI remains
unknown. Further research investigating the crystal structure and
analyzing the binding sites of a CLEC-2/GPVI mutant is required to
identify the hemin binding sites. Second, other receptors might
slightly contribute to hemin-induced platelet activation. There was
still a small residual aggregation when platelet aggregation was
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Figure 5. MET formation by hemin-activated platelets requires activation of the SFK pathway in platelets. (A) Macrophages differentiated from THP-1 were
stimulated by resting platelets (b), hemin (c), hemin-activated platelets (d), hemin-activated platelets with PP2 (e), PMA (f), and PMA with PP2 (g). Representative images of
SYTOX Green (green) and Hoechst 33342 (blue) staining are shown. Arrows indicate MET-like structures. Scale bars: 50 pm. (B) Quantification of MET-like structures. Data

in the bar graph are expressed as mean * standard error of the mean; n = 4. *P < .05, **P < .01. Holm-Sidak multiple-comparison test was used. ns, not significant.

inhibited by even a high concentration of PP2 (Figure 1B). In addition,
murine platelet aggregation assay revealed that a high concentration of
hemin slightly increased the light transmittance of DKO platelets
(Figure 3B). Lastly, Co-HP and anti-GPVI antibodies failed to completely
inhibit hemin-induced platelet aggregation (Figure 3C-D). These results
suggest that other mechanisms, apart from those presented here, might
be involved in platelet activation by hemin, although hemin mainly
activates platelets via CLEC-2 and GPVI/FcRy.

We confirmed that hemin-activated platelets induce MET formation
in vitro and that hemin or resting platelets alone do not. Furthermore,
we found that the induction of METs by hemin-activated platelets is
attenuated by pretreatment of platelets with the SFK inhibitor PP2,
whereas PP2 alone did not directly block MET induction by PMA
(Figure 5B). Based on these results, we concluded that platelet
CLEC-2 and GPVI downstream signals are involved in MET
induction. However, it remains unclear how activated platelets induce
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METs. Mac-1, which is expressed on macrophages, is known to be
important for neutrophil extracellular trap formation®® and binds to
platelets via GPlba.?” Thus, it is hypothesized that platelet GPlba
binds to Mac-1 on macrophages to induce METs. However, this
hypothesis was not supported by previous findings” and our results
because resting platelets expressing GPlba did not induce METs
(Figure 5). Specific platelet surface membrane proteins that are
upregulated upon platelet activation, such as activated integrin
allbB3 and P-selectin, may be involved in the induction of METs.

To the best of our knowledge, no guidelines for the management of
rhabdomyolysis are available, nor have any randomized controlled
trials of treatment been conducted. The main treatment is restricted
to fluid replacement, although the type of fluid, its volume, and the
timing of its initiation are being discussed.?® The current study
provided a completely new treatment strategy for RAKI. Because
we have shown that AKl is mild in DKO mice, anti-CLEC-2 and/or
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anti-GPVI therapy may reduce the exacerbation of AKI in patients
with rhabdomyolysis.

In conclusion, we propose that hemin activates platelets by binding
to both CLEC-2 and GPVI and that this pathway is involved in the
exacerbation of RAKI. Although further research is needed to
elucidate the precise mechanism of hemin-induced platelet
activation and the mechanisms through which activated platelets
induce METs, anti-CLEC-2 and/or anti-GPVI therapy might
represent a new strategy for avoiding severe AKI in patients with
rhabdomyolysis.The full-text version of this article contains a data
supplement.
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