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Summary

Recombinant human soluble thrombomodulin (ART-123) is a novel
anticoagulant for patients with disseminated intravascular coagu-
lation (DIC). It is widely used in clinical settings throughout Japan. Fur-
thermore, a global Phase 3 study is currently being conducted. In
healthy subjects, ART-123 is excreted mainly via the kidneys. There-
fore, ART-123 dose decrease was recommended in DIC patients with
severe renal dysfunction. However, the pharmacokinetics of ART-123
in DIC patients with severe acute renal dysfunction has not been eluci-
dated. In an open-label, multicentre, prospective, clinical pharmaco-
logical study, we investigated the pharmacokinetics and safety of
ART-123 upon repeated administration to DIC patients. ART-123 was
administered to patients at a dose of 130 or 380 U/kg/day for six con-
secutive days. Plasma concentrations of ART-123 were measured at 21
time points until eight days after the final administration. Urinary ex-
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Introduction

Thrombomodulin is a thrombin and protein C receptor on en-
dothelial cell surface and plays an important role in the regulation
of coagulation and the innate immune system (1). It has high af-
finity for thrombin and directly inhibits thrombin activity by
forming a thrombin-thrombomodulin complex, which activates
protein C and inhibits activated factor V and factor VIII (2-6). Al-
though protein C is also activated by thrombin, the activation of
protein C is amplified >1,000-fold by the thrombin-thrombomo-
dulin complex (7). Furthermore, the activation of protein C by the
thrombin-thrombomodulin complex is enhanced >20-fold when
protein C is bound to the endothelial cell protein C receptor (8).
Recombinant human soluble thrombomodulin (ART-123, Asahi
Kasei Pharma Co., Tokyo, Japan), a novel anticoagulant, was ap-
proved in Japan in 2008 for patients with disseminated intravascu-
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cretion rates during the first 24 hours (h) were calculated. Patient
renal functions were evaluated by measuring 24-h creatinine clear-
ance (Ccr). Forty-three patients were enrolled in the present study. The
urinary excretion rates of ART-123 correlated closely with 24-h Ccr.
Total body clearance of ART-123 was also weakly related with 24-h
Ccr. However, the plasma concentrations of ART-123 were not con-
siderably different among patients with different renal function. Two
patients had subcutaneous haemorrhage as an adverse event related
to ART-123. In conclusion, plasma concentrations of ART-123 may not
be different among patients with different renal functions. ART-123
was well tolerated in these patients.
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lar coagulation (DIC) (2-4). It has an active extracellular domain,
can bind to thrombin, and can activate protein C similar to throm-
bomodulin (2). ART-123 was shown to have a unique mechanism
of action, in which thrombin generation was suppressed via acti-
vation of protein C without direct inhibition of thrombin activity
at therapeutic plasma concentrations (2). A global Phase 2 study
showed the safety and efficacy of ART-123 in patients with sepsis
and DIC (5). Based on this, a global Phase 3 study is currently on-
going in patients with severe sepsis and coagulopathy (6).
Recently, the clinical effects of ART-123 in patients with sepsis-
induced DIC were reported (9-14). In our multicentre, retrospec-
tive, large-scale study, 45 % of sepsis-induced DIC patients treated
with ART-123 had undergone renal replacement therapy (12).
Rangel-Frausto et al. (15) reported that the percentage of sepsis
patients with acute renal failure correlated with sepsis severity as
well as with DIC complications. Additionally, in recent clinical set-
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tings, DIC was reported as an independent predictor of organ dys-
function, including acute renal dysfunction (16-18). Therefore,
renal function should be considered when treating sepsis patients
with renally excreted drugs.

As reported in a Phase 1 study, ART-123 is excreted mainly via
the kidneys (19, 20). Therefore, ART-123 dose decrease was rec-
ommended in DIC patients with severe renal dysfunction. How-
ever, the pharmacokinetics of ART-123 in DIC patients with se-
vere renal dysfunction have not been sufficiently elucidated thus
far. We previously reported that the pharmacokinetic parameters
of ART-123 in DIC patients with severe renal dysfunction were
only slightly different from those in DIC patients without severe
renal dysfunction (21). However, previous studies were based on
single administration. Furthermore, based on pharmacokinetic
simulations, we predicted that the plasma concentrations of
ART-123 would not be different between DIC patients with and
without severe renal dysfunction after repeated administration of a
normal ART-123 dose (380 U/kg) (21).

To confirm the pharmacokinetic simulation results obtained in
the previous study (21), we planned a prospective, multicentre, ob-
servational study for evaluating the pharmacokinetics of ART-123.
DIC patients were classified into four groups based on 24-hour (h)
creatinine clearance (Ccr). The pharmacokinetics and safety of
ART-123 were investigated in these patients.

Materials and methods

This study was conducted in patients who had been diagnosed as
having DIC according to the Japanese Association for Acute Medi-
cine (JAAM) DIC diagnostic criteria (16, 22). Other inclusion
criteria were hospitalised patients aged at least 20 years. The main
exclusion criteria were a high risk for fatal or life-threatening
bleeding events; intracranial, gastrointestinal, or pulmonary haem-
orrhage; history of hypersensitivity to ART-123; pregnancy, breast-
feeding, or possibly pregnancy; intermittent haemodialysis for a
disease such as chronic renal failure; concomitant fulminant hepa-
titis, decompensated liver cirrhosis, aspartate transaminase > 500
[U/], alanine transaminase > 500 IU/1 or total bilirubin > 10 mg/dl;
or administration of thrombomodulin alpha (recombinant) (Reco-
modulin® Injection 12800) within 30 days before the start of
ART-123.

This study was conducted according to Good Clinical Practice
(GCP), Good Post-marketing Study Practice (GPSP), and the Dec-
laration of Helsinki. Prior approval was obtained from the Institu-
tional Review Board of all participating institutions. Written in-
formed consent was obtained from all patients or acceptable repre-
sentatives.

This was an open-label, multicentre, clinical pharmacological
study. Patients whose eligibility was confirmed by the principal in-
vestigator or co-investigator were enrolled in the study. ART-123
was administered at a dose of 380 U/kg/day (0.06 mg/kg/day) for
six days, except for when the investigators judged that dose reduc-
tion (130 U/kg/day [0.02 mg/kg/day]) was necessary. ART-123
was administered to patients at a dose of 380 U/kg/day (or 130
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Ul/kg/day), once daily, via drip infusion over a period of 30 min-
utes (min) for six consecutive days. The starting day of adminis-
tration of ART-123 was defined as Day 1. The pharmacokinetics of
ART-123 was examined every day of administration (Day 1; pre-
dose, immediately after dosing, and 2, 4, and 8 h after dosing, Day
2-Day 5; pre-dose, immediately post-dose. Day 6; pre-dose, im-
mediately post-dose, 2, 4, and 8 h), and 1 day, 2 days, and 8 days
after the last administration. Urinary excretion rates were calcu-
lated in the 24-h period from dosing on Day 1 to dosing on Day 2.
Adverse events, which were defined as any undesirable experi-
ences regardless of the causal relationship to the study drug, were
recorded during the period from dosing on Day 1 to 8 days after
the last administration.

Prohibited concomitant medications included drugs under de-
velopment, thrombomodulin alpha, and thrombolytic agents.
Other drugs, including anticoagulant agents and antiplatelet
agents, were allowed to be used concomitantly. Patients were also
prohibited from receiving intermittent haemodialysis during the
period from consent until the collection of blood and urine
samples scheduled on Day 2 before the administration of study
drug.

Patient conditions were evaluated based on the Acute Physiol-
ogy and Chronic Health Evaluation (APACHE) II score. APACHE
IT scores were calculated using the data collected on the day before
the start of study drug administration. The Sequential Organ Fail-
ure Assessment (SOFA) score and the JAAM DIC diagnostic crite-
ria score were calculated using the data recorded before study drug
administration on Day 1. The renal function of patients was classi-
fied based on 24-h Ccr, which was calculated using the 24-h (from
dosing on Day 1 to 24 h after the administration) urine and serum
creatinine data. The renal function of patients was classified into
the following four groups: Ccr < 10 ml/min (Group 1), Ccr > 10
ml/min and < 30 ml/min (Group 2), Ccr > 30 ml/min and < 60
ml/min (Group 3), and Ccr 2 60 ml/min (Group 4).

Samples for the measurement of plasma ART-123 concen-
trations were collected in sodium heparin vacuum blood collec-
tion tubes and cryopreserved at -80°C until measurement. The
plasma and urine concentrations were measured using a validated
enzyme-linked immunosorbent assay (ELISA) method using two
types of mouse monoclonal antibody. The quantification limits of
ART-123 were 5 ng/ml in plasma and 0.4 ng/ml in urine. This
ELISA system was validated and showed good inter-assay accu-
racy (2.2 to 10.7 %) and precision (0.7 to 6.4 %). The principles and
methods of the ART-123 quantification assay in urine were ident-
ical to those of the plasma assay. The difference in the quantifi-
cation limits of the urine and plasma assays could be attributed to
the different compositions of the samples (urine or plasma) used.

Indicators of pharmacokinetic parameters used in this study are
as follows: CL is the volume of plasma that is totally cleared of its
drug content per unit time and body weight (23). Vd represents
the apparent volume into which a drug distributes (23). Total body
clearance (CLtot) was calculated using the following equation:

_D
Cleot = "¢/ aucyy,
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Table 1: Patient characteristics.

Dose 380 U/kg 130 U/kg
Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4
Ccr<10.0 10.0<Ccr 300<Ccr 60.0<Ccr Ccr<10.0 10.0=<Ccr 30.0<Ccr 60.0 < Ccr
< 30.0 <60.0 < 30.0 <60.0
Number of patients 9 6 6 10 4 3 0 1
Cer (ml/min), minimum — maximum  0.0-9.9 13.6-23.2 35.3-55.1 60.5-97.4 0.4-5.4 11.7-26.9 92.3-92.3
(mean) (5.6) (18.1) (47.9) (78.4) 3.3) (20.5) (92.3)
Age (years), mean + SD 721 +103 63.7+20.8 71.7+133 726 +12.6 743 + 8.7 78.7 +5.1 64.0
Sex, male/female 9/0 115 2/4 2/8 4/0 21 110
Weight (kg), mean + SD 58.67 +7.50 55.02+9.65 60.77 +19.92 51.85+12.06 63.50 +12.06 72.13 + 70.90
21.09
BMI (kg/m?), mean + SD 2144 +£2.65 2327+529 2473+468 2214+436 23.99+542 2850+7.91 25.12
APACHE Il score, mean + SD 216+68 16.0+73  223+39 154+ 45 245+9.2 22.0+9.6 8.0
DIC score, mean + SD 53+1.1 48+1.6 58+1.0 51+1.3 58+1.7 53+23 4.0
SOFA score, mean + SD 133+25 9.7+15 95+22 1.7+26 13.0+3.6 11.3+21 12.0
CRRT, Presence/absence 8N 115 2/4 0/10 22 12 0/1
Underlying diseases that directly induced DIC, n
Infectious disease 9 6 5 8 4 2 0 1
Respiratory 3 2 2 0 2 0 0 0
Abdominal organs 4 0 1 1 0 1 0 1
Urinary/ Reproductive organs 1 1 2 4 1 0 0 0
Soft tissue 0 2 0 3 0 0 0 0
Others 1 1 0 0 1 1 0 0
Non infectious 0 0 1 2 0 1 0 0

Ccr, 24-hour creatinine clearance on Day 1; BMI, body mass index; APACHE, Acute Physiology and Chronic Health Evaluation; DIC, disseminated intravascular co-
agulation; SOFA, Sequential Organ Failure Assessment; CRRT, continuous renal replacement therapy.

where AUC, is the area under the plasma ART-123 concen-
tration-time curve from time 0 to time infinity.

Fractional excretion in urine from time 0 to 24 h after dosing
(fey_,4) was calculated using the following equation:

Aeg_
feo—24=""° 24/9053 x 100

where Ae,_,, is the amount of ART-123 excreted in urine from
time 0 to 24 h after dosing.

ART-123 pharmacokinetic parameters for the first 24 h were
calculated by a non-compartmental model using WinNonlin soft-
ware (version 6.3; Pharsight, Mountain View, CA, USA). SAS 9.2
software (SAS Institute Japan) was used for statistical analysis of
the pharmacokinetic and safety data. The target sample size was
set for each level of renal function at 5, 15, 10, and 10 patients for
Group 1, Group 2, Group 3, and Group 4, respectively, to recruit a
total of 40 patients.
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Results
Disposition and demographics of patients

Of the 45 patients who gave consent during the period from No-
vember 2012 to June 2014 at eight investigational sites in Japan, 43
patients were enrolled in the study and received the study drug.
Two patients met the exclusion criteria and were not enrolled. The
safety analysis set included all 43 patients who received the study
drug. The pharmacokinetic analysis set included 39 patients ex-
cluding four patients whose predefined dose could not be admin-
istered owing to errors in recording body weight or adminis-
tration.

Patient demographics are presented in P>Table 1. The patients in
Group 1 showed a trend toward higher APACHE II and SOFA
scores than did the patients in other groups, because of severe renal
dysfunction. In addition, more patients in Group 1 were receiving
continuous renal replacement therapy (CRRT) as compared to the
patients in other groups. Furthermore, regardless of the level of renal
function, infectious diseases accounted for the majority of underly-
ing diseases that directly induced DIC (P> Table 1).
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Pharmacokinetics

Pharmacokinetics on Day 1

The plasma concentrations of ART-123 during the first 24 hours
are presented in P> Figure 1. The plasma ART-123 concentration
in patients receiving either 380 U/kg or 130 U/kg peaked (C,,,,)
immediately after the completion of drug administration, and
gradually decreased until drug administration on Day 2 (24 h
after start of the drug administration on Day 1). No differences

were observed in ART-123 plasma concentrations among patients
with varying levels of renal function. Regardless of patient renal
function, ART-123 plasma concentrations in DIC patients admin-
istered 380 U/kg of ART-123 were higher than that in DIC pa-
tients administered 130 U/kg of ART-123. The pharmacokinetic
parameters of ART-123 during the first 24 h are presented in
P Table 2. Of the patients administered 380 U/kg of ART-123, pa-
tients in Group 1, 2, and 3 had reduced clearance, prolonged t,,
and increased AUC,_,,, compared to that reported for Group 4
patients.

1500 —

1000 —

500

Plasma ART-123 concentration (ng/mL})

Figure 1: Renal function
effect on ART-123 plas-
ma concentrations dur-
ing the first 24 hours.
The plasma concentrations
of ART-123 are presented
as mean = standard devi-
ation. No relevant differ-
ences in the ART-123 plas-
ma concentrations were
observed among patients
with different levels of
renal function. Regardless
of patient renal function,
the plasma concentrations
of ART-123 in dissemi-
nated intravascular coagu-
lation (DIC) patients ad-
ministered 380 U/kg of

380 U/kg ,Group 1 (n=9)
380 U/kg .Group 2 (n=6)
380 U/kg ,Group 3 (n=6)
380 U/kg ,Group 4 (n=10)
------- 130 U/kg ,Group 1 (n=4)
------- 130 U/kg Group 2 (n=3)
"""" 130 U/kg .Group 4 (n=1)

Time after start of ART-123 administration {hours)

ART-123 were higher than
those in the DIC patients
administered 130 U/kg of

ART-123.
Table 2: Pharmacokinetic parameters of ART-123 during the first 24 hours.

Dose 380 U/kg 130 U/kg

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4

Ccr<10.0 10.0=<Ccr< 30.0=<Ccr< 60.0=<Ccr Ccr<10.0 10.0sCcr< 300=<Ccr< 60.0<

30.0 60.0 30.0 60.0 Cer

Number of patients 9 6 6 10 4 3 0 1
CLy: (ml/hour/kg) 239+0.988  2.76 +0.731 2.29 £ 0.515 3.56 + 0.697 240 £0.720 2.16 +0.605 = 4.85
Vd (ml/kg) 82.7+153 68.2 +£24.3 711.4+£122 80.8 +£16.8 75.0+7.20  59.4+8.04 - 97.7
Cinax (ng/ml) 828 + 156 1,110 + 460 987 +294 807 + 160 287+41.6  390+95.0 = 221
AUC;_y (ng-hour/ml) 12,900 2,910 14,400 + 4,480 14,300 +3,010 11,100 + 1,700 4,580 + 847 5,580 +1,000 - 2,910
ty (hours) 273+12.0 16.8 +2.03 22.0+2.93 16.2 +3.52 23.0+£5.72 19.9+4.25 = 14.0
feg_q (%) 1.03+0.895  4.58+3.29 6.90 + 3.41* 13.7+4.71 1.04 + 0.651 5.38+1.29 = 18.2

Ccr, 24-hour creatinine clearance; CLyy, total body clearance; Vd, volume of distribution; C,,,,, maximum plasma concentration; AUC,_,4, area under plasma concen-
tration-time curve from time 0 to 24 hours post dose; t;,, elimination half-life; fe,_,,, fractional excretion in urine from time 0 to 24 hours after dosing (Day 1
urine excretion rate); Data are represented as mean + SD. * fe,_,, was calculated using data for 5 patients, one patient was excluded from the analysis of fe;_,

owing to a urine collection error.
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The relationship between the urinary excretion rate of
ART-123 and 24-h Ccr is presented in »>Figure 2. The urinary
excretion rate of ART-123 correlated closely with Ccr (r = 0.853).
P Figure 3 shows a scatter diagram of the 24-h Ccr and ART-123
total body clearance on Day 1. The total body clearance was
weakly related to the 24-h Ccr (r = 0.526). However, the total
body clearance in patients with Ccr < 30 ml/min did not decrease.
Although some patients received CRRT, it did not affect their
ART-123 clearance.

Changes in ART-123 plasma concentration during six
days repeated administration

Among the 43 patients enrolled in the present study, 35 patients
completed the repeated administration of ART-123 six times for
six days (once daily). The changes in ART-123 plasma concen-
tration during repeated administration for six days are presented
in P> Figure 4. No relevant differences in the ART-123 plasma con-
centrations were observed among patients with different levels of

25 —

20

Figure 2: Relationship
between 24-h creati-
nine clearance and uri-
nary excretion rate of
ART-123 on Day 1. The
urinary excretion rate of
ART-123 correlated
closely with 24-h creati-
nine clearance. Urinary
excretion rate of ART-123
was calculated by divid-
ing the amount of

15 —

10

Day 1 urinary excretion rate (%)

ART-123 in urine excreted 0 10
during 24 h after dosing Group 1
by the amount of initially
administered dose.

Group 2

Day 1 24-hour Ccr {(mL/min)

30 60
Group 3

100

Group 4 (n=38)

Figure 3: Relationship
between 24-h creati-
nine clearance and
total body clearance of
ART-123 on Day 1. Total
body clearance decreased
in patients with de-
creased creatinine clear-
ance (r = 0.526). How-
ever, the total body clear-
ance in patients with cre-
atinine clearance < 30
ml/min did not decrease.
Although some patients
received continuous renal ®
replacement therapy L
(CRRT), it did not affect ®
ART-123 clearance. o :

CLtot (mL/hr/kg)
[¥5]
1

r=0.526

(O CRRT was not performed (n=22)
@ CRRT was performed (n=17)

CRRT was not performed, 0 10
o : CRRT was performed. Group 1
CLtot, total body clear-
ance.

Group 2

30 60

Day 1 24-hour Ccr (mL/min)

100

Group 3 Group 4
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Figure 4: Changes in ART-123 plasma concentration during six days
repeated administration. The left side shows the changes in ART-123 plas-
ma concentration in patients administered 380 U/kg ART-123. The right side
shows the changes in ART-123 plasma concentration in patients adminis-
tered 130 U/kg ART-123. ART-123 plasma concentrations were stratified
based on the mean 24-h creatinine clearance over six days. During the six-
day observation period, 24-h creatinine clearance was measured daily.
Among the patients administered 380 U/kg ART-123, one patient was ex-

renal function. Furthermore, regardless of renal function,
ART-123 plasma concentrations in patients administered 380
U/kg of ART-123 were higher than those in patients administered
130 U/kg of ART-123.

Safety

Haemorrhagic adverse events were observed in 39.5% (17/43) of
the patients enrolled in the present study. Of these, haemorrhagic
adverse events related to ART-123 were observed in only two pa-
tients. Both cases were of subcutaneous haemorrhage. Fur-
thermore, drug eruption (adverse event related to ART-123) was
observed in one patient. Although one patient had anaemia in-
duced by subcutaneous haemorrhage (a serious adverse event re-
lated to ART-123), the patient recovered eight days after onset.
The distribution of C,, or area under the plasma concentration-
time curve during the first 144 h (6 days) (AUC,_,4,) in patients
with and without haemorrhagic adverse events is shown in P Fig-
ure 5. Although C,, and AUC,_y,, were not different between pa-
tients with and without haemorrhagic adverse events, correlations
between haemorrhagic adverse events and C,,, and between
haemorrhagic adverse events and AUC,_y,, cannot be ruled out.
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cluded from the analysis of the ART-123 plasma concentrations due to lack of
data for 24-h creatinine clearance on Day 6. No relevant differences in the
ART-123 plasma concentrations were observed among patients with differ-
ent levels of renal function. Furthermore, regardless of renal function,
ART-123 plasma concentrations in patients administered 380 U/kg of
ART-123 were higher than those in patients administered 130 U/kg of
ART-123.

Discussion

We investigated the pharmacokinetics of ART-123 in four groups
of DIC patients with renal dysfunction classified by 24-h Cer. It
was found that the urine excretion rate of ART-123 in these pa-
tients closely correlated with renal function. Although the total
body clearance was weakly related with 24-h Ccr, the plasma con-
centration of ART-123 was not affected by renal dysfunction.
ART-123 is excreted mainly via the kidneys (19, 20, 23). In
healthy subjects, 40% of administered ART-123 was excreted into
the urine during the first 24 h after administration (19, 20). An-
other study showed that administered ART-123 was excreted in
the unchanged form (40%) or metabolised form (55%) into the
urine during the first 24 h in normal control rats (23). Two pre-
vious population pharmacokinetic analyses using data from
healthy subjects and DIC patients showed that renal dysfunction
only slightly affected the pharmacokinetics of ART-123 (24, 25).
Therefore, plasma concentrations of ART-123 were not signifi-
cantly affected by renal function in those studies. However, these
analyses did not correctly evaluate renal function because they
used the Cockcroft-Gault equation (24, 25). In the present study,
we evaluated renal function using 24-h Ccr and the urinary excre-
tion rate of ART-123. The urinary excretion rate of ART-123 dur-
ing the first 24 h correlated closely with the 24-h Ccr. However,
even in DIC patients with normal renal function, less than 20 % of
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Figure 5: Relationship
between haemorrhagic
adverse events and
pharmacokinetic pa-
rameters. Maximum
plasma concentration
(Ca) OF area under the
plasma concentration-
time curve during the first
144 h (6 days) (AUCq_144)
in patients with and with-
out haemorrhagic adverse
events was not different.
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drug.

the administered ART-123 was detected in urine (P Table 2). Fur-
thermore, the total body clearance of ART-123 was weakly related
with 24-h Ccr, similar to previous population pharmacokinetic
analyses (24, 25). The plasma concentrations of ART-123 in pa-
tients with and without severe renal dysfunction were not signifi-
cantly different during repeated administration of ART-123. In
DIC patients, other metabolic processes, such as degradation by
the activated elastase, may contribute to ART-123 pharmacoki-
netics (26, 27). Therefore, the effects of renal excretion on total
clearance of ART-123 may be relatively reduced in DIC patients.

Until now, there were no reported studies related to the organs
or mechanisms involved in the metabolism of ART-123. However,
it was believed that a scavenger-receptor-mediated non-specific or
specific uptake contributes to the metabolism of high-molecular-
weight protein drugs such as ART-123 (28, 29). Tsuruta et al.
showed that the concentration of unmetabolised ART-123 in the
liver, kidney, and lung was lower than that in the plasma of rats
(23). They suggested that there were no specific organs in which
ART-123 was distributed at concentrations higher than that in the
plasma. Therefore, it is likely that scavenger-receptor-mediated
non-specific uptake or metabolism is involved in the metabolism
of ART-123, suggesting that ART-123 is metabolised in various or-
gans.

Although the additional elimination enforced by CRRT gen-
erally affects the pharmacokinetics of low-molecular-weight drugs
(such as antibiotics), the pharmacokinetics of high-molecular-
weight proteins, such as albumin (56,000 Da), was reported to be
unaffected (30, 31). A similar trend was observed for the pharma-
cokinetics of ART-123 (62,000 Da) (32). In the present study,
CRRT was performed in 14 (35 %) patients with renal dysfunction.
However, it seemed to have no impact on the pharmacokinetics of
ART-123, which was in agreement with a previous study (21).

© Schattauer 2017

A Phase III study of ART-123 in Japan showed that the number
of haemorrhagic adverse events associated with ART-123 in the
DIC patients was markedly lower than that associated with hepa-
rin (2). In the present study, some haemorrhagic adverse events
were observed. Although C,,,, and AUC,_,4, were not different be-
tween patients with and without haemorrhage, correlations be-
tween haemorrhagic adverse events and both C_,, and AUC,
could not clearly be ruled out. The plasma concentration of
ART-123 required for direct inhibition of thrombin activity (8,200
ng/ml, concentration needed to double thrombin time) was about
200 times higher than that for the inhibition of thrombin gener-
ation (34 ng/ml, IC, for tissue factor-induced thrombin gener-
ation) (33). Therefore, the plasma concentration of ART-123 could
not reach the level required for directly inhibiting the thrombin ac-
tivity in clinical settings (32, 33). Similar results were observed in
the present study. A previous study reported that the highest plas-
ma concentration at which no bleeding event was observed in the
nonclinical toxicology studies in monkeys repeatedly administered
ART-123 was 5,400 ng/ml (25). Maximum plasma ART-123 con-
centration measured in the present study was 3,291 ng/ml.

The present study also has some limitations. In critically ill pa-
tients, accurate estimation of the glomerular filtration rate is diffi-
cult in clinical settings (34). In particular, estimation of the glo-
merular filtration rate is considerably difficult in patients under-
going CRRT because it affects the serum creatinine and cystatin C
levels. Although we measured the mean 24-h Ccr, the accuracy and
precision of this method to estimate glomerular filtration rate have
not been investigated. Furthermore, the urinary excretion rate of
ART-123 was evaluated only during the first 24 h. Further studies to
investigate the urinary excretion rate of ART-123 after 24 h may be
necessary to clarify the reason for the low excretion rate of ART-123
(less than 20% of the administered ART-123 even in patients with

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)



858

Hayakawa et al. Renal dysfunction and ART-123 pharmacokinetics

What is known about this topic?

e Recombinant human soluble thrombomodulin (ART-123) is a
novel anticoagulant for disseminated intravascular coagulation
(DIC) and widely used in clinical settings throughout Japan.

o In healthy subjects, ART-123 is excreted mainly via the kidneys.

e The pharmacokinetics of ART-123 in DIC patients with severe
acute renal dysfunction has not yet been elucidated.

What does this paper add?

e ART-123 plasma concentrations were not different among pa-
tients with differing renal function.

e Renal dysfunction may not affect ART-123 plasma concentration
after repeated administration.

normal renal function) observed in this study. Lastly, we did not
evaluate the pharmacodynamics of ART-123. Appropriate plasma
concentration of ART-123 required to treat DIC was not clarified.

Conclusions

The plasma concentrations of ART-123 may not be different
among patients with different renal function. Moreover, the phar-
macokinetics of ART-123 was not different between patients with
and without CRRT. ART-123 was well tolerated in these patients.
The results of this study should be considered when deciding
whether to maintain therapeutic plasma concentrations of
ART-123 when treating DIC patients with acute renal dysfunction.

Author contributions

M. Hayakawa designed the study. S. Gando reviewed the study
protocol. M. Hayakawa, S. Kushimoto, E. Watanabe, K. Goto, Y.
Suzuki, T. Yatabe, T. Kotani, and T. Kiguchi collected and assessed
the data from each institution. M. Hayakawa, J. Tagawa, and E
Komatsu interpreted the data and drafted the manuscript. S.
Gando reviewed the manuscript. All authors read and approved
the final manuscript.

Conflicts of interest

M. Hayakawa received a research funding for another basic re-
search project and lecturer’s fee from Asahi Kasei Pharma Co. S.
Kushimoto received consultancy funding and lecturer’s fee from
Asahi Kasei Pharma Co. E. Watanabe received a research funding
from Asahi Kasei Pharma Co. for another collaborative study. S.
Gando received consultancy funding from Asahi Kasei Pharma Co.
J. Tagawa and F Komatsu are employees of Asahi Kasei Pharma Co.
The other authors declare that they have no competing interests.

References

1. Weiler, H. Regulation of inflammation by the protein C system. Crit Care Med
2010; 38: S18-25.

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Saito, H, Maruyama I, Shimazaki S, et al. Efficacy and safety of recombinant
human soluble thrombomodulin (ART-123) in disseminated intravascular co-
agulation: results of a phase III, randomized, double-blind clinical trial. ]
Thromb Haemost 2007; 5: 31-41.

Wada, H, Japanese Society of Thrombosis Hemostasis DICs, Okamoto K, et al.
Addition of recommendations for the use of recombinant human thrombomo-
dulin to the ,,Expert consensus for the treatment of disseminated intravascular
coagulation in Japan®. Thromb Res 2014; 134: 924-925.

Iba, T, Gando S, Thachil J. Anticoagulant therapy for sepsis-associated dissemi-
nated intravascular coagulation: the view from Japan. ] Thromb Haemost 2014;
12:1010-1019.

Vincent, JL, Ramesh MK, Ernest D, et al. A randomized, double-blind, placebo-
controlled, Phase 2b study to evaluate the safety and efficacy of recombinant
human soluble thrombomodulin, ART-123, in patients with sepsis and sus-
pected disseminated intravascular coagulation. Crit Care Med 2013; 41:
2069-2079.

Phase 3 safety and efficacy study of ART-123 in subjects with severe sepsis and
coagulopathy. https://clinicaltrials.gov/ct2/show/NCT015988312term=art-
123&rank=4; Accessed July 1, 2017.

Esmon, CT, Esmon NL, Harris KW. Complex formation between thrombin and
thrombomodulin inhibits both thrombin-catalyzed fibrin formation and factor
V activation. ] Biol Chem 1982; 257: 7944-7947.

Stearns-Kurosawa, DJ, Kurosawa S, Mollica JS, et al. The endothelial cell protein
C receptor augments protein C activation by the thrombin-thrombomodulin
complex. Proc Natl Acad Sci USA 1996; 93: 10212-10216.

Yamakawa, K, Fujimi S, Mohri T, et al. Treatment effects of recombinant human
soluble thrombomodulin in patients with severe sepsis: a historical control
study. Crit Care 2011; 15: R123.

Yamakawa, K, Ogura H, Fujimi S, et al. Recombinant human soluble thrombo-
modulin in sepsis-induced disseminated intravascular coagulation: a multi-
center propensity score analysis. Intensive Care Med 2013; 39: 644-652.
Takazono, T, Nakamura S, Imamura Y, et al. A retrospective comparative study
of recombinant human thrombomodulin and gabexate mesilate in sepsis-in-
duced disseminated intravascular coagulation patients. J Infect Chemother
2014; 20: 484-488.

Hayakawa, M, Yamakawa K, Saito S, et al. Recombinant human soluble throm-
bomodulin and mortality in sepsis-induced disseminated intravascular coagu-
lation. A multicentre retrospective study. Thromb Haemost 2016; 115:
1157-1166.

Tagami, T, Matsui H, Fushimi K, et al. Use of recombinant human soluble
thrombomodulin in patients with sepsis-induced disseminated intravascular
coagulation after intestinal perforation. Front Med 2015; 2: 7.

Tagami, T, Matsui H, Horiguchi H, et al. Recombinant human soluble thrombo-
modulin and mortality in severe pneumonia patients with sepsis-associated dis-
seminated intravascular coagulation: an observational nationwide study. J
Thromb Haemost 2015; 13: 31-40.

Rangel-Frausto, MS, Pittet D, Costigan M, et al. The natural history of the sys-
temic inflammatory response syndrome (SIRS). A prospective study. ] Am Med
Assoc 1995; 273: 117-123.

Gando, S, Saitoh D, Ogura H, et al. Natural history of disseminated intravascu-
lar coagulation diagnosed based on the newly established diagnostic criteria for
critically ill patients: results of a multicenter, prospective survey. Crit Care Med
2008; 36: 145-150.

Seki, Y, Wada H, Kawasugi K, et al. A prospective analysis of disseminated in-
travascular coagulation in patients with infections. Intern Med 2013; 52:
1893-1898.

Gando, S, Saitoh D, Ogura H, et al. A multicenter, prospective validation study
of the Japanese Association for Acute Medicine disseminated intravascular co-
agulation scoring system in patients with severe sepsis. Crit Care 2013; 17: R111.
Nakashima, M, Uematsu T, Umemura K, et al. A novel recombinant soluble
human thrombomodulin, ART-123, activates the protein C pathway in healthy
male volunteers. ] Clin Pharmacol 1998; 38: 540-544.

Nakashima, M, Kanamaru M, Umemura K, et al. Pharmacokinetics and safety
of a novel recombinant soluble human thrombomodulin, ART-123, in healthy
male volunteers. ] Clin Pharmacol 1998; 38: 40-44.

Hayakawa, M, Yamamoto H, Honma T, et al. Pharmacokinetics and pharma-
codynamics of recombinant soluble thrombomodulin in disseminated intravas-
cular coagulation patients with renal impairment. Shock 2012; 37: 569-573.

© Schattauer 2017



Hayakawa et al. Renal dysfunction and ART-123 pharmacokinetics

859

22

23.

24.

25.

26.

27.

Gando, S, Iba T, Eguchi Y, et al. A multicenter, prospective validation of dissemi-
nated intravascular coagulation diagnostic criteria for critically ill patients:
comparing current criteria. Crit Care Med 2006; 34: 625-631.

Tsuruta, K, Kodama T, Serada M, et al. Pharmacokinetics of recombinant
human soluble thrombomodulin, thrombomodulin alfa in the rat. Xenobiotica
2009; 39: 125-134.

Tsuruta, K, Yamada Y, Serada M, et al. Model-based analysis of covariate effects
on population pharmacokinetics of thrombomodulin alfa in patients with dis-
seminated intravascular coagulation and normal subjects. ] Clin Pharmacol
2011; 51: 1276-1285.

Mouksassi, M, Marier ], Bax L, et al. Population pharmacokinetic analysis of
thrombomodulin alfa to support dosing rationale in patients with renal impair-
ment. Clin Pharmacol Drug Dev 2015; 4: 210-217.

Boehme, MW, Galle P, Stremmel W. Kinetics of thrombomodulin release and
endothelial cell injury by neutrophil-derived proteases and oxygen radicals. Im-
munology 2002; 107: 340-349.

Gando, S, Kameue T, Matsuda N, et al. Serial changes in neutrophil-endothelial
activation markers during the course of sepsis associated with disseminated in-
travascular coagulation. Thromb Res 2005; 116: 91-100.

28.

29.

30.

31

32.

33.

34.

Linehan, SA, Martinez-Pomares L, Gordon S. Mannose receptor and scavenger
receptor: two macrophage pattern recognition receptors with diverse functions
in tissue homeostasis and host defense. Adv Exp Med Biol 2000; 479: 1-14.
Terpstra, V, van Amersfoort ES, van Velzen AG, et al. Hepatic and extrahepatic
scavenger receptors: function in relation to disease. Arterioscler Thromb Vasc
Biol 2000; 20: 1860-1872.

Hayakawa, M, Ito Y, Fujita I, et al. Pharmacokinetics and the most suitable
regimen of panipenem/beta mipron in critically ill patients receiving continu-
ous renal replacement therapy: a pilot study. ASAIO ] 2006; 52: 398-403.
Hayakawa, M, Fujita I, Iseki K, et al. The administration of ciprofloxacin during
continuous renal replacement therapy: pilot study. ASAIO J 2009; 55: 243-245.
Mohri, M. ART-123: Recombinant human soluble thrombomodulin. Cardiov-
asc Drug Rev 2000; 18: 312-325.

Mohri, M, Sugimoto E, Sata M, et al. The inhibitory effect of recombinant
human soluble thrombomodulin on initiation and extension of coagulation--a
comparison with other anticoagulants. Thromb Haemost 1999; 82: 1687-1693.
Carlier, M, Dumoulin A, Janssen A, et al. Comparison of different equations to
assess glomerular filtration in critically ill patients. Intensive Care Med 2015; 41:
427-435.

© Schattauer 2017

License terms: CC-BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0)



