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Ischemia and reperfusion injury (IRI) can occur in any tissue or organ. With respect to
liver transplantation, the liver grafts from donors by definition experience transient is-
chemia and subsequent blood reflow. IRl is a problem not only in organ transplantation
but also in cases of thrombosis or circulatory disorders such as mesenteric ischemia,
myocardial, or cerebral infarction. We have reported that recombinant human soluble
thrombomodulin (rTM), which is currently used in Japan to treat disseminated intra-
vascular coagulation (DIC), has a protective effect and suppresses liver IRl in mice.
However, rTM may not be fully safe to use in humans because of its inherent anti-
coagulant activity. In the present study, we used a mouse liver IRl model to explore
the possibility that the isolated lectin-like domain of rTM (rTMD1), which has no an-
ticoagulant activity, could be effective as a therapeutic modality for IRI. Our results
indicated that rTMD1 could suppress ischemia and reperfusion-induced liver damage
in a dose-dependent manner without concern of associated hemorrhage. Surprisingly,
rTMD1 suppressed the liver damage even after IR insult had occurred. Taken together,
we conclude that rTMD1 may be a candidate drug for prevention of and therapy for

human liver IRl without the possible risk of hemorrhage.
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1 | INTRODUCTION

Ischemia and reperfusion injury (IRI) results from the return of blood
flow to a tissue or organ after an initial hypoxic insult.! IRl is particularly
problematic in organ transplantation, as it results in damage to endothe-
lium and immune cell activation. With respect to liver transplantation,
IRl'is the underlying problem in approximately 10% of early graft failures
and it can lead to an even higher incidence of both acute and chronic re-
jection.? As such, overcoming IRl is a critical issue for the preservation of
liver grafts and for successful liver transplantation. The production of re-
active oxygen species (ROS), the activation of complement components
such as the anaphylatoxins, and the release of various cytokines and
biochemical mediators from immune cells, in response to microcircula-
tory pathology, are among the causative mechanisms underlying IRL3 It
is well known that damage-associated molecular patterns (DAMPs) such
as high-mobility group box 1 (HMGB-1) are released from macrophages
and related inflammatory cells as well as parenchymal hepatocytes® at
the onset of ischemia and reperfusion (IR), and that inflammatory re-
sponses triggered by HMGB-1 and other mediators result in severe
damage to liver cells.>® We have previously described that recombinant
human soluble thrombomodulin (fTM) protects liver tissue from IRI
via blocking of the damages induced by HMGB-1/Toll-like receptor 4
(TLR-4) interaction.” Thrombomodulin (TM) has been detected mainly
on the surface of vascular endothelial cells and consists of a lectin-like
amino-terminal domain (domain 1), followed by a hydrophobic segment,
6 contiguous epidermal growth factor (EGF)-like domains (domain 2), an
O-glycosylated serine/threonine-rich domain (domain 3), a transmem-
brane segment, and a short cytoplasmic tail. TM binds to thrombin via
interactions at domain 2, forming 1:1 complex via the 4th and 5th re-
peats of the EGF-like motif. The thrombomodulin-thrombin complex
functions as an anticoagulant via interactions with protein Cc810 ™
includes domains 1, 2, and 3 but lacks the transmembrane segment and
cytoplasmic tail. rTM has been utilized clinically in Japan for the treat-
ment of disseminated intravascular coagulation (DIC) by an activity
promoted by domain 2.1* There are many reports that suggest that the
administration of rTM might ameliorate IR-induced damage in various
organs.12'17 We have previously reported that rTM blocked HMGB-1
binding to TLR-4, which was followed by suppression of nuclear factor
kappa B (NF-xB)-induced inflammation and diminished levels of IR-
induced liver injury in mice.” Recent reports showed the anti-inflamma-
tory effect of rTM relied mainly on the actions of domain 1 (-TM D1).1820
rTMD1 includes 154 amino acids and blocks TLR-4 signaling by binding
to pathogen-associated molecular pattern molecules such as lipopoly-
saccharide (LPS).2° rTMD1 was more effective than rTM for inhibition of
the inflammatory response initiated by the interaction of LPS and TLR-
4. It has also been reported that rTMD1 may bind to HMGB-1%%2° and
that the administration of rTMD1 alone promotes protection against

t22 via the activated protein C (APC)-independent

IRI'in lung?! and hear
mechanisms. In the mouse lung IRl model, levels of IL-1p and granulo-
cyte-monocytic colony-stimulating factor in bronchoalveolar lavage
fluid obtained from tmd1 gene-deleted (TMD1 KO) mice were signifi-
cantly increased compared to those detected in the wild-type (WT).%

Moreover, in the mouse myocardial IRl model, myocardial infarcts were
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significantly larger in TMD1 KO mice compared to those sustained by
their WT counterparts.22 These reports suggest that the endogenous
domain 1 of TM has a protective effect against IR-induced insult.

In the present study, we show that intravenous administration of
rTMD1 suppresses liver IRl to the same extent as the entire rTM mol-
ecule and that rTMD1 was effective not only as prophylaxis but also
as treatment after reperfusion was initiated. This is the first study
that has shown clearly that rTMD1 has the capacity to suppress IR-
induced liver damage even after reperfusion is in progress. These
findings indicate that rTMD1 may be a candidate for further consid-
eration as an important therapeutic agent for the prevention as well

as therapy of IRl without the possible risk of hemorrhage.

2 | MATERIALS AND METHODS

2.1 | Animals

Male C57BL/6 mice (8 to 10 weeks old, weighing 20 to 25 g) were
purchased from Shimizu Laboratory Supplies. tIr-4 gene-deleted
(TLR-4 KO) mice on a C57BL/6 genetic background were purchased
from Oriental Bio Service (Kyoto, Japan). All animals were main-
tained in specific pathogen-free conditions and received humane
care according to the Guide for Care and Use of Laboratory Animals.
All experimental protocols were approved by the Animal Research
Committee of The Tazuke Kofukai Medical Research Institute,
Kitano Hospital.

2.2 | Reagents

TM, rTMD1, and other rTM domain proteins (rTMD2, rTMD3) used
in the present study were provided from Asahi Kasei Pharma. Each
domain protein of rTM was produced in the Pichia pastoris expression
system using the pPICZaA as a plasmid vector. Both 6 x His tag and
c-Myc epitope were used for protein purification and detection. The
purified proteins were examined by western blotting or Coomassie
Brilliant Blue (CBB) staining after sodium dodecyl! sulfate (SDS)-po-
lyacrylamide gel electrophoresis (PAGE). The structures and western
blotting patterns of rTM and rTMD1 are shown in Figure 1. Anti-TM
antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Myc-Tag antibody was purchased from Cell Signaling
Technology. CBB staining patterns of rTM and each rTM subdomain
(rTMD1, rTMD2, and rTMD3) are shown in Figure S1.

2.3 | Liver IRl and treatment with rTM and rTM
domain proteins

All mice were subjected to a nonlethal mouse model of segmental

72324 \which is an

(70%) hepatic warm IR as described previously,
ischemic insult for 60 minutes by interruption of the artery, por-

tal venous supply, and bile duct to the left and middle liver lobes,
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FIGURE 1 rTM and each rTM domain protein used in this study.
A, The structures of rTM and each rTM domain protein are illustrated
schematically. B, rTM and rTMD1 were detected by western

blotting analysis using anti-TM antibody and anti-Myc-Tag antibody,
respectively. rTM, recombinant human thrombomodulin; rTMD1, the
domain 1 of recombinant thrombomodulin; TM, thrombomodulin
[Colour figure can be viewed at wileyonlinelibrary.com]

followed by reperfusion for 6 hours. Thirty minutes before the is-
chemic insult, at the start of reperfusion, or 60 minutes after the
start of reperfusion, mice were given an intravenous injection of
each rTM domain protein dissolved in saline. Control mice were
given saline only. Sham mice received the same procedure but
without vascular occlusion.

2.4 | Hepatocyte function

Serum alanine aminotransferase (sALT) levels, used as a measure
of liver injury, were determined by a standard spectrophotometric
method with an automated clinical analyzer (JCABM9030, JEOL Ltd.).

2.5 | Histology

Liver paraffin sections (5 pum thick) were stained with hematoxy-

lin and eosin (H&E). The severity of liver IRl (necrosis, sinusoidal

congestion, and centrilobular ballooning) was graded on a scale from
0 to 4 by an investigator who was blinded to the experimental condi-
tions using a modified Suzuki's criteria.?

2.6 | Immunohistochemistry for detecting Ly-
6G and CD11b

To detect Ly-6G and CD11b, antigen retrieval (Citrate, pH 6) was per-
formed on paraffin-embedded sections of liver. After blocking, the
sections were incubated in primary antibody overnight at 4°C. Then,
biotinylated second antibody was applied. After incubation, immun-
operoxidase (VECTASTAIN ABC Kit; Vector Labs) was applied to the
sections and developed using 3,3'-diaminobenzidine (DAB). Ly-6G an-
tibody was purchased from Tonbo Biosciences, and CD11b antibody
was purchased from Abcam.

2.7 | Enzyme-linked immunosorbent assay (ELISA)

The serum HMGB-1 level was quantified with HMGB-1 ELISA Kit
Il (Shino-Test). Medium from peritoneal macrophage culture was
analyzed for tumor necrosis factor (TNF)-a using an ELISA kit as per

manufacturer's instructions (R&D Systems).

2.8 | Western blot assay
Western immunoblotting was performed using standard tech-
niques as described previously.?* Primary antibodies are shown as

Supplementary data (Table S1).

2.9 | Quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from liver tissue with RNeasy Mini
Kit (QIAGEN). Complementary DNA was prepared using a
PrimeScript RT Reagent Kit (Takara Bio). Quantitative polymer-
ase chain reaction (QPCR) was performed using the StepOnePlus
Real-Time PCR System (Life Technologies). Primers used to am-
plify specific gene fragments are listed in the legend in Figure 4.
Target gene expression was calculated using the ratio to the

housekeeping gene, B-actin.

2.10 | Apoptosis assay

Apoptosis in 5 um liver paraffin sections was detected by the
terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) method using an in situ
Apoptosis Detection Kit (Takara Bio) according to the manufac-

turer's instructions.
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2.11 | Cellcultures

Thioglycollate-elicited peritoneal macrophages, which were col-
lected using a method as we described previously,” were plated
at 2.0 x 10° cells/well in a volume of 0.5 mL/well into 24-well cell
culture plates and incubated in a humidified atmosphere of 5%
CO, and 95% air. After 3 hours, wells were washed 3 times with
phosphate-buffered saline to remove nonadherent cells, which
were then incubated with or without bovine HMGB-1 (Chondrex,
Redmond, WA) (1 pg/mL) and various concentrations of rTM do-
main proteins (n = 3 in each group). Forty-eight hours after treat-
ment, supernatants were collected and stored at -80°C until
measurement of TNF-a by ELISA.

2.12 | Statistical analysis

All data are presented as the means + the standard deviation.
Differences between experimental groups were analyzed using one-
way analysis of variance of Student's t test for unpaired data. All dif-
ferences were considered statistically significant at the P-value of less
than .05.

3 | RESULTS

3.1 | Pretreatment with rTMD1, but not with
rTMD2 or D3, improved IR-triggered hepatocellular
damage in a dose-dependent manner

Our previous study revealed that the administration of rTM at-
tenuated liver damage in response to IR in a TLR-4 dependent
manner.” The present study clearly indicates that a single dose
of rTMD1 suppressed the mouse partial warm liver IRl to the
same extent as the entire rTM molecule. rTMD1 (at 1.8 or 18 mg/
kg) was administered intravenously at 30 minutes prior to the
ischemic insult. Levels of SALT were measured at 6 hours after
reperfusion and used as an index of liver damage resulting from
IR. Pretreatment with rTMD1 resulted in significantly diminished
levels of SALT to approximately 34% of the value observed in mice
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FIGURE 3 The assessment of apoptosis in hepatocytes

after liver IR. A, Representative TUNEL-assisted detection of
hepatic apoptosis in liver tissues after IR (magnification x400). B,
Quantification of hepatic apoptosis (n = 6 mice/group; ***P < .001).
C, Western blot-assisted expression of cleaved caspase-3 at

6 h of reperfusion after 60 min of ischemia. p-actin was used as
internal control. IR, ischemia and reperfusion; TUNEL, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling

without rTMD1 pretreatment (Figure 2A). High doses of rTMD1
(18 mg/kg) reduced the sALT levels more effectively than low
doses (1.8 mg/kg). By contrast, in TLR-4 KO mice, sALT levels were
lower than in the WT, and did not respond further to the adminis-
tration of rTMD1. These results indicated that rTMD1 suppressed
the liver injury resulting from activation of TLR-4-mediated
pathways. Among the WT mice subjected to IR and not treated
with rTMD1, the livers displayed pathological changes including

FIGURE 2 Pretreatment with rTMD1 ameliorates liver IRl in mice in a dose-dependent manner by inhibiting TLR-4-mediated signaling.

A, The hepatocellular damage was measured by the serum level of ALT. High dose (18 mg/kg) or low dose (1.8 mg/kg) of rTMD1 was
administered intravenously to WT or TLR-4 KO mice 30 min before the ischemia maneuver. IR-treated mice were given saline only. Sham-
operated mice underwent the same procedure but without vascular occlusion (n = 8 mice/group; *P < .05, ***P < .001). B, Representative
liver histology (hematoxylin and eosin staining) after IR insult in WT mice (magnification x400). C, Suzuki's histological grading in each group
(n = 8 mice/group; *P < .05). D, Representative immunohistochemistry of Ly-6G (dark brown spots) at 6 h of reperfusion (magnification x400;
in box, x800). E, Quantitation of hepatic Ly-6G accumulation (n = 8 mice/group; *P < .05). F, Representative immunohistochemistry of CD11b
(dark brown spots) at 6 h of reperfusion (magnification x400; in box, x800). G, Quantitation of hepatic CD11b accumulation (n = 8 mice/
group; **P < .01). H, Each rTM domain protein was administered 30 min before initiating liver ischemia, and sALT was examined 6 h after
reperfusion was initiated (n = 3-4 mice/group; *P < .05). The dosage of each rTM domain protein was calculated by its average molecular
weight (rTMD1, 20.2kDa; rTMD2, 29.4kDa; rTMD3, and 6.97kDa, respectively). ALT, alanine aminotransferase; IR, ischemia and reperfusion;
IRI, ischemia and reperfusion injury; rTMD1, the domain 1 of thrombomodulin; sALT, serum alanine aminotransferase; TLR-4, Toll- like
receptor 4; TLR-4 KO, tIr-4 gene-deleted; WT, wild-type
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lobular edema, congestion, ballooning, and prominent hepatocel-
lular necrosis. By contrast, the livers from rTMD1-pretreated mice
subjected to IR revealed significantly less pathology as shown in
Figure 2B. Suzuki's score was also significantly lower in rTMD1-
pretreated mice. This protection against hepatocellular pathol-
ogy was even more evident in response to increasing amounts
of rTMD1 (Figure 2C). The numbers of neutrophils (Ly-6G*) and
macrophages (CD11b") infiltrating into liver tissues after IR were
significantly lesser in rTMD1-pretreated mice (Figure 2D-G). We
further determined whether other domains of rTM might have a
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FIGURE 4

similar impact on liver IRIl. As shown in Figure 2H, administration
of either rTMD2 or rTMD3 to WT mice resulted in no suppres-
sion of IR-induced liver damage. Because it has been reported

2628 \ye examined

that IRl is associated with hepatocyte apoptosis,
this issue in mice receiving rTMD1 pretreatment. The numbers
of TUNEL-positive cells induced by IR were significantly dimin-
ished in rTMD1-pretreated WT mice compared with mice without
rTMD1 pretreatment (Figure 3A,B). Moreover, the elevated levels
of cleaved caspase-3 in liver cells in response to IR were reduced

by the administration of rTMD1 (Figure 3C and Figure S2).
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rTMD1 pretreatment suppressed pro-inflammatory cytokines and chemokine. Quantitative reverse transcription-

polymerase chain reaction detection of pro-inflammatory cytokines (TNF-«, IL-6, IL-18, CXCL-1, and CXCL-2) at 6 h of reperfusion.
rTMD1 was administered before the initiation of ischemia. Data were normalized to B-actin gene expression (n = 6 mice/group; *P < .05,
**P < .,01). The primer couples used to amplify specific gene fragments are as follows. IL-6: (f) ACCAGAGGAAATTTTCAATAGGC,

(r) TGATGCACTTGCAGAAAACA; TNF-a: (f) AGGGTCTGGGCCATAGAACT, (r) CCACCACGCTCTTCTGTCTAGC; IL-1p:

(f) CAGGTCGCTCAGGGTCACA, (r) CAGAGGCAAGGAGGAAACACA; CXCL-1: (f) GCTTGAAGGTGTTGCCCTCAG, (r)
AAGCCTCGCGACCATTCTTG; CXCL-2: (f) TCCAGGTCAGTTAGCCTTGC, (r) CGGTCAAAAAGTTTGCCTTG; f, forward; r, reverse. rTMD1,

the domain 1 of thrombomodulin; TNF-«, tumor necrosis factor-a
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3.2 | Pretreatment with rTMD1 suppressed the
production of pro-inflammatory cytokines and
chemokines in the liver after IR

Inflammatory cytokines play a critical role in the development of liver
IRI1.2%3% Moreover, CXC chemokines, which are neutrophil chemoat-
tractants, are crucial contributors to the pathophysiology of liver IRI
in mice.3%3! Pretreatment with rTMD1 resulted in significant decrease
in the expression of pro-inflammatory cytokines and CXC chemokine
induced by IR in the liver including TNF-q, IL-6, IL-1f, and CXCL-2, but
interestingly, not CXCL-1 (Figure 4). The reduction in inflammatory me-

diators likely facilitates the suppression of hepatic inflammation.

3.3 | rTMD1 pretreatment suppressed the level of
serum HMGB-1 and the expression of TLR-4 in liver
tissues after IR

Our previous study revealed that rTM suppresses IR-induced liver
damage by modulating the HMGB-1/TLR-4 pathway. To clarify
whether the anti-inflammatory effect of rTM relies mainly on rTMD1,
we examined the levels of HMGB-1 in serum and the expression of
TLR-4 in liver tissues after IR. The levels of serum HMGB-1 increased
significantly 1 hour after reperfusion, and rTMD1 markedly reduced

the levels of serum HMGB-1 6 hours after reperfusion (Figure 5A).
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FIGURE 5 The levels of serum HMGB-1 and expression of TLR-
4. A, The levels of serum HMGB-1 at 1 and 6 h after reperfusion in
IR-treated and rTMD1-pretreated mice (n = 8 mice/group; **P < .01).
B, The expression of TLR-4 in liver tissues at 6 h after reperfusion
in IR-treated and rTMD1-pretreated mice. HMGB-1, high-mobility
group box 1 protein; IR, ischemia and reperfusion; rTMD1, the
domain 1 of thrombomodulin; TLR-4, Toll-like receptor 4

Moreover, the increased expression of TLR-4 in liver tissues after
reperfusion was significantly suppressed by rTMD1 pretreatment
(Figure 5B).

3.4 | rTMD1, but not rTMD2 or D3, is an important
domain of rTM for the suppression of TNF-«
production induced by HMGB-1 in macrophages

HMGB-1 has been characterized as a major factor underlying liver

IRI via its capacity to activate macrophages, which results in the

production of various pro-inflammatory cytokines.®? To clarify
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the mixture of HMGB-1 (1 pg/mL) and rTMD1 (5, 10, and 30 pg/
mL, respectively) for 48 h. TNF-a release was measured by ELISA

(n = 3 samples/group; *P < .05, **P < .01). B, Peritoneal macrophages
from WT mice were cultured with HMGB-1 (1 pg/mL) alone or with
the mixture of HMGB-1 (1 pg/mL), and each rTM domain protein
(rTM, rTMD1, rTMD2, rTMD3; 5 and 30 pg/mL, respectively) for

48 h. TNF-a release was measured by ELISA (n = 3 samples/group;
**P < .01, ***P < .001). ELISA, enzyme-linked immunosorbent assay;
HMGB-1, high-mobility group box 1 protein; rTM, recombinant
human thrombomodulin; rTMD1, the domain 1 of thrombomodulin;
TLR-4 KO, tIr-4 gene-deleted; TNF-a, tumor necrosis factor-o; WT,
wild-type
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how rTMD1 affects HMGB-1-induced production of pro-inflam-
matory cytokines, we explored the responses of peritoneal mac-
rophages treated with HMGB-1 ex vivo. Peritoneal macrophages
from WT mice were cultured in RPMI-1640 medium containing
bovine HMGB-1 (1 ug/mL) or medium alone. After 48 hours with
HMGB-1, we observed significantly increased levels of TNF-« in
supernatants from macrophage culture (Figure 6A, the first and
second column). After 48 hours culture of peritoneal macrophages
pretreated with either 5, 10, or 30 pg/mL of rTMD1, premixed
with 1 ug/mL of HMGB-1, we observed a clear reduction in TNF-«
levels, which responded to rTMD1 in a dose-dependent manner
(Figure 6A, the third to fifth column). TNF-a production was not
observed in peritoneal macrophages isolated from TLR-4 KO mice
upon stimulation with HMGB-1 (right side of Figure 6A). Taken to-
gether, these results indicate that rTMD1 alone, without the other
domains of the entire rTM molecule, was capable of profound
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FIGURE 7 rTMD1 ameliorated IR-induced liver damage

even after IRl had occurred. A, WT mice were divided into 4
groups: Control group mice were treated with saline instead
of rTMD1 before initiating liver ischemia; Group A, rTMD1
was administered 30 min before initiating liver ischemia;
Group B, rTMD1 was administered immediately after initiation
of reperfusion; Group C, rTMD1 was administered 1 h after
reperfusion was initiated. B, sALT in Group A, B, C, and Control
group (n = 8 mice/group; ***P < .001). C, Representative liver
histology (hematoxylin and eosin staining) after IR insult in
each group (magnification x400). D, Suzuki's histological
grading in each group (n = 8 mice/group; ***P < .001). IR,
ischemia and reperfusion; IRI, ischemia and reperfusion injury;
rTMD1, the domain 1 of thrombomodulin; sALT, serum alanine
aminotransferase; WT, wild-type
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inhibition of TNF-a production induced by HMGB-1. Likewise,
we note here that HMGB-1-induced inflammation in peritoneal
macrophages is entirely dependent on the TLR-4-mediated signal-
ing. We then evaluated TNF-a production induced by HMGB-1 in
the presence of rTM or one of the rTM domain proteins (rTMD1,
rTMD2, and rTMD3). Five or 30 pug/mL of each rTM protein (rTM,
rTMD1, rTMD2, or rTMD3, respectively) was first preincubated
with HMGB-1 protein (1 pg/mL), and then mixtures were added
to the macrophage cultures. Of interest, preincubation of HMGB-1
with the lower amounts of rTMD1 (5 pug/mL) resulted in suppres-
sion of TNF-a production to the same degree as observed in re-
sponse to the higher amounts of rTM (30 ug/mL) (Figure 6B).
Moreover, preincubation of the higher amounts of rTMD1 (30 pg/
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¥« 48 hr >
[ 30min | 30min | |
rTMD1 A B C Assay
*
B
8001
T 600
~
b0
Z
3 400+
.
2
2004
oL

HMGB-1 (ug/ml) 0
rTMD1 (ug/ml) 0 0 30 30 30
Timing of rTMD1 addition A B C

FIGURE 8 rTMD1 can suppress TNF-a production even after
the addition of HMGB-1. A, Peritoneal macrophages from WT mice
were divided into 5 groups. Nonstimulated group, macrophages
were cultured with culture fluid alone; Control group, macrophages
were cultured with HMGB-1 (1 pug/mL); Group A, rTMD1 (30 pg/
mL) was added to the macrophages 30 min prior to the addition

of HMGB-1 (1 ug/mL); Group B, rTMD1 (30 pg/mL) and HMGB-

1 (1 pug/mL) were first mixed in a tube and incubated for 30 min,
and then mixtures were added together to macrophages; Group

C, rTMD1 (30 pg/mL) was added to the macrophages 30 min after
the addition of HMGB-1 (1 ug/mL). All cells were cultured for

48 h. B, TNF-a release was measured by ELISA (n = 3 samples/
group; *P < .05, **P < .01, ***P < .001). ELISA, enzyme-linked
immunosorbent assay; HMGB-1, high-mobility group box 1 protein;
rTMD1, the domain 1 of thrombomodulin; TNF-a, tumor necrosis
factor-a ; WT, wild-type
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mL) with HMGB-1 resulted in significantly stronger suppression
of TNF-a production. Taking into account the molecular weight of
rTM and rTMD1 (rTM at 52.2 kDa and rTMD1 at 20.2 kDa), rTMD1
appears to be equally effective to rTM on a molar basis at sup-
pressing the production of TNF-a. Two other subdomain proteins
of rTM (rTMD2 and rTMD3) had no apparent suppressive activ-
ity against HMGB-1-induced TNF-a production from macrophages
(Figure 6B).

3.5 | rTMD1 can suppress IR-induced liver damage
even after the IR insult has started

To investigate the timing of rTMD1 administration, rTMD1 was
injected into mice at different time points during the course
of liver IR (Figure 7A). As we presented in Figure 5A, serum
HMGB-1 levels were at high values as early as 1 hour after the
initiation of reperfusion in mice subjected to IR. The rTMD1-
treated mice were divided into 3 groups: Group A, rTMD1 was
administered 30 minutes before initiating liver ischemia; Group
B, rTMD1 was administered immediately after initiation of rep-
erfusion; Group C, rTMD1 was administered 1 hour after reper-
fusion was initiated. Mice in the Control group received liver IR
but were administered saline instead of rTMD1 30 minutes be-
fore initiating liver ischemia. Surprisingly, rTMD1 was effective
in suppressing acute liver damage in all 3 groups compared with
Control group (Figure 7B). Histological changes in liver improved
to an equivalent degree (Figure 7C) and Suzuki's score was also
lowered in all 3 groups (Figure 7D). These results indicate that
rTMD1 administration both before and, interestingly, even after
reperfusion showed the suppression of liver damage to the same

extent.

3.6 | rTMD1 can suppress the TNF-o production
from macrophages even after the stimulation with
HMGB-1

Finally, we explored the impact of rTMD1 administered at different
addition times to HMGB-1-stimulated peritoneal macrophage cul-
tures (Figure 8A). Group A, rTMD1 (30 pug/mL) was added to the
macrophages 30 minutes prior to the addition of HMGB-1 (1 pg/
mL); Group B, rTMD1 (30 pg/mL) and HMGB-1 (1 pug/mL) were first
mixed in a tube and incubated for 30 minutes and then mixtures
were added together to macrophages; and Group C, rTMD1 (30 ug/
mL) was added to the macrophages 30 minutes after the addition of
HMGB-1 (1 ug/mL). All cells were cultured for 48 hours. As shown
in Figure 8B, addition of rTMD1 at any of the 3 time points resulted
in significant suppression of TNF-a production by the peritoneal
macrophages, compared to the control without addition of rTMD1.
These results indicate that rTMD1 is equally effective against an
HMGB-1-mediated inflammatory response, even after an initial in-
teraction between HMGB-1 and TLR-4 has taken place.

4 | DISCUSSION

rTM, an established therapeutic drug for DIC in Japan, has strong an-
ticoagulant activity that is associated with protein C activation and
inhibition of thrombin production.®® Our previous report revealed
that rTM suppressed the liver IRl in mice by inhibiting the HMGB-1/
TLR-4 signaling pathway and the ensuing inflammatory cascade.”
However, it was uncertain whether the anticoagulant activity might
preclude the use of rTM as a therapeutic option in human liver IRI. As
reported in the Phase Il Clinical Study on rTM, among the patients
with DIC, 43.1% (50/116) of the patients experienced adverse bleed-
ing-related events within 7 days of the start of the infusion.3* By
contrast, rTMD1, which is a single subunit of that includes the lectin-
like domain only and has no anticoagulant activity, is under consid-
eration as a novel anti-inflammatory drug.35 We have documented
previously that a single dose of rTMD1 suppressed liver damage to
the same extent as an entire molecule of rTM in the warm liver IRI
model in mouse.” Likewise, we have shown in the present study that
administration of even a high dose of rTMD1 (18 mg/kg, 10 times
higher than usual dose) prior to inducing ischemia suppressed liver
damage more effectively than the usual dose (1.8 mg/kg) without
inducing any hemorrhage (Figure 2A). Thus rTMD1 was equally ef-
fective as rTM and reduced hepatocellular injury to 35%-45% of that
observed in the absence of treatment in WT mice. Whole molecule
of rTM as well as rTMD1 suppressed HMGB-1-induced macrophage
activation in a TLR-4-dependent manner (Figure 6A). On the other
hand, rTMD2 or rTMD3 had no impact on pathology in mouse liver
IRI (Figure 2H), indicating that suppressive effect of rTM on liver
IRI by inhibiting the HMGB-1/TLR-4 pathway depends entirely on
rTMD1, not on other rTM domains.

rTMD1 reduced the number of apoptotic cells in the liver that
develop in response to IR insult (Figure 3A,B). Moreover, the ex-
pression of cleaved caspase-3 in liver tissues after IR was reduced
in rTMD1-pretreated mice, whereas the expression of B cell lym-
phoma-extra large (Bcl-xL) and phospho-Akt (p-Akt) was increased
(Figure 3C and Figure S2). During the liver IR insult, hepatocytes
generate ROS, which triggers the recruitment of immune cells and
promotes cellular apoptosis in liver tissues.?>3¢ Earlier studies re-
vealed that rTMD1 suppressed the production of ROS induced by
LPS stimulation?; as such, rTMD1 might suppress IR-induced liver
cell apoptosis also via inhibition of ROS generation and the suppres-
sion of the caspase-3 cleavage by blocking the TLR-4-mediated sig-
naling pathway.

Inliver IRI, inflammatory cytokines such as IL-18, TNF-q, IL-6, and
chemokines such as CXCL-1 and CXCL-2 play important roles in pro-
moting liver damage.?? 3! The expression of many of these cytokines
and chemokines was significantly diminished in rTMD1-pretreated
mice. However, rTMD1 pretreatment suppressed the production
of CXCL-2 but had no impact on CXCL-1 (Figure 4). In immunos-
taining assays, both of the infiltration of Ly-6G* neutrophils and
CD11b" macrophages/monocytes were significantly reduced in
liver tissues in rTMD1-pretreated mice (Figure 2D-G). It has been
reported that CXCL-1 produced by endothelial cells and pericytes in
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a TNF-stimulated environment may regulate neutrophil recruitment,
whereas CXCL-2 is produced by neutrophils and macrophages, and
regulates mainly accumulation of macrophages.®” Lentsch et al®® re-
ported in a mouse IRl model that MIP-2 (CXCL-2) messenger RNA
was induced within 3 hours after reperfusion and increased to a
greater extent in the ischemic lobe even after 9 hours of reperfu-
sion. In contrast, KC (CXCL-1) mRNA expression was not increased
after 3 hours of reperfusion but increased 9 hours after, suggesting
that CXCL-2 rather than CXCL-1 may be mainly involved in the re-
cruitment of neutrophils to the ischemic liver lobe at early stage of
IRI. Fan and Malik®” have suggested that TLR-4 signaling augments
chemokine (CXCL-2)-induced neutrophil migration by modulating
cell surface expression of chemokine receptors. These reports in-
dicate that CXCL-2 rather than CXCL-1 dominantly plays a role in
neutrophil accumulation into liver during IRI.

HMGB-1 is known to be released from hepatocytes damaged
by ischemic condition and serum level of HMGB-1 increases during
IR.* The released HMGB-1 causes liver injury through the induction
of inflammatory responses in macrophages via TLR-4. As shown
in Figure 5A, serum levels of HMGB-1 peaked right after the start
of reperfusion and gradually decreased. rTMD1 pretreatment sig-
nificantly decreased the serum HMGB-1 levels especially 6 hours
after reperfusion, indicating that administration of rTMD1 lowered
the upregulated serum HMGB-1 level. The expression of TLR-4 in
liver tissues was also lowered in rTMD1-pretreated mice (Figure 5B).
Nace GW et al reported that TLR-4 is expressed not only on macro-
phages and dendritic cells but also on hepatocytes in liver, and that
the release of HMGB-1 from hepatocytes strictly relies mostly on
the TLR-4 expressed on hepatocytes. It has been suggested that
portal vein occlusion during liver IR results in congestion of the in-
testinal wall, leading to the release of gut-derived molecules, includ-
ing endotoxin such as LPS, into the bloodstream.*® Such gut-derived
molecules may trigger the release of HMGB-1 from hepatocytes
via TLR-4. On the basis of our in vitro assay, rTMD1 could strongly
suppress the interaction between extracellular HMGB-1 and TLR-4
on macrophages, and also may interfere the interaction of HMGB-1
with TLR-4 on hepatocytes. Thus, administration of rTMD1 possibly
suppress the release of HMGB-1 from hepatocytes and expression
of TLR-4 by inhibiting the putative endotoxin-TLR-4 interaction.

In previous reports, rTM and other treatments were generally
administered before the onset of ischemia.”121417:23:40-44 The |R jn-
sult was also more profound in genetically modified mice lacking the
N-terminal lectin-like domain of TM.?%22 These reports suggested
that preconditioning with rTM or rTMD1 before ischemia appears
to be required for the suppression of liver IRI. However, as we have
shown clearly in Figure 7, administration of rTMD1 at a time point
up to 1 hour after the start of reperfusion resulted in suppression
of IRI-related pathology. To mimic the in vivo scenario, rTMD1 was
added in vitro to macrophage culture at 30 minutes after the addi-
tion of HMGB-1 as shown in Figure 8A. Addition of rTMD1 resulted
in a significant decrease in TNF-a production even after the addi-
tion of HMGB-1. As the level of serum HMGB-1 reached its peak

1 hour after initiation of reperfusion (Figure 5A), the administration
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of rTMD1 at 1 hour after the reperfusion might result in blockade
of HMGB-1/TLR-4 signaling. In the present study, we showed that
administration of rTMD1 even after reperfusion exhibits an efficient
suppressive effect in the mouse liver IRl model. Of interest, a very
recent publication reported that intraperitoneal administration of
propofol, an intravenous anesthetic with antioxidant property, im-
mediately after reperfusion also reduced the extent of pathology
that results from liver IR1.**> However, in this report, the “postcon-
ditioning” strategy was in fact similar to that used for Group B (but
not Group C) of the present study as shown in Figure 7A. To date,
there have been no other reports suggesting the utility of any drug
or method that could suppress the extent of IR-induced liver damage
once reperfusion has been initiated.

This is the first study that provides documentation of the impact
of rTMD1 on liver IRl even after the onset of injury. Thinking more
broadly, rTMD1 may be effective for the post hoc treatment of inflam-
matory disorders related to extracellular HMGB-1 such as mesenteric
ischemia or cerebral or myocardial infarction. It is desirable to conduct
human clinical trials on rTMD1 as a therapeutic drug for inflammatory
disease in the future. In conclusion, we demonstrate here that rTMD1
may be effective both as prophylactic well as therapeutic indications
in acute liver IRl without the possible risk of bleeding.
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