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CRITICAL CARE

Combination of thrombin-antithrombin complex,
plasminogen activator inhibitor-1, and protein C
activity for early identification of severe
coagulopathy in initial phase of sepsis: a
prospective observational study

Kansuke Koyama'?", Seiji Madoiwa"?", Shin Nunomiya', Toshitaka Koinuma', Masahiko Wada', Asuka Sakata?,
Tsukasa Ohmori?, Jun Mimuro? and Yoichi Sakata®

Abstract

Introduction: Current criteria for early diagnosis of coagulopathy in sepsis are limited. We postulated that
coagulopathy is already complicated with sepsis in the initial phase, and severe coagulopathy or disseminated
intravascular coagulation (DIC) becomes overt after progressive consumption of platelet and coagulation factors.
To determine early diagnostic markers for severe coagulopathy, we evaluated plasma biomarkers for association
with subsequent development of overt DIC in patients with sepsis.

Metheds: A single-center, prospective observational study was conducted in an adult ICU at a university hospital.
‘Plasma samples were obtained from patients with sepsis at ICU admission. Fourteen biomarkers including global
markers (platelet count, prothrombin time, activated partial thromboplastin time, fibrinogen and fibrin degradation
product (FDP)); markers of thrombin generation (thrombin-antithrombin complex (TAT) and soluble fibrin); markers
of anticoagulants (protein C (PC) and antithrombin); markers of fibrinolysis (plasminogen, as~plasmin inhibitor

(PD), plasmin-a,-Pl complex, and plasminogen activator inhibitor (PAI-1); and a marker of endothelial activation
{soluble E-selectin) were assayed. Patients who had overt DIC at baseline were excluded, and the remaining
patients were followed for development of overt DIC in 5 days, and for mortality in 28 days.

Results: A total of 77 patients were enrolled, and 37 developed overt DIC within the following 5 days. Most
patients demonstrated hemostatic abnormalities at baseline with 98.7% TAT, 97.4% FDP and 88.3% PC. Most
hemostatic biomarkers at baseline were significantly associated with subseqguent development of overt DIC.
Notably, TAT, PAI-1 and PC discriminated well between patients with and without developing overt DIC

(area under the receiver operating characteristic curve (AURCC), 0.77 (95% confidence interval, 0.64 to 0.86);

0.87 (0.78 10 0.92); 0.85 (0.76 to 0.91), respectively), and using the three together, significantly improved the AUROC
up to 0.95 (vs. TAT, PA-1, and PC). Among the significant diagnostic markers for overt DIC, TAT and PAI-1 were
also good predictors of 28-day mortality (AUROC, 0.77 and 0.81, respectively).

(Continued on next page)
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development of overt DIC. A single measurement of TAT, PAI-1, and PC activity could identify patients with ongoing

{
i
[ Conclusions: Severe coagulation and fibrinolytic abnormalities on ICU admission were associated with subsequent
!

severe coagulopathy, early in the course of sepsis.

Introduction

Sepsis is frequently complicated with coagulopathy [1].
The severity of sepsis-associated coagulopathy is variable,
ranging from subclinical abnormalities that are detectable
by a mild decrease in platelet count and prolongation of
global clotting times, to severe forms of coagulopathy
or disseminated intravascular coagulation (DIC) [2]. The
incidence of DIC is up to 25 to 50% in patients with
sepsis [3].

Septic DIC is characterized by systemic intravascular
activation of coagulation, and microvascular endothelial
injury with impaired anticoagulation and insufficient
fibrinolysis, which leads to widespread thrombosis in
microvasculature. In sepsis, DIC has a feature of vascular
endothelial dysfunction, as well as being an etiological
factor in the failure of other organs: excessive thrombin
generation and subsequent fibrin deposition exacerbate
inflammation and ischemia, contributing to organ damage
[4]. A number of studies have reported that DIC is an in-
dependent risk factor for organ dysfunction and mortality
in patients with sepsis [2,3,5]. DIC might, therefore, be an
important therapeutic target in the management of sepsis,
and the development of reliable methods for early identifi-
cation of DIC is a high priority.

However, the early diagnosis of sepsis-associated coag-
ulopathy and evaluation of its severity is still challenging
[6]. Currently, the overt DIC criteria of the International
Society on Thrombosis and Haemostasis (ISTH) are the
diagnostic standard for severe coagulopathy in sepsis [4].
Although the ISTH criteria for overt DIC are simple and
widely used, and shown to be associated with organ
failure and mortality, they have limited application in
the early phase of sepsis to improve outcome [7,8]. The
ISTH overt DIC criteria use global markers, such as
prothrombin time (PT) and platelet count for scoring.
The coagulation factors and platelets are consumed and
decrease over time because of progressive thrombin
generation and endothelial injury, thus it takes several
days to reveal their abnormalities and fulfill the overt
DIC criteria in the course of sepsis [9,10]. Furthermore,
introduction of the concept of pre-DIC, which is con-
sidered ag the stage prior to overt DIC, has failed to
predict disease progression. An ISTH subcommittee
defined non-overt DIC as compensated coagulopathy, or
pre-stage DIC, for the early diagnosis of overt DIC [4].
However, previous studies have shown that only 10 to
30% of patients with non-overt DIC progressed to overt

DIC, although the mortality rates were similar between
patients with non-overt and overt DIC [6,11].

In the past decade, there has been increasing evidence
that inflammation and coagulation play pivotal roles in
the pathogenesis of sepsis [12,13]. Pro-inflammatory cy-
tokines produced by the host response against infection
stimulate tissue factor expression and lead to activation
of coagulation. An activated coagulation system in turn
modulates inflammatory activity through specific recep-
tors, such as protease-activated receptors. Considering
that excessive crosstalk between inflammation and coagu-
lation is ongoing from the onset of sepsis, severe coagu-
lopathy may have developed early in the course,

The objective of this study was to identify hemostatic
biomarkers that can be used for early diagnosis of severe
coagulopathy in patients with sepsis. We postulate that
severe coagulopathy has already developed in the initial
phase of sepsis, and is related to the subsequent fulfill-
ment of the criteria for overt DIC [14]. We, therefore,
evaluated the association between plasma biomarkers
measured at the time of intensive care unit (ICU) admis-
sion and development of overt DIC in the following five
days. We also investigated the hemostatic biomarkers as
predictors for 28-day mortality.

Material and methods
Study design and setting
This was a single-center, prospective observational study,
that was conducted in a 12-bed medicosurgical ICU at a
university hospital from January 2012 to June 2013. The
study was approved by the Institutional Research Ethics
Committee of Jichi Medical University, and informed
consent was obtained from the patients or their families.
The consecutive patients who were admitted to the ICU
because of sepsis, and without overt DIC on ISTH criteria
at the time of ICU admission, were enrolled. Sepsis was de-
fined according to the 2001 International Sepsis Definitions
Conference [15]. Exclusion criteria were: age <18 years,
presence of decompensated cirrhosis (Child-Pugh class B
or C), hematological disorders, chronic renal failure on
hemodialysis, and history of therapeutic anticoagulation or
blood transfusion during the preceding four weeks.
Clinical and demographic data, including age, sex,
comorbidity and Acute Physiology and Chronic Health
Evaluation (APACHE) II scores [16], were recorded on
ICU admission. Sequential Organ Failure Assessment
(SOFA) score [17] except for coagulation (platelet count),
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and overt DIC score on ISTH criferia were determined
daily. ISTH non-overt DIC score, and acute DIC score
established by the Japanese Association for Acute Medicine
(JAAM) [18] were also calculated daily as early diagnostic
systems for DIC.

The primary endpoint was the development of overt
DIC within the first five days of ICU stay. A score 25 on
the ISTH criteria was defined as overt DIC. The second-
ary endpoint was 28-day all-cause mortality. Plasma
samples were drawn from the eligible patients within 6 h
of ICU admission, and the patients were followed for 5
days for overt DIC score and 28 days for mortality.

Biomarker measurements
Plasma biomarkers were measured at the time of ICU
admission (Day 0) as baseline, and on days 1 to 3. We
classified 14 biomarkers into five categories: global
markers (platelet count, prothrombin time (PT) and
PT-international normalized ratio (PT-INR), activated
partial thromboplastin time, fibrinogen, fibrin degradation
product (FDP)); markers of thrombin generation (throm-
bin—antithrombin complex (TAT), soluble fibrin (SF));
markers of anticoagulants activity (protein C (PC), anti-
thrombin (AT)); markers of fibrinolytic activity (plasmi-
nogen, dy-plasmin inhibitor (PI), plasminogen activator
inhibitor (PAI)-1, plasmin—o»-PI complex (PIC)); and a
marker of endothelial activation (soluble E-selectin (sES)).
Blood samples were collected heparin-free and centri-
fuged at 2,500 rpm at 4°C in citrated tubes. Global markers,
TAT, PC, AT, plasminogen, c;-PI and PIC were assayed
using the CS5-2100i automatic coagulation analyzer
(Sysmex, Hyogo, Japan) immediately after the samples
were collected. Berichrom assays (Siemens Healthcare
Diagnostics, Tokyo, Japan) were used for PC, AT, plas-
minogen and a2-PI activities, and TAT/PIC test F enzyme
immunoassay (Sysmex) were used for measurements of
TAT and PIC levels, respectively. SE, PAI-1 and E-selectin
were measured with the stored samples, which were fro-
zen at —80°C within 2 h of collection, using iatroSE, tPAI
test and sES latex photometric immunoassay, respectively
(Mitsubishi Chemical Medience, Tokyo, Japan).

Patient management

Our facility provides 24-h coverage by attending ICU
physicians. Management of patients followed the Surviv-
ing Sepsis Campaign Guidelines (SSCG) with the goal of
initial resuscitation and infection control [19]. Patients
received mechanical prophylactic treatment without con-
comitant low-dose heparin, until no active bleeding or
severe coagulopathy was confirmed. Antithrombin substi-
tution therapy was at the discretion of the ICU physicians,
limited for the patients with AT activity <50% after the
plasma samples at baseline were collected. The patients
with bleeding risk or complications were transfused with

Page 3 of 11

platelet concentrate or fresh frozen plasma as decided by
the ICU physicians.

Data analysis

The study population was grouped according to the
development of overt DIC. Statistical differences between
the groups were analyzed using Wilcoxon rank-sum test
for non-normally distributed variables, and the %, or
Fisher’s exact test for categorical variables as appropriate.
Biomarker abnormalities were defined as values higher
than the upper limit of normal, or lower than the lower
limit of normal, which were used in practice at our ins-
titution. Receiver operating characteristic (ROC) curve
analysis was performed to calculate the area under the
receiver operating characteristic curve (AUROC) of the 14
biomarkers at baseline for the development of overt DIC,
and of those at baseline and at Day 2 for 28-day mortality.
The AUROC for APACHE II score and pre-DIC scores
(by ISTH non-overt DIC, and JAAM acute DIC criteria)
at baseline were also calculated for comparison. The best
cutoff values were calculated to maximize the sum of
sensitivity and specificity. Positive predictive value (PPV)
and negative predictive value (NPV) were also calculated.
To assess the bivariable association among biomarkers,
Spearman rank correlation coefficients (v value) along with
the associated P-value were calculated, and » <0.5 was con-
sidered as no evidence of collinearity. A multivariate logistic
regression model based on a forward stepwise method was
used to identify the best combination to discriminate the
development of overt DIC. To assess the impact of bio-
markers on survival, Kaplan-Meier estimates were used to
llustrate trends in 28-day mortality and the log-rank test
was performed. All P-values were two-tailed, and P <0.05
was considered statistically significant. Data were analyzed
using JMP version 10 (SAS Institute, Tokyo, Japan).

Results

Patient characteristics and ouicomes

One hundred, eleven patients were admitted to the ICU
because of sepsis during the study period. Thirty-four
patients were excluded according to the study criteria,
and the remaining 77 patients were enrolled. The base-
line characteristics and prognosis of the study popula-
tion are described in Table 1. Of 77 patients with sepsis,
37 (48.1%) developed overt DIC within five days of their
ICU stay. Patients who newly developed overt DIC were
more severely ill with a higher APACHE II score, maxi-
mum SOFA scores and 28-day mortality, compared with
patients who did not develop overt DIC. No therapeutic
heparin was administered during the study period. Prophy-
lactic low-dose heparin was used more frequently in
patients without DIC than in those who developed overt
DIC (50.0 vs. 10.8%, P =0.0001). Platelet concenirate, fresh
frozen plasma and antithrombin were more frequently
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Table 1 Baseline characteristics and outcomes of the 77 patients with sepsis
All patients (n=77) Develop DIC (n=37) No DIC (n=40) P-value*
Demographics
Age (years) 699129 707 132 691 +12.7 0.58
Male ) 42 (54.5) 16 (43.2) 26 (65.0) 0.069
Source of sepsis
Pulmonary infection 15 (19.5) 7(189) 8 (200) 091
Abdominal infection 43 (55.8) 22 (59.5) 21 (525) 0.54
Urinary tract infection 5(.5) 381 2 (50) 0.58
Soft tissue infection 11 (143) 381 8 (20.0) 0.13
Blood stream infection 2(26) 2 (54) 00 0084
Comorbidities
IHD 70.0) 2(54) 5125 027
CHF 2(26) 0 (0.0) 2(50) 011
Arrhythmia 3(39) 381 0 (0.0) 0033
COPD 6(7.8) 127 5125 0.094
CKD 10 (13.0) 6 (16.2) 4(100) 042
D 3(39) 2(54) 1(25) 0.51
Severity of illness
APACHE Il score 254479 288+82 22261 0.0002
Organ dysfunction {days 0 to 5)
max SOFA score** 9(7to 11} 10 (9 to 14) 7 (41009 0.0001
Prognosis
ICU-free days 18 (10 to 21) 16 (0 to 19) 21 (17 to 23) 0.0001
28-day mortality 15 (19.5) 13 (35.1) 2 (50 0.0005

Data are expressed as mean * SD, median (interquartile range), or No. (%).

APACHE, acute physiology and chronic health evaluation; CHF, chronic heart failure; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease;

CVD, cerebrovascular disease; IHD, ischemic heart disease.
*Comparison of groups with and without subsequent development of overt DIC.

*maximum SOFA scores except for score of coagulation (platelet count) during the first five days of ICU stay.

administered to patients who developed overt DIC than to
those who did not (24.3 vs. 0%, P =0.0001; 29.7 vs. 7.5%,
P =0.012; 56.8 vs. 5.0%, P <0.0001, respectively).

Evidence of biomarker abnormalities at baseline and
subsequent changes over time

The majority of the 77 patients with sepsis presented
with plasma biomarker abnormalities at the time of
admission (Day 0), as indicated by elevated TAT (98.7%
of patients) and FDP (97.4% of patients), and decreased
activity of PC (88.3% of patients, Table 2). In contrast,
decreased platelet count, prolonged PT-INR or decrea-
sed level of fibrinogen was not frequently observed on
Day 0 in patients with sepsis.

Plasma biomarkers of platelet, PT-INR, FDP, TAT, PAI-1
and PC over time (days 0 to 3) in patients with and without
subsequent development of overt DIC are shown in Figure 1
(other studied biomarkers are shown in Additional file 1).
On Day 0, there were marked increases in TAT and PAI-1,
and decreases in PC, plasminogen and a,-PI activities,

which were particularly marked in patients with subse-
quent development of overt DIC. Notably, TAT and PAI-1
were the highest on Day 0 and gradually returned to nor-
mal in patients who developed overt DIC (TAT on Day 0
vs. Day 2, P=0.013; PAI-1, P=0.0035), whereas platelet
count and PT-INR were around the normal range on Day
0 and exacerbated until days 2 to 3 (platelet on Day 0 vs.
Day 2, P <0.0001; PT-INR, P =0.0043).

Discrimination capacity of plasma biomarkers at baseline
for subsequent development of overt DIC

We conducted ROC curve analysis to evaluate the ability
of biomarkers to discriminate among patients who sub-
sequently developed overt DIC and those who did not.
The AUROCs and best calculated cutoff values, PPV and
NPV, are shown in Table 3. The AUROCs and PPVs for
the development of overt DIC were high for TAT, PC,
AT, plasminogen, a2-PI and PAI-1. For the comparison
between discrimination abilities of plasma biomarkers
and those of severity of illness, and pre-DIC scores at
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Table 2 Plasma biomarkers at baseline (Day 0) in patiznts with sepsis

wNormal range Al patients Develop DIC No DiIC
Median level Abnormal patients (%)  Median level Median leval P-vajue®

Global markers

Platelet (x 103/uL) 130 to 369 163 (118 to 205) 338° 140 (108 1o 184} 176 (136 1o 228) 0.036

PT-INR 091012 125 (1.15t0 1.37) 558° 1.29 (1.17 to 1.38) 121 (113 t0 1.37) 0.091

APTT (sec) 231t 363 39.5 (32.2 to 48.9) 623° 42.7 (354 to 49.5) 37.7 (31.3 to 42.7) 0.096

Fibrinogen (mg/dl) 129 to 371 395 (249 to 544) 259° 299 (225 to 481) 419 (319 to 565) 0.041

FDP (ug/mL) 0to 50 16.7 (104 to 28.9) 974> 205 (11.7 to 44.1) 156 (84 to 22.1) 0011
Thrombin generation

TAT (ng/mL) <24 125 (7.2 to 20.1) 08.7° 19.5 (10.5 to 25.8) 84 (5.7 t0 12.9) <0.0001

SF (ug/mb) <70 105 (5.3 to 24.2) 66.2° 139 (79 t0 293) 74 (3210 173) 0013
Anticoagulant activity

PC (%) 67 10 129 46.2 (34.1 to 59.5) 88.3° 366 (28.1 to 44.9) 59.1 (46.7 to 65.6) <0.0001

AT (%) 7510 125 518 (384 t0 63.2) 88.3° 428 (313 to 54.8) 58.2 (48.1 to 72.5) 0.0001
Fibrinolytic activity

Plasminogen (%) 85to 120 60.2 (43.6 to 73.7) 85.7% 48.1 (30.3 to 66.1) 67.0 (57.1 to 84.6) 0.0001

a2-Pl (%) 83 to 115 67.3 (52.1 to 82.8) 74.0° 54.1 (40.5 to 67.6) 786 (67.1 to 88.7) <0.0001

PAI-1 (ng/mlL) <500 1547 (60.7 to 533.1) 81.8° 5316 (191.1 to 992.6) 776 (408 to 154.7) <0.0001

PIC (ug/mL) <09 10 (07 to 1.8) 545° 10 (06 t0 2.7) 11 (0810 1.5 099
Endothelial activation

SES (ng/mL) <29.7 552 (359 to 101.1) 83.1® 653 (34.8 to 144.8) 49.5 (369 to 72.9) 017

a2-Pl, a2-plasmin inhibitor activity; APTT, activated partial thromboplastin time; AT, antithrombin activity; DIC, disseminated intravascular coagulation; FDP, fibrin
degradation products; PAI-1, plasminogen activator inhibitor-1; PC, protein C activity; PIC, plasmin-a2-plasmin inhibitor complex; PT-INR, prothrombin
time-international normalized ratio; sES, soluble E-selectin; SF, soluble fibrin; TAT, thrombin-antithrombin complex.

#*Comparison of groups with and without subsequent developrent of overt DIC. *Percentage of patients with values lower than the lower limit of normal.

bpercentage of patients with values higher than the upper limit of normal.

baseline, the AUROCs and PPVs were also calculated for
APACHE 1I scores (AUROC, 0.72, (95% confidence inter-
val, 0.61 to 0.82); PPV, 0.62), ISTH non-overt DIC scores
(AUROC, 0.71 (0.59 to 0.80); PPV, 0.58), and JAAM
DIC scores {AUROC, 0.68 (0.55 to 0.78); PPV, 0.62) with
relatively low PPV values.

Correlation and muliivariate analysis to identify
significant diagnostic biomarkers for subsequent
development of overt DIC
To identify efficient diagnostic markers for the deve-
lopment of overt DIC, we undertook further analysis of
significant biomarkers with AURCC >0.7 and PPV >0.7,
which were superior to the results of APACHE II scores
or pre-DIC scores. First, we calculated Spearman rank
correlation coefficients for TAT, PC, AT, plasminogen, c»-
PI and PAI-1 to rule out collinearity among the significant
biomarkers. We found a strong and significant correlation
with 7 >0.5 between each pair of PC, AT, plasminogen and
a,-PI values (Additional file 2). However, TAT and PAI-1
were not so highly correlated with PC.

Next, we conducted a multivariate stepwise logistic
regression analysis, and found that TAT, PAI-1 and PC
were the best combination to discriminate between patients

with and without development of overt DIC. These three
biomarkers remained significantly associated with overt
DIC, even after adjustment for APACHE II score in se-
parate models (TAT, P=0.0002; PAI-1, P=0.0001; PC,
P <0.0001, respectively). Furthermore, the combination of
TAT, PAI-1 and PC substantially improved discrimination
of the development of overt DIC, compared with each
marker alone (AUROC 0.95 (vs. TAT, P=0.0004; vs.
PAI-1, P=0.033; vs. PC, P =0.025), Figure 2).

Plasma biomarkers on days 0 and 2 as predictors of
28-day mortality
Univariate analysis revealed that only TAT and PAI-1 at
baseline were significant predictors of 28-day mortality
among the biomarkers that had good discriminative power
for the development of overt DIC (Table 4 and Additional
file 3). Based on the best calculated cutoff values, cutoff
points at baseline were set at 18 ng/mL for TAT and
270 ng/mL for PAI-1. The Kaplan-Meier survival curve for
patients with sepsis demonstrated that TAT >18 ng/mL
and/or PAI-1 >270 ng/mL on admission were significantly
correlated with higher mortality (P = 0.0024, Figure 3).
Most of the studied Day 2 markers had higher AUR-
OCs for prediction of 28-day mortality compared with
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Figure 1 Time course of overt DIC scores and hemostatic biomarkers from baseline to Day 3. Overt disseminated intravascular coagulation
(DIC) scores, platelet count, prothrombin time-international normalized ratio (PT-INR), fibrin degradation product (FDP), thrombin-antithrombin
complex (TAT), plasminogen activator inhibitor-1 (PAI-1) and protein C (PC) for patients with and without subsequent development of overt DIC
(gray vs. white bars), and for survivors (dotted line) and non-survivors (solid line) among patients with overt DIC. Data are expressed as mean and
95% Cl. *P <0.05 between patients with and without overt DIC on the same day. **P <0.05 between patients on Day 0 versus Day 2. *P <0.05 be-
tween survivors and non-survivors with overt DIC on the same day.

Day 0 markers (Table 4 and Additional file 3). Among
the Day 2 biomarkers, TAT, SF and PAI-1 remained
statistically significant for prediction of 28-day mortal-
ity after adjustment for APACHE II score (P =0.0016,
P <0.0001, P <0.0001, respectively).

Discussion

The main findings of our study were as follows. 1) Coagu-
lopathy developed in the initial phase of sepsis, and the se-
verity of hemostatic biomarker abnormalities on the day
of admission was asscciated with the subsequent develop-
ment of overt DIC. 2) Among all the studied biomarkers,
TAT, PAI-1 and PC had the best discriminative power for

the patients who newly developed overt DIC. 3) However,
only TAT and PAI-1 on Day 0 were significant predictors of
28-day mortality among the diagnostic biomarkers for the
development of overt DIC. In contrast, Day 2 markers had
higher predictive power for 28-day mortality compared

* with Day O markers, suggesting that persistence of severe

coagulopathy was correlated with mortality.

Inflammation and coagulation constitute two host de-
fense systems with complementary roles against infection
[13], which means that an overwhelming systemic inflam-
matory reaction in sepsis is accompanied by severe coa-
gulopathy, and both may contribute to tissue damage in
the early phase of sepsis. In our study, most patients with
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Table 3 Area under the ROC curves of biomarkers at baseline for prediction of overt DIC

Biomarkers (Day 0} AUC (95% CB) Cutoff values® Sensitivity Specificity PPY NPV
Global markars

Platelet 065 (051 to 0.76) 158 (x 10%/uL) 062 0.65 0562 0.65

PT-INR 0.61 (048 10 0.73) 13 062 063 061 0.64

APTT 061 (048 to 0.73) 42 (sec) 0.54 0.75 067 0.64

Fibrinogen 0.64 (0.51 to 0.76) 310 (mg/dL) 0.54 0.78 0.69 0.65

FOP 067 (0.54 to 0.78) 28 (ug/mL) 043 088 076 063
Thrombin generation

TAT 0.77 (0.64 10 0.86) 15 (ng/ml) 0.67 0.85 081 0.72

SF 0.67 (0.54 to 0.78) 7.9 (ug/mb) 0.77 0.54 061 0.72
Anticoagulant activity

PC 0.85 (0.76 1o 091) 46 (%) 0.81 0.79 0.79 0.82

AT 0.76 (0.63 to 0.85) 46 (%) 0.60 085 0.78 0.69
Fibrinolytic activity

Plasminogen 0.76 (0.63 to 0.85) 52 (%) 0.60 0.79 0.73 067

a2-Pl 0.79 (0.67 to 0.88) 70 (%) 0.81 067 0.70 0.79

PAI-1 0.87 (0.78 to 0.92) 269 (ng/mL) 0.72 092 089 0.78

PIC 049 (0.36 to 0.63) 1.9 (ug/mb) 035 0.89 0.76 0.59
Endothelial activation

sES 0.59 (045 10 0.72) 67 (ng/mL) 051 0.72 062 0.61

a2-Pi, a2-plasmin inhibitor activity; APTT, activated partial thrombaoplastin time; AT, antithrombin activity; AUC, area under the curve; Cl, confidence interval; FDP,
fibrin degradation products; NPV, negative predictive value; PAI-1, plasminogen activator inhibitor-1; PC, protein C activity; PIC, plasmin-a2-plasmin inhibitor
complex; PPV, positive predictive value; PT-INR, prothrombin time-international normalized ratio; ROC, receiver operating characteristic; sES, soluble E selectin;
SF, soluble fibrin; TAT, thrombin- antithrombin complex. *Cutoff values were calculated to maximize the sum of sensitivity and specificity.

1.0 i —_

Sensitivity

0.4 ~

- e TAT+PAI-1+PC (AUC 0.95)
: e PAI-1 (AUC 0.87)

PC (AUC 0.85)

o TAT (AUC0.77)

0.0 i i I [ 1
0.0 0.2 0.4 0.6 08 1.0

1-Specificity

Figure 2 ROC curves of TAT, PAIl-1 and PC aciivity for predic-
tion of overt DIC. Area under the receiver operating characteristic
curve (AURQC) for thrombin-antithrombin complex (TAT), 0.77 (95%
C, 0.64 to 0.86), plasminogen activator inhibitor-1 (PAI-1), 0.87 (0.78
to 0.92), protein C (PC), 0.85 (0.76 to 0.91), and combination of these
biomarkers are described. Combination of TAT, PAI-1 and PC was su-
perior to each marker alone (AUROC, 0.95 (vs. TAT, P =0.0004; vs.
PAI-1, P=0.033; vs. PC, P=0.025)).

0.2 -

sepsis exhibited coagulation and fibrinolytic abnormalities
at the time of ICU admission, which is consistent with the
data from the PROWESS trial [1]. In addition, most
hemostatic biomarkers measured on ICU admission were
associated with subsequent fulfiliment of overt DIC cri-
teria. These results support the hypothesis that coagulopa-
thy is present in the initial phase of sepsis, and the
strategy to identify markers of acute ongoing coagulopa-
thy, rather than to detect pre-DIC state, may be necessary
for the early diagnosis of septic DIC.

The pathogenesis of DIC is primarily due to excess
production of thrombin [20]. In sepsis, anticoagulation
impairment and insufficient fibrinolysis also contribute to
thrombin generation and fibrin deposition. Anticoagula-
tion pathways such as the antithrombin and protein C
systems are impaired because of increased consumption,
decreased protein synthesis, extravasation and degradation
by several proteolytic enzymes such as neutrophil elastase
[21,22]. The fibrinolytic system is largely suppressed by
increased production of PAI-1, which is a principal inhibi-
tor of this system [23,24]. In our study, increased levels of
TAT and PAI-1, and decreased PC activity, were observed
at the time of ICU admission and each independently
discriminated the patients who developed overt DIC from
those who did not. Our findings indicate that activation of
coagulation, anticoagulation impairment and insufficient
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Table 4 Area under ROC curves of Day 0 and Day 2 biomarkers for pradiction of mortality
Biomarkers ICU day AUC (95% C1) Cutoff values* Sensitivity Specificity PPV NPV
Global markers
Platelet Day 0 0.58 (041 to 0.74) 117 (x 10%/uL) 041 0.79 032 084
2 0.81 (0.64 to 0.91) 66 ( % 103/;1L) 0.81 0.79 048 0.94
PT-INR Day 0 0.53 (034 t0 0.72) 12 0.53 0.71 0.31 0.86
2 0.68 (047 to 0.84) 15 061 0381 043 0.89
FDP Day 0 0.61 (042 to 0.76) 21 (ug/mL) 061 0.65 029 087
2 0.61 (041 t0 0.77) 22 (pg/ml) 067 0.65 0.31 0.89
Thrombin generation
TAT Day 0 0.77 (062 to 0.87) 18 (ng/mL) 0.81 0.77 046 0.94
2 0.83 (0.65 to 0.93) 16 (ng/mL) 067 092 067 092
Anticoagulant activity
PC Day 0 0.64 (045 10 0.79) 37 (%) 0.53 0.75 035 087
2 0.76 (0.53 to 0.89) 22 (%) 061 097 082 091
Fibrinolytic activity
Plasminogen Day 0 0.64 (045 to 0.79) 61 (%) 081 0.52 0.29 091
2 0.75 (0.57 to 0.87) 50 (%) 081 067 038 093
PAI-1 Day 0 081 (064 to 091) 269 (ng/mL) 0.85 0.71 038 0.96
2 0.91 (0.79 to 0.96) 814 (ng/ml) 0.69 0.57 0.82 094

AUC, area under the curve; Cl, confidence interval; FDP, fibrin degradation products; NPV, negative predictive value; PAI-1, plasminogen activator inhibitor-1;
PC, protein C activity; PPV, positive predictive value; PT-INR, prothrombin time-international normalized ratio; ROC, receiver operating characteristic;

TAT, thrombin-antithrombin complex.

*Cutoff values were calculated to maximize the sum of sensitivity and specificity.

fibrinolysis develop early in the course of sepsis, and these
three mechanisms should be evaluated individually for the
diagnosis of DIC in patients with sepsis.

In this study, we found that TAT, a marker of throm-
bin generation, and PAI-1, which is induced by pro-in-
flammatory cytokines, were highest at baseline and
improved when diagnosis of DIC was made in patients

1.0

0.8
s
g 0.6
e
a
~~~~~~ TAT <18, PAI-1 <270 {ng/mL)
0.4 4 ---- TAT 218, PAI-1<270 (ng/mL)
= PAI-1 2270, TAT <18 (ng/mL)
——— TAT 218, PAI-1 2270 (ng/mL)
0.2 T T T
0 7 14 21 28
DAY

Figure 3 Kaplan-Meier survival curves for patients grouped by
cutoff points of TAT and PAl-1 at baseline. The cutoff points
were set at 18 ng/mL for thrombin-antithrombin complex (TAT) and
270 ng/ml for plasminogen activator inhibitor-1 (PAI-1), based on
the best calculated cutoff values that maximize the sum of sensitivity
and specificity for 28-day mortality.

who developed overt DIC. These significant trends were
obvious in survivors with overt DIC. In non-survivors
with overt DIC, elevated levels of TAT and PAI-1 per-
sisted during the study period. Similar trends in those
biomarkers were observed in an experimental model of
sepsis and in clinical studies [25,26]. TAT and PAI-1
have short half-lives and they are produced early in the
course of septic coagulopathy, while other biomarkers,
such as platelets, PT-INR or PC, are the markers of con-
sumption. The differences in those biomarkers over time
between survivors and non-survivors indicate that TAT
and PAI-1 may well reflect disease progress in septic
coagulopathy.

Current criteria for early diagnosis of DIC have some
potential limitations. Considering easy implementation,
most criteria, including ISTH non-overt DIC and JAAM
acute DIC criteria, use readily available coagulation tests
for scoring. However, it is clear that global coagulation
tests, such as PT and platelet count, primarily reflect
the result of consumption and impaired synthesis rather
than direct ongoing coagulopathy. Kinasewitz et al. [27]
and Dhainaut et al. [28] established a simple diagnos-
tic scoring system for the acute phase of septic coagulop-
athy, but these systems depend partly on worsening
trends of global markers, which take at least two days
to identify.
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Several hernostatic molecular biomarkers, including
AT, PC, TAT, PIC and PAI-1, have also been evaluated
in patients with sepsis, but the reported results were
inconsistent [1,24,25,28-30]. Several possible explanations
could account for these conflicting results. First, we dem-
onstrated dynamic changes in the biomarkers within a few
days in the initial phase of sepsis, which is consistent with
previous studies [1,25]; therefore, the timing of biomarker
measurement is important for interpretation of the results.
Second, the cutoff value is another factor that influences
the diagnostic ability of biomarkers. Oh et al. [6] and Egi
et al. [31] evaluated the cutoff value of the lower limit of
normal (70%) in AT levels for ISTH non-overt DIC
criteria, and showed that the diagnostic ability for overt
DIC did not improve by adding AT to non-overt DIC
criteria. In our study, AT activity, as well as PC, was
decreased below the lower limit of normal, even in most
of the patients without overt DIC, and the cutoff value of
AT level to discriminate patients with and without overt
DIC was much lower (46.1%). Last, most of the previous
studies evaluated the impact of hemostatic biomarkers on
prognosis in patients with sepsis. We found that some
plasma biomarkers at baseline were good predictors for
the development of overt DIC, but were less predictive for
28-day mortality compared with Day 2 markers, which
indicates that persistence of coagulopathy, rather than just
the development of it, influences the prognosis in patients
with sepsis. In addition, multiple interactive systemic
factors other than coagulopathy would be involved in the
pathogenesis of organ failure and the risk of mortality.
Ve, therefore, evaluated diagnostic and prognostic values
of biomarkers individually.

There were some potential limitations to our study.
First, this was a prospective observational study conducted
in a single center with a relatively small population size.
Although the overall rate of DIC matched that in previous
studies [3,32], our cohort included fewer pneumonia
patients, who often die from respiratory failure rather than
multiple organ failure, including DIC. A large validation
study is needed to confirm our results. Second, there is no
gold standard for diagnosis of or the criteria for interven-
tion in sepsis-associated coagulopathy. We used the ISTH
overt DIC criteria as the diagnostic standard, considering
coagulopathy that fulfilled these criteria would be severe
enough to be eligible for intervention. Third, although our
management of sepsis followed the SSCG guidelines, and
did not deviate from standard care, prophylactic anti-
coagulation and interventions, such as blood transfusion
as well as AT substitution, may have influenced the levels
of hemostatic biomarkers except for baseline profile, and
their relationship with the scores of overt DIC. Last, our
study lacked explanations about why TAT, PAI-1 and PC
were the best diagnostic markers for overt DIC. We
found a strong correlation among AT, PC, plasminogen
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and 0-PI at baseline. Considering that the same mech-
anism of consumption might be the main reason for
decreased activity of those biomarkers [33], it is un-
clear why PC had superior diagnostic ability. Of par-
ticular interest is the contrast between the diagnostic
value of TAT and another thrombin generation marker,
SF. One possible explanation is the differences in half-life
or mechanisms of clearance, where TAT has a shorter
half-life (10 to 15 minutes), compared with SF (several
hours). Further study is needed to better understand the
processes of these biomarkers, and for the development of
new therapeutic strategies in septic DIC.

Conclusions

The results of our study provide evidence that almost
half of the patients developed severe coagulopathy in the
initial phase of sepsis, which was demonstrated by base-
line abnormalities in hemostatic biomarkers and their
strong association with subsequent fulfillment of overt
DIC criteria. In particular, a single determination of
TAT, PAI-1 and PC activity at ICU admission allowed
early identification of severe coagulopathy, or DIC, lead-
ing to early intervention for patients with sepsis.

Key messages

s The present study showed that coagulopathy was
frequently observed in the initial phase of sepsis,
and severe coagulation and fibrinolytic abnormalities
were strongly associated with subsequent
development of overt DIC.

e Among the 14 plasma biomarkers evaluated, TAT,
PAI-1 and PC activity on ICU admission were the
best combination to discriminate between patients
with and without overt DIC.

e In terms of predicting mortality, only TAT and
PAI-1 were significant predictors of 28-day mortality
at the time of ICU admission.

Additional files

Additional file 1: Figure $1. Time course of biomarkers from baseline
to Day 3. Fibrinogen, soluble fibrin (SF), plasminogen, a;-plasmin inhibitor
(a2-PI), plasmin-a-plasmin inhibitor complex (PIC) and soluble E-selectin
(sES) for patients with and without subsequent development of overt dis-
seminated intravascular coagulation (DIC) (gray vs. white bars), and for
survivors (dotted line) and non-survivors (solid line) among

patients with overt DIC. Data are expressed as mean and 95% Cl. *P <0.05
between patients with and without overt DIC on the same day. **P <0.05
between patients on Day 0 versus Day 2. *P <0.05 between survivors and
non-survivors with overt DIC on the same day.

Additional file 2: Figure $2. Correlation of plasma biomarkers at
baseline with each other. The correlation graphs and Spearman rank
correlation coefficients (r value) are shown here.

Additional file 3: Table 51. Area under ROC curves of Day 0 and Day 2
biomarkers for prediction of mortality.
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Summary. The use of induced pluripotent stem cells
{iPSCs) as an autologous cell source has shed new light
on cell replacement therapy with respect to the
treatment of numerous hereditary disorders. We
focused on the use of iPSCs for cell-based therapy of
haemophilia. We generated iPSCs from mesenchymal
stem cells that had been isolated from C57BL/6 mice.
The mouse iPSCs were generated through the induction
of four transcription factor genes Oct3/4, Kif-4, Sox-2
and co-Myc. The derived iPSCs released functional
coagulation factor VII (FVII) following transduction
with a simian immunodeficiency virus vector. The
subcutaneous transplantation of iPSCs expressing FVII

into nude mice resulted in teratoma formation, and
significantly increased plasma levels of FVHL The
plasma concentration of FVHI was at levels appropriate
for human therapy at 24 weeks post transplantation,
Qur data suggest that iPSCs could be an atractive and
prospective autologous cell source for the production of
coagulation facter, and that engineered iPSCs
expressing coagulation factor might provide a cell-
based therapeutic strategy appropriate for haemophilia.

Keywords: haemophilia, induced pluripotent stem cells,
lentiviral vector, cell therapy, gene therapy, blood coagu-
lation

Introduction

Haemophilia is an X-linked inherited bleeding disor-
der, caused by mutations within the coagidation factor
VHI (F8) or coagulation facior IX (F9) genes. This
results in a longer than average time for blood 1o clot,
which can lead to significant bleeding. Haemophilia is
considered suitable for gene therapy, as it is caused by
a single gene abnormality, and therapeutic coagulation
factor levels can vary across a broad ramge [1].
Recently, therapeutic levels of coagulation factor have
been achieved in haemophilia B patients through the
direct administration of adeno-associated virus vectors
in clinical trials {2]. Another gene therapy strategy for
haemophilia is the application of cells transduced ex
vivo, as a delivery vehicle for coagulation facror [3].
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Cell-based therapy reduces the risk of unwanted virus
dissemination, and ensures the selection of highly
expressing clones prior to commencement of the pro-
cedure, However, cell-based therapies for haemophilia
have been hampered in animals and during human
clinical erials, because of the short life span of trans-
planted cells, difficulties in obtaining therapeutic
plasma levels, and elimination of the transduced cells
by immune reactions [4].

Induced pluripotent stem cells (iPSCs) are artificially
generated stem cells, made by reprogramming somatic
cells through the expression of defined transcription
factors [5,6]. These iPSCs are pluripotent, with the abil-
ity to differentiate into cells of the three germ lineages
in vitro. Mouse-derived iPSCs can be passaged through
the germ line, as is the case with embryonic stem cells
{ESCs). Using iPSCs has a distinct advantage over ESCs,
as cells differentiated from iPSCs exhibit limited immu-
nogenicity, and are therefore more easily rolerated by a
recipient following transplantation. Accordingly, iP5C
technology offers the possibility of parient-specific cell
therapy for haemophilia, in which the use of genetically
identical cells would prevent immune rejecrion. In this
study, we examined whether iPSCs could release

© 2013 John Wiley & Sons Lid
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functional coagulation factor using lentiviral transduc-
tion. We then focused on the possible clinical applica-
tion of the engineered iPSCs to cell-based gene therapy
for haemophilia,

Materials and methods

Mice

C57BL/6] mice were purchased from Japan SLC (Shi-
zuioka, Japan). BALB/cAjclnu/nn mice (nude mice)
were obtained from CLEA Japan, Inc. (Shizuoka,
Japan). All animal procedures were approved by the
Insticutional Animal Care and Concern Committee at
Jichi Medical University, and animal care was in
accordance with the committee’s guidelines.

Generation of iPSCs and cell culture

Murine mesenchymal stem cells (MSCs) were isolated
and maintained as described previously [7]. We
selected MSCs for the establishment of iPSCs because
MSCs have a higher reprogramming efficiency com-
pared with fibroblasts [8,9]. Two plasmid vectors to
generate iPSCs (pCX-OKS-2A and pCX-cMyc) were
obtained from Addgene (Cambridge, MA). MSCs
were transduced with the plasmid vectors by nucleo-
fection as described previously [10]. Colonies that
were ES-like were cloned at 30 days post transduc-
tion, and MSC-derived iPSCs were maintained on
mouse embryonic fibroblasts with knockour Dul-
beceo’s modified Bagle’s medium (DMEM; Invitrogen,
Carisbad, CA) supplemented with 15% foetal bovine
serum, 2 mM L-glutamine, 1 mMm sodium pyruvate,
0.1 mu non-essential amino acids, 0.5 my monothio-
glycerol (Wako Pure Chemical Industries, Led., Osaka,
Japan) and 1000 U mL™! ESGRO (Merck Millipore,
Billerica, MA),

Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was prepared using an RlNeasy Mini Kir
(QIAGEN, Montgomery, MD)., The RT-PCR assays
were condacted using a SuperScript One-Step RT-PCR
System (Invitrogen). Primer pairs for the RT-PCR
assays used in this study have been previously
reported {51

Lentiviral vector construct and production

The ¢DNA for human B-domain-deleted FVHI
thBDD-FVII) was generated as previously described
{11}, The #BDD-FVIIT gene, under the control of a
chicken B-actin promoter coupled with cyromegalovi-
vus promoter early enhancer element (CAGp), was

© 2013 john Wiley & Sons Lid
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cloned into a self-inactivating simian immunodefi-
clency virns {31V) lentiviral vector [12], The 51V len-
tiviral vectors were generated as previously described
131

Measurement of FVII activity and antigen

The WFVHI antigens {FVIIL:Ag) were measured using
an anti-hFVHI-specific enzyme-linked immunosorbent
assay (ELISA) kir (ASSERACHROM Vi:Ag; Diag-
nostica Stago, Seine, France). The functional activity
of FVHI (FVIIL:C) was measured using a one-stage
clotting time assay on an automated coagulation ana-
tyser {Sysmex CA-500 analyser; Sysmex Corp., Kobe,
Japan). We used pooled normal human plasma as a
reference to measure both FVIIL:C and FVIH:Ag.

Resules and discussion

We first attempted to establish iPSCs from CS57BL/6
mice. Bone marrow-derived MS5Cs were tansduced
with plasmid vector expressing the defined transcrip-
tion factors, We cloned ESC-like cell colonies after
transduction, and SSEA-1 positive cells were sorted by
flow cytometry (Fig. 1a). The sorted cell colonies
exhibited typical ESC morphology and alkaline phos-
pharase aceivity (Fig. 1b), The mRNA expression pat-
terns of endogenous pluripotent-specific genes (Sox2,
Oct3/4, Nanog and ¢-Myc) in the cells were similar to
those in El4igZa mouse ESCs (Fig. 1c). Furthermore,
subcutaneous  wansplantation  of  these  cells
{1 x 10° cells) into nude mice resulted in the forma-
tion of teratomas containing tissues derived from the
ectoderm, mesoderm, and endoderm {Fig. 1d and &)
This would suggest that the cells possess the potential
to differentiate into cells and tissues of the three germ
fayers. Therefore, we used these iPSCs for further
experiments in this study.

We next examined whether iP5Cs could produce
funciional coagulation factor afrer transduction by a
tentiviral vecror, The iP5Cs were transduced with the
SIV vector expressing hBDD-FVHI under the control
of CAGp (S1V-CAG-hFVHI) (Fig. 2a). We cloned iPSC
colonies from the cells transduced with SIV-CAG-
HWFVI at a multipliciey of infection (MOT) of 30, and
selected three iPSC clones that stably produced hFVIE
in the supernatant (Fig. 2b). The iPSC clones express-
ing hFVIH were subcutaneously transplanted into nude
mice. Following transplantation, plasma levels of
hFVIL:Ag in nude mice gradually increased according
to teratoma formation derived from the transplanted
iPSCs {Fig. 2c and d). Although the plasma level of
hFVIll:Ag in the nude mice was at 20%, we could not
measure BFVHRC in nude mice because of the exis-
tence of mouse FVIH We simultaneously measured
hFVHLEC and hFVIl:Ag produced from transduced
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Fig. 1. Characterization of induced pluripotent stem cells (iPSCs) derived from mesenchymal stem cells (MSCs), MSCs isolated from C37BL/6 mice were
transduced with plasmid vectors expressing Oc3/4, KIf4, Sox2 and c-Mye. (a) Stage-specific embryonic antigen 1 (SSEA-1) expression was examined by flow
cytometry following transducrion. SSEA-1-positive cells (shown in the square) were sorted as MSC-derived iPSCs. (b) Morphology of iPSC colonies derived
from SSEA-1-positive cells. Alkaline phosphatase activity i iPSC colonies was detected using HNP/Fast Red TR. (¢) The mRNA expression levels of the pluri-
potency markers SOX2, Nanog, Oct3/4 and c-Myc were determined by reverse transcription polymerase chain reaction. {d) Teratoma formation in nude mice
after subcutaneous transplantation of iPSCs. (¢) Differentiation into cells and tissues of the three germ lineages were confirmed by histological analysis. End,

endoderm; Ect, ectoderm; Mes, miesoderm.

iPSCs, and calculated the ratio of hFVIEC to hFVHL
Ag (0.30 £ 0.041). Accordingly, hFVIEC levels
seemed to reach the therapeutic level of FVIIl required
for haemophilia A (6%) in transplanted mice.

Recent stadies have reported the potential of iPSCs
for the treatment of many human diseases; iPSCs pos-
sess the ability ro differentiate into cardiovascalar
{14-16], haematopoietic {16,17}, neural [18], and
hepatic [19,20] progenitor cells. Treatment of inher-
ited disorders using iPSCs has been proposed for
animal models of sickle cell anaemia [17]. The haemo-
philic mouse model could also be used to examine the
potential of iPSC therapy. Xu e ol reported thar
transplantation of endothelial progenitor cells derived
from iPSCs into the liver ingcreased FVIH levels, result-
ing in a corrected bleeding phenotype for haemophilia
A mice [21,22]. The results reported by Xu et al. were
surprising because the differentiated endothelial pro-
genitor cells that were transplanted only contained
one copy of F8, yet they were able to increase plasma
levels of FVHL In contrast, lentiviral transduction
using our procedure resulted in 5-10 proviral integra-
tion sites in the diploid genome at an MOI of 30, sug-
gesting that the same procedure using engineered
iPSCs expressing coagulation factor would result in a
more potent therapeutic effect.

In our preliminary experiments, we used nude mice
to verify the following: the net production of FVI
from iPSCs by excluding the role of the immune sys-
temny and pluripotency of PS5Cs by teratoma forma-
tion. However, tamourigenesis by iPSCs, should be

Haemophilia (2014), 20, e40-e44
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Fig. 2. Increase in FVII fevels after transduction with the simian immuno-
deficiency virus {SIV) lentiviral vecror. The induced pluripotent stem cells
(iPSCs) were transduced with $IV vecror expressing human B-domain deleted
coagulation factor VI (hBDD-FVIH) under the control of a CAG promoter
(SIV-CAG-hFVI) at an MOI of 30. {a) Schematic of the 51V vectors used in
our experiments. {B) FVH acdvities in the supernatants derived from cloned
iPSCs (#4, #15, and #23) rransduced with SIV-CAG-RFVIH were measored
using a one-stage clotting thme assay. Values are presented as means +5D
{22 = 4 for each experiment). (¢, d} iPSC clones expressing hFVIH were subcu-
tancously sransplanted into nude mice, {¢) Teratoma weight at 4 weeks afrer
subcutancous transplantation of cloned MSCHPSCs transduced with SIV-
CAG-hFVHL Values are presented as means £5D (1 = 3-3), (d} Plasma FVIi
antigen fevels in nude mice ar the indicared times after subcntaneous trans-
plantation of the iPSC clones, Values ate means 8D (n = 3-5).
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completely avoided in their application. To reduce -
mourigenicity and to improve the safety of iPSCs, the
use of non-integrative vectors and changes of defined
factors has been widely examined [6,23-25], We also
shonld differentiate iPSCs into the appropriate cells
before transplantation, and plan to establish a more
realistic cell therapy approach using immunccompe-
tent FVHI-deficient mice.

One strategy to increase the safety of iPSCs for cell
therapy would be ro administer anucleated cells, such
as red blood cells and platelers, differentiated from
iPSCs, Integration of transgenes into genomic DNA
during iPSC induction and lentiviral transduction
might be negligible in the transplantation of anucleate
cells. We have previously reported, along with other
researchers, that expression of coagulation factor in
red blood cells [26] and platelets [13,27] using lentivi-
ral wvecrors has corrected the phenotype of mounse
models of haemophilia. The use of blood cells to deli-
ver coagulation factor is attractive as it avoids inter-
ference from circulating inhibitors. Recent reports
have suggested the production of functional platelets
frorm human iPSCs [28]; the transfusion of these blood
cells expressing coagulation factor produced from iPS-
Cs in vitro is possibly the most efficient and effective
method for rreating haemophiliacs.

IPSCS FOR HAEMOPHILIA THERAPY 43

In conclusion, we have proposed a new cell-based
treatment for haemophilia involving iPSCs. Our pro-
posed approach appears to be feasible, as wansplanta-
tion of iPSCs resulted in increased and therapeutically
appropriate FVII plasma levels. Further investigations
are needed to explore the risks of tumourigenicity from
iPSC-derived cells, and to efficlently increase plasma
levels of coagulation facror following cell therapy.

Acknowledgements

Y. Kashiwakura and T, Ghmori designed and performed the experiments,
analysed the dara and wrote the manascripy; M. Inoue and M. Hasegawa
provided viral reagents and critically reviewed the manuscript; and J. Mim-
uro, 8. Madoiwa, K. Ozawa and Y. Sakata analysed the data and revised
the manuscript, We thank Naoko Iro and Masanori Iro (Jichi Medical Uni-
versity) for their technical assiscance, This study was supported by a Grant
from the Japan Baxter Hemophilia Scientific Rescarch & Education Fund;
Grants-in-Ald  for  Scientific  Research (23591427, 21591249 and
23591426); Special Project Award from Bayer Hemophilia Award Program
2011; the Support Program for Straregic Rescarch Infrastructure from the
Japanese Ministry of Education and Science, and Health, Labour and Sci-
ence Research Granes for Research on HIV/AIDS and Research on Intracta-
ble Diseases from the Japanese Ministry of Health, Labour and Welfare,

Disclosures

The authors stated thar they had no interests that might be perceived as
posing a conflicr or bias.

References human chird molar mesenchymal stromal ferentiate into cells of the cardiovascular
cells. f Biol Chem 2010; 285: 29270-8. and hematopoictic lincages. Stem  Cells

1M i PM, Tuddenham EG. The hemo- 10 Gonzalez F, Barragan Movasterio M, 2008; 26: 153748,
philias—from royal genes 1o gene therapy, N Tiscornia G et ol Generation of mouse- 17 Hamna [, Wernig M, Markonlaki 5 er al
Engl J Med 2001; 344: 17739, induced plaripotent stem cells by transient Treanment of sickle cell anemia mouse

2 Nathwani AC, Tuddesham EG, Rangara- expression of a single nonviral polycistronic model with i cells generated from ausolo-
jan § gt al. Adenovirus-associated virus vec- vector. Proc Natl Acad Sci USA 2009; 106: gous skin, Scignce 2007; 318: 1920-3.
tor-mediated gene transfer in hemophilia B. §918-22. 18 Wernig M, Zhao IP, Pruszak § ef ol New-
N Engl J Med 2041; 365; 2357-65. 11 Ogate K, Mimuro [, Kikuchi ] eral rons derived from reprogrammed fibro-

3 Lillicrap D, VandenDriessche T, High K. Expression of h coagulation factor blasts functionally integrate into the feral
Cellular and genetic therapies for haemo- VIl in adipocytes transduced with the sim- brain and improve symptoms of rats with
philia. Haemophilia 2006; 12{Suppl 3): 36~ ian immunodeficiency virus agmTYO1- Parkinson’s disease. Proc Na#! Acad Sci
41, based vector for hemophilia A gene thes- USA 2008; 105: 5856-61.

4 Roth DA, Tawa NE Jr., O'Brien JM, Treco apy. Gene Ther 2004; 1 253-9. 19 Cantz T, Bleidissel M, Stehling M, Schol
DA, Selden RF. Nomviral ansfer of the 12 Nakajima T, Nakamaru K, Ido E, Terao K, HR. In vitro differentiation of reprogrammed
gene encoding coagulation factor VHI in Hayami M, Hasegawa M. Development of snurine somatic cells into hepatic precursor
patients with severe hemophilia A, N Engl novel simian tmuunodeficiency virus vee- cells. Biof Chen: 2008; 389: 889-96.

J Med 2001; 344: 1735-42. tors carrying a4 dual gene expression system. 20 Kasuda §, Tawsumi K, Sakorai Y et al

5 Takahashi K, Yamanaka S. Induction of Hust Gene Ther 2000; $1: 1863-74, Expression of coagulation factors from
pluripotent stem cells from mouse embry- 13 Ohmori T, Mimuro §, Takano K ot ol Effi- murine induced pluripotent  stem  cell-
onic and adult fibroblast culwres by cient expression of a transgene in platelets devived ver cells. Bload Cougnl Fibrinoly-
defined factors. Call 2006; 126: 663-76. : using simian fmmunodeficiency virus-based sis 2001, 22: 271-9.

& Okia K, Ichisaka T, Yamanaka 5. Genera- vector harboring glycoprotein Ibalpha pro- 21 Xe D, Alipio Z, Fink LM ef ol Phenotypic
tion of germiine-competent induced plurip- moter: in vive model for platelet-targeting correction of murine hemophilia A using an
otent stem cells, Nature 2007; 448: 313-7. gene therapy. FASEB j 2006; 20: 1522-4. iPS celi-based therapy. Proc Natl Acad Sci

7 Kashiwakura ¥, Ohmori T, Mimwro ] 14 Kuzmenkin A, Liang H, Xu G ef 2l Fune- USA 2009; 106: 808-13.
et al. Intra-articular injection of mesenchy- tional characterization of cardiomyocytes 22 Alipie Z, Adcock DM, Waner M et al. Sus-
wmal stem cells expressing coagularion facror derived from murine induced pluripotent tained factor VI production in hemophil-
ameliorates hemophilic ardhroparhy in fac- stem cells in vitro, FASEB [ 2009; 13 fac mice 1 year after engraftment with
vor Vill-deficiens mice. } Thromb Haemost 4163-80. induced pluripotent stem cell-derived factor
2012, 10: 1802-13. 15 Narazaki G, Uosaki H, Teranishi M ef al VIH producing  endothelial cells, Blood

8 Niibe K, Kawamura Y, Araki D ez ol Puri- Directed and systematic differenviation of Coagul Fibrinol 2010; 21: 502-4.
fied mesenchymal stem cells are an efficiens cardiovascular cells from mouse induced 23 Kaji K, Norrby K, Paca &, Mileikovsky 3,
source for iPS cell induction, PLoS ONE pluripotent stem cells. Cirendation 2008; Mohseni P, Woltjen K. Virus-free induction
2011; 6: e17610. 118: 498-506. of pluripotency and subsequent excision of

9 Oda ¥, Yoshimurs Y, Ohnishi H efal, 19 Schenke-Layland K, Rbodes KE, Angelis E reprogramming factors. Natare 2009; 458

Induction of pluripotent stem cells from

© 2013 John Wiley & Sons Lid

et al. Reprogrammed mouse fbroblasts dif-

—174—

771-5.

Haemophilia {2014}, 20, e40-e44



ed44 Y. KASHIWAKURA et 4l

24

25

Zhou H, Wu §, Joo JY et al. Generation of
induced pluripotent stem cefls using recombi-
nant proteins. Cefl Sterm Cell 2009; 4: 3814,
Fusaki N, Ban H, Nishivama A, Sacki K,
Hasegawa M. Efficient induction of wans-
gene-free human  pluripotent  stem  cells
using a vector based on Sendai virus, an
RINA vizus that does not integrate into the

Haemophiliz (2014), 20, e40-e44

27

host genome. Proc jpu Acad Ser B Phys
Biol Sei 2009; 85: 348-62.

Chang AH, Stephan MT, Sadefain M. Stem
cell-derived erythroid cells mediate fong-
wrm systemic protein delivery, Nat Bio-
technof 20065 24: 1017-21.

Shi Q, Wilcox DA, Fahs SA et al, Lentivi-
rus-mediated  platelet-derived factor VI

—175—

28

gene therapy in murine haemophilia A, J
Thromb Haemost 2007; 5: 352-61.
Takayama N, Nishimura §, Nakamura §
et gl. Transient acrivation of oMYC
expression is critical for efficient platelet
generation from human induced pluripo-
tent stem cells. J Exp Med 2010; 207:
2817-30.

© 2013 John Wiley & Sons Lud



The journal of Arthroplasty 29 {2014) 5368-572

Contents lists available at SaienceDirsct
The Journal of Arthroplasty

journal homepage: www.arthroplastyiocunal.org

Changes in Blood Coagulation-Fibrinolysis Markers By Pneumatic Tourniquet During
Total Knee Joint Arthroplasty With Venous Thromboembolism

Hideaki Watanabe, MD 2, Ichiro Kikkawa, MD 2, Seiji Madoiwa, MD ®, Hitoshi Sekiya, MD 2,

Shinya Hayasaka, MD ¢, Yoichi Sakata, MD ®

2 Department of Orthopedic Surgery, Jichi Medical University, Tochigi, Japan

b Research Division of Cell and Molecular Medicine, Center for Molecular Medicine, Jichi Medical University, Tochigi, Japan

¢ Department of Health Science, Daito Bunka University, Higashimatsuyama, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 19 June 2013
Accepted 10 August 2013

Keywords:

cross-linked fibrin degradation products by
leukocyte elastase (e-XDP)

p-dimer

soluble fibrin monomer complex
plasminogen activator inhibitor type 1
total knee arthroplasty

venous thromboembolism

This study investigated changes in blood coagulation-fibrinolysis markers during total knee arthroplasty
(TKA). Preoperative 16-row multidetector row computed tomography (MDCT) revealed no asymptomatic
venous thromboembolism (VTE) in the 42 patients recruited. Using MDCT postoperatively, patients were
divided into thrombus (asymptomatic VTE, 19 patients) and no-thrombus (23 patients) groups. Blood taken
at intervals before and after pneumatic tourniquet release revealed increased plasminogen activator
inhibitor type-1 (PAI-1) at 30 s for both groups and at 80 s (both P = 0.01) in the thrombus group. p-dimer
levels were highest at 30 and 90 s for both groups (P = 0.01). PAI-1 and p-dimer levels were strongly
correlated at both time points in the thrombus group. Inactivating fibrinolysis due to PAI-1 may lead to
asymptomatic VTE after TKA.

© 2014 Elsevier Inc. All rights reserved.

In orthopedic surgery, it is extremely important to prevent the
development of postoperative venous thromboembolism (VTE),
particularly symptomatic, fatal pulmonary embolism (PE), after
total knee arthroplasty (TKA) {1} Antithrombotic therapies using
agents such as unfractionated or low-molecular-weight heparin
have been administered to patients after surgery. Despite the
implementation of aggressive antithrombotic protocols, however,
the incidence of fatal PE remains at 0.15% [2] and that of
symptomatic PE remains at 0.41% |3}, with no changes in mortality
rates since the 1990s |4]. Furthermore, in a cohort in Korea, the
presence of asymptomatic VTE was 35.7% after TKA, as determined
using multidetector row computed tomography (MDCT) {5}
Although it is thought that prophylactic antithrombotic treatments
are necessary to prevent postoperative fatal and symptomatic PE,
previous reports have found no difference in the incidence of these
two entities or of asymptomatic VTE, regardless of whether
prophylactic antithrombotic therapy was given {2-7]. In addition,
reports indicate that the infection rate in prophylactically treated
patients is increased owing to hematoma caused by hemorrhage {3~
10] and coagulation abnormalities [11] associated with the therapy
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early after surgery. It is important for orthopedic surgeons to avoid
these complications because such infections can last a lifetime. Even
if patients achieve remission, they are prone to infection relapse. The
routine administration of prophylactic antithrombeotic treatment is
not recommended in East Asia [12]. Based on these observations, to
reduce postoperative infections associated with the overuse of
antithrombotic treatment in low-risk patients, we have considered it
clinically important to be able to detect early asymptomatic VTE that
may cause fatal or symptomatic PE after surgery in patients who are
not administered prophylactic antithrombotic treatments. Also, we
start antithrombotic therapy only in those patients wheo need it
[6,13]. There are currently no blood coagulation-fibrinolysis markers
available for early detection of postoperative asymiptomatic VIE
following TKA.
Since2005,somestudieshaveindicatedthatVTEisaffectedbytheuse
ofthepneumatictourniquet,causingparticularpostoperativechanges
incoagulation-fibrinolysis pathways| 14-~17]. Therefore, we hypoth-
esized that detecting changes in blood coagulation-fibrinolysis
markers in patients with asymptomatic VTE immediately after the -
pneumatic tourniquet is released might be used to indicate whether
patientsrequire antithrombotic therapy. This information could help
preventpostoperativebleedingafteradministeringantithromboticsto
patientswhowereatlowriskofdevelopingVTE.Thepurposeofthisstudy
was to investigate the changes of blood coagulation-fibrinolysis
markers in asymptomatic VTE immediately after release of the
pneumatictourniquetduringsurgery.
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Materials and Methods
Patients

The study protoco! was approved by the Ethics Review Board of
our university. This prospective, single-center study enrolled patients
who underwent TKA at our institution between April 2007 and March
2009 and gave consent to participate in the study. As exclusion
criteria, patients with a past history of symptomatic VTE, cerebral
hemorrhage, cerebral infarction, cardiac infarction, or drug allergy to a
contrast medium were excluded from the study. In addition, patients
with liver disease, renal disease, and/or congenital clotting factor
deficiencies and those undergoing antithrombotic therapy or hemo-
dialysis were excluded from the study. Patients with asymptomatic
VTE by preoperative MDCT were also excluded.

We enrolled 42 patients who underwent TKA for osteoarthritis
(30 knees) or rheumatoid arthritis (12 knees). The cohort comprised
1 male and 41 female patients, with a mean age of 71 years (range
49-84 years). TKA was performed under general anesthesia in all
patients, and a pneumatic tourniquet was used. Its pressure was
raised before surgery while the leg was exsanguinated and lowered
about 90 min later. The tourniquet was used only one time. The
patients wore an elastic stocking on the unaffected leg during
surgery. Later, they wore them on both affected and unaffected legs
and used an intermittent pneumatic compression device until
walking training was initiated, in accordance with the Japanese
Guidelines for Prevention of Venous Thromboembolism [18]. No
postoperative prophylactic antithrombeotic therapy was adminis-
tered. If the patients developed symptomatic VTE and/or if VTE was
detected by MDCT, aggressive antithrombotic therapy was initiated.

MDCT

For diagnosis of VTE, 16-row MDCT was performed on the 4th day
before surgery and then the 4th day after surgery. These time points
mark the interval at which the incidences of PE and VTE are reported
to be high [19]. The latter is the earliest point at which patients could
comfortably undergo MDCT during the postoperative period.

The MDCT slice thicknesses were 2 mm in the thoracic region and
5 mm from the abdomen to the lower limbs. The window levels were
40-60 and 40-50, and the window widths were 400-500 and 200-
400, respectively. A single radiologist (M.D.) evaluated the MDCT
images in a blinded manner before and after the surgery. The
incidence of postoperative new asymptomatic VTE was calculated.

Preoperative MDCT revealed no asymptomatic VTE in any of the 42
patients included in the study. The patients were classified postop-
eratively via MDCT into two groups. The thrombus group was defined
as patients with a new asymptomatic VTE, and the no-thrombus
group was defined as those without asymptomatic VTE.

Blood Coagulation-Fibrinolysis Markers

Blood samples were taken to measure the plasma levels of
plasminogen activator inhibitor-1 (PAI-1), soluble fibrin monomer
complex (SFMC), p-dimer, and cross-linked fibrin degradation
products by leukocyte elastase (e-XDP) immediately before and
after release of the pneumatic tourniquet and then at 30, 90, and
180G s after release of the pneumatic tourniquet (Fig. 1). Citrated
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plasma samples were stored at —80 °C until analysis. The plasma
PAI-1 levels were measured by a latex photometric immunoassay
(Mitsubishi Chemical Medience Corporation, Tokyo, Japan) using the
polyclonal antibody F(ab') fragment [20}. Plasma SFMC, b-dimer, and
e-XDP levels were measured by latex immunoagglutination assays
(Mitsubishi Chemical Medience Corporation) using the monoclonal
anfibodies IF-43 and JIF-23, respectively [21,22]. The plasma e-XDP
levels were measured by a latex immunoagglutination assay
(Mitsubishi Chemical Medience Corporation) using the monoclonal
antibody IF-123 [23]

Statistical Analysis

Statistical analyses were performed using SPSS for Windows
version 11.0 software (SPSS, Chicago, IL, USA). PAI-1, SFMC, p-dimer,
and e-XDP levels were analyzed by the Shapiro-Wilk test if they did
not fit a normal distribution. The PAI-1, SFMC, p-dimer, and e-XDP
levels were compared between the thrombus and no-thrombus
groups before release using the Mann-Whitney U-test. The PAI-1,
SFMC, p-dimer and e-XDP levels were compared between immedi-
ately, at 30, 90, 180 s after release, respectively, and immediately
before release using the Friedman test. If a significant difference was
noted, the data were compared using the Wilcoxon signed rank test
and corrected using Bonferroni's inequality. Spearman’s rank corre-
lation was used to determine whether blood coagulation-fibrinolysis
markers that differed significantly were affected by each other. The
gender and disorder distributions were compared between the
thrombus and no-thrombus groups using Fisher's exact test. Age,
volume of intraoperative hemorrhage, and operation time were
compared using an unpaired t-test. The level of statistical significance
was set at P < 0.05 for all tests.

Resulis

No patients developed symptomatic VTE during or after TKA in this
study. Postoperative MDCT revealed asymptomatic VTE in 19 (45.2%)
patients (thrombus group) and no VTE in 23 patients (54.7%) (no-
thrombus group). Aggressive antithrombotic therapy was initiated in
the 19 patients in whom new asymptomatic VTE was detected
following postoperative MDCT (Table).

Changes in Operative Blood Coagulation-Fibrinolysis Markers Before
Release. of the Pneumatic Tourniquet

There were no significant differences in the preoperative PAI-1,
SFMC, p~dimer, or e-XDP levels between the thrombus and no-thrombus
groups (P =023, P= 023, P=039, and P = 0.89, respectively)
(Fig. 2).

Operative Blood Coagulation-Fibrinolysis Markers After Release of the
Pneumatic Tourniquet

The PAI-1 level showed the most significant increases at 30 s
(median 27.3 ng/ml, P = 0.01) and 90 s (median 28.5 ng/ml, P =
0.01) after release of the pneumatic tourniquet in the thrombus
groups and at 30 s (median 38.7 ng/ml, P = 0.01) after release in the
no-thrombus group (Fig. 2).

Preoperali Opaerati [ dial Releass of immediately 30 seconds 90 seconds 180 seconds Operation Postoparativel
day 4 start befora release the pneumatic touniquat after release after release after release after releass finish day 4
MDCT J/ Blood sampling Blood sampling Blood sampling Bloed sampling  Bloed sampling DCT

4 d 4 ¥ 1) 4

TKA )
n=42

Fig. 1. Study protocol.
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