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An alternative pathway for fibrinolysis that comprises leukocyte elastase and its interaction with the
plasminogen activator-plasmin system has been suggested. Plasma levels of cross-linked fibrin degradation
product by leukocyte elastase (e-XDP) were significantly increased in patients with sepsis induced
disseminated intravascular coagulation (DIC) compared with healthy subjects (18.6+419.9 vs 0.58 +
0.47 U/mL, p<0.001). Twenty seven unique spots were identified from e-XDP dominant patients by immune-
purification and two-dimensional difference gel electrophoresis, and they contained fibrinogen Bj3-chain

Keywords: . . I .
DiZseminared intravascular coagulation derived fragments Bf> Asp-164, Ser-200, GIn-301, Ala-354, Ile-484 and ~y-chain derivatives vy Val-274 at their
Sepsis amino-termini by acquired and processed tandem mass spectrometer. The Sequential Organ Failure

Assessment Scores in patients with e-XDPs levels 3-10 U/mL were significantly lower than those with e-XDPs
levels -3 U/mL, 10-30 U/mL, and 30- U/mL. The adjusted odds for 28-day mortality rate in patients with e-

Leukocyte elastase-dependent cross-linked
fibrin degradation products

Plasmin XDP levels less than 3 U/mL (hazard ratio, 4.432; 95% Cl, 1.557-12.615 [p = 0.005]) were significantly higher

Prognosis than those in patients with e-XDP levels of 3-10 U/mL. These data suggest that leukocyte elastase might
contribute to the degradation of cross-linked fibrin in sepsis-induced DIC.

© 2010 Elsevier Ltd. All rights reserved.

Introduction death [5], it remains uncertain to what extent intravascular fibrin or

DIC is an acquired syndrome characterized by persistent activation
of blood coagulation in the microvasculature, and is currently
accepted to be a pathologic state that occurs over the course of a
severe underlying disease [1-3]. Sepsis is a distressing disorder with
systemic activation of the inflammatory and coagulation cascades in
response to microbial infection, and may be the most common
pathogenic state that leads to the development of DIC [4]. In spite of
the apparent association between sepsis-induced DIC and the risk of

Abbreviations: DIC, disseminated intravascular coagulation; FDP, fibrinogen and
fibrin degradation product; XDP, cross-linked fibrin degradation product; e-XDP, cross-
linked fibrin degradation product by leukocyte elastase; p-XDP, cross-linked fibrin
degradation product by plasmin; TAT, thrombin-antithrombin complex: PIC, plasmin-
w-plasmin inhibitor complex; SFMC, soluble fibrin monomer complex; PAI-1,
plasminogen activator inhibitor-1; SOFA score, Sequential Organ Failure Assessment
score.
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coagulation proteases are critical factors in determining the clinical
course.

The degradation of fibrin is usually performed by the serine
protease plasmin, which is generated from plasminogen by plasmin-
ogen activators. However, suppression of the plasminogen activator-
plasmin system is mediated by increased plasma plasminogen
activator inhibitor-1 (PAI-1) levels in patients exhibiting systemic
inflammatory response syndrome as well as sepsis-induced DIC [6,7].
Alternative systems for fibrinolysis that comprise proteases other
than plasmin and their interactions with the plasminogen activator-
plasmin system have been thought to play important roles in the
digestion of fibrin [8,9]. Leukocytes are known to release intrinsic
proteolytic enzymes, including leukocyte elastase as well as cathepsin
G, in a variety of clinical conditions [10,11]. Although exposure to
inflammatory mediators and interaction with leukocytes cause
endothelial activation and damage, leukocyte elastase has been
found to digest factor Xllla mediated cross-linked fibrin and to yield
different molecular species of cross-liked fibrin digests from those
generated by plasmin {12,13].

Here, we demonstrate that the alternative pathway for fibrinolysis
by leukocyte elastase is activated, and contribute to the degradation of
cross-linked fibrin in sepsis-induced DIC.
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Materials and methods
Study population

All samples were obtained with informed consent from patients or
their family members according to the Declaration of Helsinki. Blood
was drawn from 117 patients with sepsis-induced DIC (Table 1).
Samples from aged and sex matched healthy volunteers with consent
(23 males and 23 females, 44.6 4 10.5 years old) were also analyzed as
normal controls. Sepsis was defined as infection plus systemic
manifestations of infection based on the diagnostic criteria by 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Confer-
ence [14]. DIC was diagnosed according to the diagnostic criteria
established by the Japanese Ministry of Health and Welfare (JMHW
DIC criteria [15,16]). In brief, the presence of basic diseases, the clinical
conditions (namely, bleeding symptoms and organ dysfunction), and
the results of the examination (platelet counts, prothrombin time,
fibrinogen, and fibrinogen and fibrin degradation products [FDP])
were quantified on a score basis (maximum = 13; minimum = 0). If
the number was=>7, DIC was established. In individuals with a DIC
score of six points, two or more positive findings on supplementary
tests (namely, soluble fibrin monomer complex [SFMC], D-Dimer,
thrombin-antithrombin complex [TAT], and plasmin- «,-plasmin
inhibitor complex [PIC]) were needed to make a diagnosis of DIC. 75
patients (64.1%) diagnosed by JMHW DIC criteria were also diagnosed
with overt DIC by the ISTH criteria [2], which coincided with the
previous study by Wada H, et al [17].

Quantification of molecular markers of coagulation and fibrinolysis

The prothrombin time and the activated partial thromboplastin
time were measured with coagulation-based activity assays. Plasma
fibrinogen levels were measured by clotting methods using Fibrinogen
Test Sankyo (Sankyo, Tokyo, Japan). FDP levels in sera were deter-
mined by the latex agglutination assay using LPIA-FDP (Mitsubishi
Chemical Medience, Tokyo, Japan). Plasma PIC levels were measured
by enzyme-linked immunosorbent assay (ELISA) (Kokusai-Shiyaku,
Kobe, Japan). Plasma levels of TAT were also quantified by ELISA
(Sysmex, Kobe, Japan). SFMC levels were determined by the latex

Table 1
Baseline demographics and disease characteristics.

Septic DIC, n=117

Age (years) 61.7+154
Male / Female 72745
Basic disease
Respiratory infection 70 (59.8)
Gl tract or biliary tract infection 18 (15.4)
Urinary tract infection 10 (8.6)
Other infection 19(16.2)
Positive blood culture 44 (37.8)
Results of Gram's staining of bacterial pathogen
Purely Gram-positive 43 (36.5)
Purely Gram-negative 33 (28.5)
Mixed 11 (9.5)
Culture negative or not obtained 30(25.3)
Type of organism
Gram-positive
Staphylococcus aureus 39 (44.6)
Other staphylococcus species 3(3.5)
Streptococcus pneumonia 5(5.4)
Other Gram-positive 2(1.7)
Gram-negative
Escherichia coli 6(7.1)
Klebsiella species 6(7.1)
Pseudomonas species 14 (16.1)
Other Gram-negative 9(10.5)
Fungus 3(3.5)

The values are given in (%).

agglutination assay and using monoclonal antibody IF-43 [18]. For
the PAI-1 assay, we used a latex photometric immunoassay (LPIA-200;
Mitsubishi Chemical Medience), as previously described [19]. The
levels of XDPs by plasmin (p-XDPs)} were measured by latex-
agglutination assays utilizing JIF-23 [20]. Plasma levels of e-XDPs
were also measured by the automated latex photometric immunoas-
say using IF-123 monoclonal antibody, which is specific for the fibrin
fragment D species generated by granulocyte-elastase digestion as
previously described [13,19]. The variance (CV) of e-XDP assay was
0.00 - 3.78% within-run, 0.00 - 3.35% between runs.

Two-dimensional difference gel electrophoresis (2D-DIGE) and image
analysis

The fibrinogen and fibrin degradation products were isolated from
septic DIC patients’ samples using anti-fibrinogen polyclonal antibody
(Dako, Carpinteria, California, USA) coupled Sepharose. 2D-DIGE was
performed as described elsewhere [21,22]. Briefly, each sample was
loaded onto a pH 3-10NL IPG Strip (BIO-RAD Laboratories, Hercules,
California, USA) for 16 h at 25 °C. Isoelectric focusing was performed
using the PROTEAN IEF cell (BIO-RAD). The second dimension of
electrophoresis was then performed in 10% SDS-PAGE slab gels. After
electrophoresis, the gels were stained with SYPRO Ruby Protein Stain,
and the resulting protein spot patterns were analyzed using Molecular
Imager FX Pro and PD Quest software (BIO-RAD).

In-gel digestion and nano liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis

Each protein spot was excised from 2D-DIGE gels with a spot
cutter (ProteomeWorks, BIO-RAD). Each gel piece was washed with
50% v/v acetonitrile, 0.1% formic acid to extract the resulting peptides.
Nano LC-MS/MS analysis was performed in positive ion mode on a
Micromass Q-Tof Ultima Global mass spectrometer controlled by the
software Mass LynxTM 4.0 (Waters-Micromass, Manchester, UK)
coupled with an UltiMate Nano LC system (Dionex-LC Packings;
GenTech, New York, NY, USA) {23,24]. Spectra were recorded under
the condition of a source temperature 80 °C and cone voltage of 80 V.
Acquired and processed MS/MS data were searched against the
NCBInr database using the Mascot search program (MS/MS Ion
Search; Matrix Science, Boston, MA, USA).

Statistical Analysis

The SPSS statistical software package (SPSS, Chicago, IL, USA) was
used for all statistical analyses of data. Normally distributed variables
are presented as the means + SEM and were compared by means of
the Student's t test. Variables not normally distributed were analyzed
with the two-sided Mann-Whitney U test. A difference with p<0.05
was considered statistically significant. Multivariate logistic regres-
sion analyses were used to identify independent predictors of
mortality in septic DIC cases. Kaplan-Meier product limits were
computed for the freedom from endpoint, and the log-rank test was
used to screen univariate group results regarding the outcomes.
Multivariate Cox regression models were used to investigate the
association of plasma e-XDPs levels with the 28-day mortality rate
after DIC diagnosis.

Results

XDPs levels and their correlation with molecular markers of coagulation
and fibrinolysis in sepsis-induced DIC patients

Baseline characteristics of sepsis-induced DIC patients are sum-
marized in Table 1. Plasma concentrations of e-XDPs of patients with
septic DIC were significantly higher than those of healthy subjects
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(18.6 4 19.9 vs 0.58 +0.47 U/mL, p<0.001, Fig. 1). We could not find
any correlation between e-XDP levels and peripheral white blood
cell counts (Fig. 2, A). However, there was a negative correlation
between e-XDP levels and percentage of immature neutrophil
(rs = 0.046, p=0.033, Fig. 2, B). The e-XDPs levels showed a mild
correlation with FDPs levels (rs=0.528, p<0.001) and with p-XDPs
levels (rs = 0.547, p<0.001) (Table 2). By contrast, there was not any
correlation between e-XDPs levels and platelet counts, prothrombin
time, levels of fibrinogen, TAT, SFMC, PAI-1, or PIC.

2D-DIGE and mass spectrometry analysis of XDPs isolated from patients
with sepsis-induced DIC

We recovered XDPs from patients who showed marked elevation
of e-XDPs levels with low levels of p-XDPs (patients el to e5, Fig. 3 A)
and those who exhibited low levels of e-XDPs with remarkably
increased levels of p-XDPs (patients p1 to p5, Fig. 3 A). Each of the
isolated XDPs was analyzed by 2-D DIGE with fluorescent SYPRO Ruby
staining. As shown in Fig. 3 B, twenty-seven spots were unique to the
e-XDPs dominant group (red squares) and 19 spots were unique to
the p-XDPs high group (green squares). Although the limited material
available precludes identification of proteins corresponding to less
intense spots given the detection limits, we could analyze only three
spots (#5901, #5902 and #7601 in Fig. 3 C) unique to the e-XDP
dominant group. Comparing acquired and processed MS/MS data
against the NCBInr database using the Mascot search program showed
that spot #5901 contained Bf-chain-derived fragments possessing
fibrinogen Bp> Asp-164, Ser-200, GIn-301, Ala-354 and 1le-484, and
that spot #5902 had B> Asp-164 and lle-484 at their amino-termini,
respectively (Fig. 3 D). In addition, the spot #7601 was found to
contain a fibrinogen y-chain fragment corresponding to -y Val-274 at
its amino-terminal.

Relationship between plasma e-XDPs levels, multiple organ failure and
prognosis in sepsis-induced DIC

We found that Sequential Organ Failure Assessment (SOFA)
scores were significantly higher in the patients with p-XDP levels of
3-10 pg/mL,10-30 ug/mL or greater than 30 pg/mL compared with
those in the group with p-XDP levels less than 3 pg/mL (Fig. 4). By
contrast, the SOFA scores in patients with e-XDPs levels 3-10 U/mL
were significantly lower than those with e-XDPs levels -3 U/mL, 10-
30 U/mL, and 30- U/mL. In addition, the survival rate to 28 days
after DIC diagnosis in the group with e-XDP levels less than 3 U/mL
was significantly lower than those in the groups with e-XDP levels of

p<0.001
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Fig. 1. Plasma e-XDPs levels in sepsis-induced DIC and healthy subjects. Plasma levels of
e-XDPs of sepsis-induced DIC patients (n=:117) and normal healthy subjects (n = 46)
are shown.
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Fig. 2. Correlation between leukocyte and e-XDPs in patient with sepsis-induced DIC
Correlations between peripheral white blood cell counts and plasma e-XDPs levels
(A) and between immature neutrophil percentages and plasma e-XDPs levels (B) in
patient with sepsis-induced DIC are shown. Values of rs are determined by Spearman
rank correlation test.

3-10U/mL, 10-30U/mL and 30- U/mL (Fig. 5). Cox regression
analyses of time-to-event data among patients according to e-XDPs
levels at the time of DIC diagnosis revealed that the adjusted odds
for the 28-day mortality rate in patients with e-XDPs levels less
than 3 U/mL (hazard ratio, 4.432; 95% confidence interval, 1.557-
12.615 [p=10.005]; Table 3) were significantly higher than those in
patients with e-XDPs levels 3-10 U/mL. Interestingly, plasma e-XDPs
levels might be an independent factor predicting survival as revealed

Table 2
Correlation between XDP levels and molecular makers of DIC in patients with sepsis-
induced DIC (n=117).

Molecular p-XDP e-XDP
markers

s p s 14
Platelet -0.215 0.031 -0.056 0.575
PT -0.133 0.183 -0.126 0.205
Fibrinogen -0.222 0.025 -0.003 0974
TAT 0.020 0.839 0.023 0.818
SFMC 0.119 0.233 0.147 0.140
PAI-1 0.045 0.654 0.043 0.666
PIC 0.348 <0.001 0.185 0.063
FDP 0.812 <0.001 0.528 <0.001
p-XDP - - 0.547 <0.001
e-XDP 0.547 <0.001 - -

*Values of rs are determined by Spearman rank correlation test.
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Fig. 3. 2D-DIGE analysis of fibrinogen and fibrin degradation products (FDPs) in sepsis-induced DIC patients. A. XDPs were recovered using anti-fibrinogen polyclonal antibody-
coupled Sepharose from e-XDPs dominant (patients e1-e5) and p-XDPs dominant (patients p1-p5) patients with sepsis-induced DIC. B. Representative difference map comparison
of five sets of e-XDPs dominant (a, red squqares) and p-XDPs dominant (b, green squares) subjects. Each sample was separated by isoelectric focusing (nonlinear gradient of pl 3 to
10) and SDS-PAGE (nominal range 16.5 kDa to 100 kDa) followed by Sypro Ruby-staining. C. Three spots (#5901, #5902 and #7601) were identified with MALDI-TOF, comparing
acquired and processed MS/MS data by searching against NCBRInr databease using the Mascot search program. D. Sequences recovered from three spots.

by multivariate logistic regression analyses of molecular markers
in sepsis-induced DIC patients (hazard ratio, 0.957; 95% confidence
interval, 0.917-0.999 [p=0.045]; Table 4), although platelet, PAI-1,
PIC and FDP levels could also affect mortality.

Discussion

Leukocyte elastase may degrade major tissue constituent proteins,
such as elastin and a variety of proteoglycans, as well as plasma
proteins including fibrinogen and fibrin [8,25]. Gando and co-workers
have demonstrated that leukocyte elastase mediated-fibrinolysis
is activated to varying degrees depending on the amount of systemic
inflammation such as major surgical procedure and sepsis [26-29].
The plasma levels of e-XDPs of sepsis-induced DIC patients were
significantly higher than those of healthy controls (Fig. 1), and
they showed no correlation with those of TAT or SFMC (Table 2).
However, we did not measure anti-thrombin, protein C, or inflam-
matory cytokines levels in this study, we could not define any
relationship between the fibrin formation and the leukocyte elastase-
mediated fibrinolysis. We found that there was a negative correlation

between e-XDP levels and percentage of immature neutrophil
(Fig. 2). Previous reports showed that immature neutrophils are
not fully developed as they have deficient phagocytic capacity,
impaired bacterial killing, decreased chemotaxis and release of
leukocyte elastase {30,31]. Thus, immature neutrophil could not
effectively release leukocyte elastase to degrade cross-linked fibrin
that might result in generation of e-XDP in sepsis-induced DIC
patients.

The subsequent activity of leukocyte elastase is balanced by en-
dogenous inhibitors, the predominant one being o;-protease inhib-
itor [32]. In the clinical situation, leukocyte elastase level has
been measured on the basis of the level of a leukocyte elastase and
o, -protease inhibitor complex [33]. Although the increase in the level
of this complex in the plasma may be a marker of leukocyte elastase
secretion from activated neutrophils, it may not be representative of
actual leukocyte elastase-mediated proteolytic activity [34,35]. We
could not find any correlation between e-XDP levels and the levels of
elastase- «-protease inhibitor complexes (rs=0.095, p=0.615),
even though they showed mild correlations with FDPs and p-XDPs
levels (Table 2). Thus, monitoring the levels of degradation products
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Fig. 4. Relationships between the SOFA score and XDPs levels in sepsis-induced DIC
patients. A. Patients with sepsis-induced DIC were classified into four groups with p-XDPs
levels (<3 pg/mL. 3-10 ug/mL, 10-30 ng/mL, >30 ug/mL) at the time of DIC diagnosed, and
the groups were compared with respect to SOFA scores. B. Sepsis-induced DIC patients
were classified into four groups according to e-XDPs levels (<3 U/mlL, 3-10 U/mL, 10-
30 U/ml, ~30 U/mL) at the time of DIC diagnosis, and the groups were compared with
respect o SOFA scores. Data are presented as means -+ SEM.

of cross-liked fibrin produced by leukocyte elastase might be impor-
tant to evaluate the status of local fibrinolysis by leukocyte elastase as
well as by plasmin.

The discrimination of e-XDPs from p-XDPs is necessary for a better
understanding of sepsis-induced DIC, because a variety of molecular
species collectively termed fibrin degradation products are released
into the circulation [36,37]. We demonstrated that cross-linked fibrin
degradation products subjected to 2-D DIGE analysis showed major
differences between e-XDPs dominant and p-XDPs dominant patients
(Fig. 3). Three spots unique to the e-XDPs dominant patients with
mass spectrometry were fibrinogen Bf>-chain-derived fragments
and fibrinogen <y-chain derivatives, which might possess plasmin-
cleavage P1 sites (B Asp-164, Ser-200, and Ala-354) and leukocyte
elastase-cutting ones (Bf GIn-301, lle-484, and vy Val-274) [38]. In
addition, the epitope for 1F-123 is located in the carboxyl-terminal
region (residues 196-204) of the a-chain remnant of fragment D
residing at both ends of e-XDPs [ 13]. Thus, the combination of elastase
and plasmin could digest cross-linked fibrin molecules in patients
manifesting extensively increased fibrinolysis and generate the XDPs
species seen in sepsis-induced DIC patients.

The SOFA scores were shown to be useful for evaluating organ failure
in multicenter studies, and to be a valuable scoring system for predicting
the outcome of DIC [39,40]. Several researchers have shown that plasma
levels of e-XDPs are correlated with the level of sepsis-related organ
dysfunction |28]. Interestingly, our study revealed that the SOFA scores
in the group with e-XDPs levels of 3-10 U/mL were significantly lower
than those with e-XDPs levels -3 U/mL, 10-30 U/mL, and 30- U/mL
(Fig. 4). Gando et al. have demonstrated that leukocyte elastase-
mediated fibrinolysis is activated in varying degrees depending on
systemic inflammation [26]. Leukocyte elastase shows profibrinolyic
effects, degrading fibrinogen and fibrin and inactivating PAI-1 [41]. In
contrast, leukocyte elastase has antifibrinolytic potential to cleave
fibrinolytic enzymes [42,43]. Recent study showed that neutrophil
elastase can degrade tissue factor pathway inhibitor, which results
in increasing blood clot formation [44]. Thus, the balance of all these
interactions among the pro- and anti-fibrinolytic effects as well as

Table 3
Cox's regression analyses of time-to-event among patients according to e-XDP levels at
the time of diagnosis of sepsis-induced DIC (n=117).

e-XDP 28-day mortality after DIC diagnosis

(U,

(L/mt) HR (95% C1) P

<3 4432 (1.557-12.615) 0.005
3-10 1.000 -
10-30 1.560 {0.510-4.770) 0.435
30< 1.450 {0.539-1.450) 0.539

HR: hazard ratio, Cl: confidence interval.
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Table 4
Logistic regression analyses of molecular markers for 28-day mortality after diagnosis
of sepsis-induced DIC (n=117).

Molecular markers 28-Day Mortality after DIC Diagnosis

Hazard Ratio 95% Cl p
Platelet, X10°/uL 0.872 0.778-0978 0.019
Prothrombin time, s 1.136 0.974-1.325 0.105
Fibrinogen, mg/dL 0.999 0.995-1.003 0.648
TAT, ng/mL 0.985 0.960-1.010 0.229
SFMC, pg/mL 1.032 1.004-1.060 0.023
PAI-1, ng/mL 1.012 1.003-1.021 0011
PIC, ug/mL 0.737 0.547-0.993 0.045
FDP, ug/mL 1.046 1.003-1.091 0.035
p-XDP, pg/mL 1.013 0.942-1.088 0.731
e-XDP, U/mL 0957 0.917-0.999 0.045

procoagulant action of neutrophil elastase may allow lysis to progress or
not progress, or even enhancement of coagulation in clinical situation
[26]. However, coagulation-related and inflammation-associated data
are required to elucidate the clear mechanisms which cause the
insufficient or sufficient activation of leukocyte elastase-mediated
fibrinolysis in sepsis-induced DIC patients.

The group with e-XDP levels less than 3 U/mL showed significantly
lower survival rates to 28 days after DIC diagnosis than patients with
e-XDPs levels of 3-10 U/mL or 10-30 U/mL by Kaplan-Meier analyses
(Fig. 5), and the adjusted odds for the mortality rate of this group
were 4.432 (95% Cl, 1.557-12.615, p=0.005, Table 3). Multivariate
logistic regression analyses showed that plasma e-XDP levels at DIC
diagnosis might be an independent factor for 28-day mortality
in sepsis-induced DIC patients (Table 4). However, it might not
biologically be very relevant, as the hazard ratio was modest (0.957,
95% Cl, 0.917-0.999). Collectively, the degree of the local activation of
leukocyte elastase might contribute to organ damage as well as the
actual prognosis in sepsis-induced DIC patients. Poor activation of
leukocyte elastase (e-XDPs levels, <3 U/mL) might result in massive
fibrin deposition when the plasminogen activator-plasmin system is
suppressed, balanced activation (e-XDPs levels, 3-10 U/mL) could
effectively degrade fibrin thrombi to protect against ischemic organ
damage, and excessive activation (e-XDPs levels, >10 U/mL) evading
Jocal inhibitors might result in organ injury with proteolytic cleavage
of tissue and plasma components [10,19,45].

In conclusion, we have demonstrated that leukocyte elastase could
contribute to the degradation of cross-linked fibrin, and that e-XDPs
Jevels at the time of diagnosis for DIC might predict the prognosis of
patients with sepsis-induced DIC. The evaluation of leukocyte
elastase-mediated fibrinolysis and control of its activity by specific
inhibitors such as sivelestat could improve the poor outcome of septic
DIC [46,47].
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Impact of acute cellular rejection on
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Abstract: We studied restoration of the coagulation and fibrinolysis
system in pediatric patients following liver transplantation and bio-
markers of blood coagulation and fibrinolysis for suspecting the
occurrence of acute cellular rejection. Coagulation activity recovered
rapidly within two days following transplantation, but it took approx-
imatcly 21-28 days for full recovery of the coagulation and fibrinolysis
factors synthesized in the liver. PAI-1 levels were significantly higher in
patients at the time of acute ceflular rejection compared with levels after
control of AR, and levels on days 14 and 28 in patients without AR,
Plasma protein C and plasminogen levels at the time of rejection were
significantly lower than those on day 14 in patients without AR. Sta-
tistical analysis suggested that an increase in plasma PAI-1 at a single
time point in the post-operative period is a reliable marker among the
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coagulation and fibrinolysis factors for suspecting the occurrence of
acute cellular rejection. These data suggested that appropriate anti-
coagulation may be required for 14 days after liver transplantation
in order to avoid vascular complications and measurement of plasma
PAI-1 levels may be useful for suspecting the occurrence of acute cel-
lular rejection in pediatric patients following liver transplantation.
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serious post-operative complications (1). The
majority of coagulation factors, factors regulat-
ing coagulation, and fibrinolysis factors are
synthesized in the liver, and plasma coagulation
factor levels may therefore fall for a short period
after transplantation, but may return to normat
levels upon regeneration of the grafied liver.
Anastomosis of the vascular system of the
grafted liver and the recipient vessels is carried
out during liver transplantation, and anticoagu-
lants are commonly administered for a period of
time following surgery. However, restoration of
the coagulation and fibrinolysis system following
liver transplantation in pediatric patients has
not been well studied (2, 3). In addition, the
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thrombogenic state after liver transplantation is
not well understood. We performed a single
center study to investigate the coagulation and
fibrinolysis system and the relationship between
coagulation markers and acute cellular rejection
following liver transplantation from living-re-
lated donors.

Materials and methods
Patients and study protocol

Sixty-three pediatric patients with liver failure due to biliary
atresia (n = 59), ornithine transcarbamidase deficiency
{n = 2), or Wilson’s disease (n = 2} underwent lving-
related liver transplantation from April 2001 to March 2006
and were enrotled in this study. Most of the patients with
biliary atresia had previously undergone hepatic porta-
jejunostomies.

Description of patients

The patients were classified into {wo patient groups: one
with acute cellular rejection (group AR, n = 24) and one
with no acute celtular rejection (group NAR, n = 39). The
diagnosis of acute cellular rejection was made by liver
biopsy. There were no significant differences between group
AR and group NAR in terms of age, gender, basal diseases,
or the use of calcineurin inhibitors (data not shown). The
PELD scores (AR, 13.0 + 7.8; NAR, 51 + 9.5). the
amount of blood loss (AR, 85.6 + 127.8 mL/kg; NAR,
125.8 + 176.0 mL/kg). the amount of total blood
transfusion (AR, 162.1 + 109.1 mL/kg; NAR, 1618 +
170.8 mL/kg), the amount of plasma transfusion (AR,
64.1 + 49.1 mL/kg; NAR, 94.2 + 89.1 mL/kg), the cold
ischemic time of graft liver (AR, 149.75 £ 126.4 min;
NAR, 121.1 + 69.1 min), and the warm ischemic time of
graft liver (AR, 64.9 + 18.1 min: NAR, 65.1 £ 13.3 min)
upon operation were not significantly different between
group AR and group NAR. Patients with severe infections
or major bleeding episodes at the time of blood sampling for
analysis were excluded from the analysis.

Immunosuppression and anticoagulation protocols

The standard protocol for immunosuppression was as (ol
lows. Both methylprednisolone and a calcineurin inhibitor
(tacrolimus or cyclosporine) were used for immunosup-
pression. Intravenous administration of methylprednisolone
(20 mg/kg) was started during the operation and the dosage
was tapered 10 3 mg/kg on day | and to 0.5 mg/kg on day 7
after liver transplantation. A calcineurin inhibitor was in-
fused intravenously after transplantation and the blood
concentration of tacrolimus or cyclosporine was adjusted to
18-20 ng/mL or 200300 ng/mL till day 7 after liver
transplantation. respectively. Intravenous injection of cal-
cineurin inhibitor and methylprednisolone were converted
to oral administration of these regimens after patient’s oral
intake had been Tuily confirmed and the blood concentra-
tion of tacrolimus or cyclosporine was adjusted 10-15 ng/
mL or 100-150 ng/mL, respectively. The methylpredniso-
lone dose was lapered to 0.06 mg/kg on day 30. Post-
operative anticoagulation was performed with intravenous
administration of dalteparin (low molecular weight heparin)
at the dose of 2 U/kg/h, nafamostat mesilate (serine prote-
ase inhibitor with anticoagulant activity) at the dose of
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0.1 mg/kg/h, and prostaglandin El at the dose of 0.01 pg/
kg/min 1ill day 7 after transplantation. Anticoagulation was
continued with intravenous administration of heparin (un-
fractionated heparin) at the dose of 8 U/kg/h from day 8 to
day 21 after liver transplantation.

Blood sample collection and analysis

All samples were obtained from patients with informed
consent, according to the Declaration of Helsinki. Routine
laboratory tests including complete blood counts, coagu-
lation tests, blood chemistry analysis, and urinalysis were
performed, and biomarkers of blood coagulation and
fibrinolysis, ie., PAI-l, TM, ADAMTS!3, and sES were
measured before and after liver transplantation on days 1,
3,7, 10, 14, 21, and 28. Blood sampling was performed on
days 35 and 49 in some patients. These were quantified
using commercially available ELISAs (Mitsubishi Chemi-
cal Medience Co., Tokyo. Japan: Diaclone, Tepnel Re-
search Products & Services. Cedex, France) (4, 5). The
plasma activity levels of plasminogen and protein C were
quantified using laboratory test kits (Siemens Healthcare
Diagnostics Inc., Deerfield. IL. USA). Rationale for
measurements of these biomarkers are as follows. PT-INR
is currently used worldwide as a coagulation lest to mon-
itor the eflects of anticoagulants such as coumarin in
patients at risk of thrombosis. Protein C is a vitamin
K-dependent protein synthesized in the liver that functions
as an important regulatory factor for coagulation (6).
Plasminogen is the zymogen of plasmin, a key enzyme in
fibrinolysis, and is also synthesized in the liver (7).
Therefore, plasma protein C and plasminogen levels were
thought to be good markers for the restoration of the
coagulation and fibrinolysis system following liver trans-
plantation. Levels of these markers might correlate with
protein synthesis in the liver, thereby reflecling regenera-
tion of the graft liver. Additionally, measurement of these
factors may also be important for patienl management,
because deficiency of protein C and type I plasminogen
deficiency are thought to increase the risk of thrombosis
(7. 8). The fibrin degradation product level, determined by
the monoclonal antibody specific lor degradation products
of cross-linked fibrin, is a biomarker for the presence of a
thrombus and is used to diagnose venous thrombosis and
disseminated intravascular coagulation, however, the fibrin
degradation product level may be affected by the presence
of blood clots in the extravascular spaces (e.g., the peri-
toneal cavity). and may therefore not accurately reflect the
thrombogenic state in the post-operative period. Thus, the
soluble fibrin level was used 10 assess the thrombogenic
state during the post-operative period following liver
transplantation. PAY-1 is a primary regulator of fibrino-
tysis that is synthesized mainly in endothelial cells. Plasma
PAl-1 levels change significantly in various pathological
conditions (4). ADAMTSI3 is the vWF cleaving protease
that plays an important role in ¥yWF multimer processing
(9). 1t is synthesized in liver stellate cells and the liver is
thought to be the primary source of ADAMTSI3 in the
circulation (9-11). In addition to the liver stellate cells,
vascular endothelial cells in other organs may also be able
to synthesize ADAMTSI3 (12), and ADAMTSI3 mRNA
has been detected in the liver, kidneys and lungs in mice
(13). ADAMTSI3 deficiency results in platelet thrombus
formation in the circulation, resulting in the development
ol a typical thrombotic microangiopathy (9). It is possible
that ADAMTSI 3 deficiency might occur after liver trans-
plantation, and plasma ADAMTSI3 levels in patients were



therefore quantified following transplantation. TM, an
important regulator of blood coagulation, is synthesized in
vascular endothelial cells and is used as a marker of vas-
cular injury (6). The sES level has been used as a marker
for endothelial celi dysfunction (14). For example, the sES
level is increased in systemic infections such as sepsis.

Diagnosis of acute cellular rejection

The diagnosis of acute cellular rejection was made by liver
biopsy and was evaluated using the rejeclion activity in-
dex (3) scores (1, 15, 16). Patients suspected of suffering
from acute cellular rejection because of deterieration of
liver function (increased serum levels of bilirubin, AST,
ALT, ALP, LDH, and y-GTP compared with previous
levels) were subjected to ultrasonography-guided liver
biopsy. The liver biopsy specimens were examined for the
presence of acute celiular rejection. Patients diagnosed
with acute cellular rejection were subjected to intensive
immunosuppressive therapy with intravenous methylpred-
nisolone. Mycophenolate mofetil and/or OKT3 were also
administered in some patients. Plasma samples obtained
before starting administration of the intensive Immuno-
suppressive regimens were evaluated in the following
studies.

Statistical analysis

Statistical analyses were performed using SPSS software
(SPSS Inc., Tokyo, Japan). Student f-tests were used to
compare the mean values between groups. Multiple logistic
regression analysis was used to investigate the association
between biomarkers of blood coagulation and fibrinolysis
and the occurrence of acute cellular rejection. p-values
<0.05 were considered statistically significant.

Biomarkers for acute cellular rejection

Results

Analysis of the coagulation and fibrinolysis system following
liver transplantation

Changes in mean values of coagulation tests
in patients without acute cellular rejection, vas-
cular complications, or severe infections are
shown in Fig. 1. The coagulation activity after
liver transplantation was assessed by measuring
prothrombin time (PT-INR). The mean PT-INR
value rose to approximately 1.8 on day 1, but
quickly fell again to < 1.5 on day 2, and then
normalized gradually. These data suggest that
the coagulation activity rapidly recovered after
transplantation, once the graft liver started to
function.

The mean protein C level of patients before
liver transplantation decreased to 57.5% of the
normal level. This may have been due to the
decreased synthesis of protein C in the liver
because most patients had liver faifure. The mean
protein C level fell to approximately 50% of the
normal level on day 1 post-transplantation, and
then increased gradually, reaching 280% of the
normal level by day 14. The mean plasminogen
level changed in a similar manner to protein C.
By day 28, both protein C and plasminogen

normal levels. The nadir values of protein C and
plasminogen on day 1 post-transplantation might
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be affected by plasma transfusion during and
after surgery. These data suggest that the syn-
thesis of coagulation factors in the graft liver
may start on day |, resulting in rapid recovery of
coagulation activity, but it may take up 10
14 days for recovery of the coagulation and
fibrinolysis system to near normal levels, and 21~
28 days for full restoration of the system after
liver transplantation. These data also suggest
that graft livers may regenerate to the appropri-
ate size within four wk, though graft livers may
vary in size depending on their recipients and
donors. The average levels of the coagulation
and fibrinolysis factors in patients with acute
cellular rejection was not significantly different
from those in patients without acute cellular
rejection in the post-operative periods, but rate
of restoration of the protein C and plasminogen
fevels on day 14 in group AR was slow.

Soluble fibrin levels in patients with no com-
plications increased significantly on day 1 and
then gradually decreased, normalizing by day 14
as shown in Fig. 2. These data suggest that the
thrombotic state may continue for 14 days after
liver transplantation, and that appropriate anti-
thrombotic therapy may therefore be required
during this period.

The mean plasma PAI-1 level was increased
approximately 10-fold on post-operative day I,
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(open circle) and of patients with
acute cellular rejection (closed
circle) are shown.

20 30

compared with the normal level, but returned
quickly to the normal level on day 3 after
transplantation (Fig. 2). These data, together
with the changes in the plasminogen level during
the post-operative period (Fig. 1), suggest that
fibrinolysis activity was suppressed on day 1 after
liver transplantation.

The average plasma ADAMTSI3 level
decreased significantly on day 1 post-transplan-
tation (Fig. 2), but the decrease was not as severe
as that of protein C or plasminogen (Fig. 1).
However, low levels of ADAMTSI3 were main-
tained for 14 days after liver transplantation.
These changes in plasma ADAMTSI3 levels
after liver transplantation did not parallel those
of protein C or plasminogen (Fig. 1), reflecting
the extrahepatic synthesis of ADAMTSI3 and
the possibility that ADAMSI3 is synthesized
not in hepatocytes, but in stellate cells in the
liver. The plasma ADAMTSI13 level fell to
28.4% of the normal level in one patient, but
she showed no typical signs of thrombotic
microangiopathy.

The TM level was increased on day 3 post-
transplantation and remained at the upper limit
of the normal range after day 7 (Fig. 2). The sES
level was significantly increased in patients before
liver transplantation (Fig. 2), which may be
explained by the fact that many patients enrolled



in the study had undergone hepatic porta-
jejunostomies and therefore had biliary tract
infections before transplantation. The sES level
was reduced post-transplantation, and remained
almost within the normal range until day 14, but
then was significantly increased on days 21 and
28 (Fig. 2). This increase in the sES level was not
associated with the presence of infection or other
disease states. The average changes of biomar-
kers of the coagulation and fibrinolysis system in
patients with acute cellular rejection was not
significantly different f{rom those in patients
without acute cellular rejection in the post-
operative periods.

Three patients in this study suffered from
hepatic artery thrombosis after liver transplanta-
tton, and an increased PT-INR (prolongation of
prothrombin time) was detected in all three
patients. Increase of plasma PAI-1in the following
samples of two patients was observed. Decrease
of plasma protein C and plasma ADAMTS 13
in the following samples were observed in two
patients. Other biomarkers did not change signif-
icantly. However, due to the small sample size, the
predictive value of this test for the development
of vascular complication was inconclusive.

Relationship between coagulation and fibrinolysis markers and
acute cellular rejection

Patients were divided into two groups, group AR
and group NAR, based upon the presence of
acute cellular rejection as described above. The
mean onset time of acute cellular rejection in
group AR was on day 15 = 8.7 after liver
transplantation, while the mean time for data
collection was on day 14 + 7.9. Laboratory data
and coagulation markers for each group at two
time points were subjected to statistical analysis.
Measurements taken immediately before the
diagnosis of acute cellular rejection in group
AR were compared with those taken after the
cessation of rejection by intensive treatment with
methylprednisolone in group AR, and those
taken on days 14 and 28 in group NAR.

Statistical analysis of the mean levels of
coagulation and fibrinolysis markers (Table 1)
revealed that the PAI-1 level at the time of acute
cellular rejection in group AR was significantly
higher than that after cessation ol rejection in
group AR, and those on days 14 and 28 in group
NAR (data for day 28 of group NR are not
shown in Table 1).

The plasma protein C and plasminogen levels
at the time of AR diagnosis in group AR were
significantly lower than those on day 14 in group
NAR.

Biomarkers for acute cellular rejection

Table 1. Coagulatien and fibrinolysis biomarkers following liver transplanta-
tion

Group AR [n = 24) Group NAR (n = 39}

Before* After” Day 14

PAI-1 {ng/mb) 793+ 1039% 2306107 385x304
Plasminogen {%) 852+ 228 994290 97.68+ 138
Protein C (%) 657 +230° 883+379 872255
ADAMTS13 (%) 675+241 7782238 725:174
ATIH (%) 863+ 173 1115+574 993+ 149
PT-INR 117021 1.08+013 113+013
Fibrinogen {mg/mt) 2953 + 116.4 296.3 + 106.7 280.6 + 740
Thrombomodulin (U/mL) 102+ 38 108+ 48 8.7 +52

Soluble E-selectin (ug/ml} 438 +£167 464+ 190 335+172
Soluble fibrin {g/mL) 1357 +173  864+149 102 +138

*Values at the time immediately before acute ceflular rejection.

"Values after cessation of acute cellular rejection.

alues taken from the time point proximate to acute cellular rejection {before}
are significantly different from those of group AR after cessation of acute
cellular rejection (after) and those on day 14 in group NAR {p < 0.01}.
Values are mean % s.d.

The ADAMTS13 level at the diagnosis of AR
in group AR appeared to be lower than that after
cessation of rejection in group AR, and those on
day 14 in group NR, though the differences were
not statistically significant.

There were no significant differences between
the levels of other coagulation and fibrinolysis
markers in patients at the time of rejection
diagnosis and after cessation of acute cellular
rejection in group AR, or the levels on days 14
and 28 in group NAR.

The changes of the coagulation and fibrinolysis
factors and biomarkers before the diagnosis of
acute cellular rejection by liver biopsy were
studied. These biomarkers levels of samples
obtained from the patients proximate to the
diagnosis of acute cellular rejection (AR-proxi-
mate sample in Fig. 3) were compared with those
obtained before the AR-proximate sample (ear-
lier sample in Fig. 3). The PAl-1 level in the AR-
proximate samples were significantly higher than
that in the earlier samples. The mean values of
protein C, plasminogen, and ADAMTSI13 1n the
AR-proximate samples was expected to be higher
than those in the earlier samples, but they were
lower than the earlier samples though the differ-
ences were not statistically significant. The mean
values of other biomarkers in the two time points
were not significantly different.

Multiple logistic regression analysis was per-
formed 1o identify the coagulation and fibrino-
lysis markers for suspecting the occurrence of
acute cellular rejection. Absolute values of coag-
ulation and fibrinolysis factors (protein C, plas-
minogen, ADAMTS13) synthesized in the liver

n
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Fig. 3. Changes of coagulation and fibrinolysis factors and
biomarkers in patients with acute cellular rejection. The
mean plasma levels of coagulation and fibrinolysis factors
and biomarkers obtained from patients with acute cellular
rejection at two time points were shown. The AR-proximate
samples (closed square) were obtained from the patients
proximate to the diagnosis of acute cellular rejection. The
earlier samples (open square) were obtained before the AR-
proximate samples.

were difficult to ascertain using this method, and
the changes in levels between time points were
therefore analyzed. PAI-1 levels are independent
of regeneration of the liver and an increase in
plasma PAI-1 levels of >40 ng/mL at a single
time point was therefore taken into account.
Increases in soluble fibrin, TM, or sES since the
previous time point, and above the normal range,
were also taken into account. A summary of the
multiple logistic regression analysis of coagula-
tion and fibrinolysis markers is shown in Table 2.
These data suggest that an increase in PAI-1
levels. and a decrease in protein C, plasminogen,
or ADAMTSI3 levels, were independently re-
lated to the occurrence of acute cellular rejection.
Other markers were not related to the occurrence
of acute cellular rejection (Table 2). Among these
markers, an increase in plasma PAI-1 levels
was observed in almost 80% ol the patients in
group AR.
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Table 2. Multiple logistic regression analysis of biomarkers

(Odds ratio

Confidence interval p-value
PAI-1 17.9 4 89-64.36 <0.001
ADAMTS13™ 6.40 185-22.03 0.003
Protein C* 458 114-1828 0.027
Plasminogen™ 786 1.23-4983 0.02
Soluble fibrin” 060 Not applicable 0.60
Soluble E-selectin® 0.60 Not applicable 0.65
Thrombomodulin® 0421 Not applicable 042

*Decrease of marker values from the previous time point was adopted.
"Increase of marker values from the previous time point was adopted.

Discussion

The prevention and treatment of vascular throm-
bosis and immunological rejection of the trans-
planted liver during the post-operative period is a
keystone of patient management. The present
study analyzed the coagulation and fibrinolysis
system following liver transplantation in pediat-
ric patients to identify biomarkers for suspecting
the occurrence of acute cellular rejection.

The present study suggests that the coagula-
tion activity recovered rapidly once the graft liver
started functioning, and that the graft liver might
regenerate to the appropriate size in 21--28 days,
with coincident full recovery of the coagulation
and fibrinolysis system in pediatric patients
undergoing liver transplantation. The present
study also suggests that the hypercoagulable
state persisted for 14 days after surgery. and that
appropriate anticoagulation may therefore be
required at least for 14 days post-transplant,
even in the absence of any apparent vascular
complications.

Recent advances in the management of
patients with liver transplants have improved
the clinical outcome of these patients. Adjust-
ments in the doses of immunosuppressive drugs
such as calcineurin inhibitors, based on their
blood concentrations, are widely conducted after
liver transplantation. However, immunological
rejection of the transplanted liver still develops in
a certain ratio of these patients, even when the
blood calcineurin inhibitor concentration is with-
in the appropriate therapeutic range (17, 18). A
variety of mecthods for evaluating mmmune cell
activation have been proposed as a basis for
adjusting immunosuppressive therapy, and these
have been shown to be useful for assessing the
level of immunosuppression (19-22). Intensive
treatment of acute cellular rejection with high
dose methylprednisolone, with or without other
medicines such as OKT3, is usually effective,
though the prediction and rapid diagnosis of AR
may be important for its effective treatment. In



this regard, the timely suspicion of acute cellular
rejection using laboratory markers is a key
indicator of the need for liver biopsy. Fluores-
cent-activated cell sorting analysis of CD25,
CD28, and CD38 expression in peripheral lym-
phocytes is considered to be useful, not only for
evaluation of the degree of immunosuppression,
but also for the prediction of acute allograft
cellular rejection (22). The present study showed
that four coagulation and fibrinolysis markers,
i.e., increase in PAI-1, decrease in protein C,
decrease in plasminogen, and decrease in AD-
AMTS13, might be used as markers for suspect-
ing the occurrence of acute cellular rejection.
Statistical analysis suggested that an increase in
the plasma PAI-1 level was the most reliable and
sensitive marker for acute cellular rejection.
Protein C, plasminogen, and ADAMTSI3 are
all synthesized in the liver, and their levels may
therefore depend on the size and regeneration of
the graft liver, and their plasma levels at any
given time point might thus be less reliable as
predictors of acute cellular rejection. PAI-1 is
synthesized mainly in the vascular endothelial
cells and 1ts plasma level was elevated on day 1
after liver transplantation, and had returned to
pretransplant levels after day 3. An increased
plasma PAI-1 level at a single time point after
day 1, together with a deterioration in liver
function, may therefore be adopted as a predic-
tive marker for acute cellular rejection.

Acute cellular rejection is characterized by
portal inflammation. bile duct inflammation, and
subendothelial cell inflammation (15, 16). Recent
studies have suggested that not only T-cells, but
also B-cells, are involved in acute cellular rejec-
tion, and cytokines and chemokines may also
play roles in this process (23). As shown in a
previous report, Toll-like receptor signaling
through MyD88 may be involved in acute
allograft rejection. indicating that toll-like recep-
tors may be activated in the transplant selling
causing inflammatory cytokine release (24).
Therefore, the increase in PAI-1 levels seen
during acute cellular rejection may be accounted
for by immune cell-derived cytokine/chemokine
activation of, and inflammation of, sinusoid-
endothelial and portal vein endothelial cells. An
increased PAI-1 level has previously been shown
to be predictive for veno-occlusive disease devel-
oping after bone marrow transplantation (25),
and this mechanism is thought to be responsible
for busulfan-related toxic injury of sinusoidal
endothelial cells (26, 27). The increase in plasma
PAI-1 levels in patients with allograft cellular
rejection is not as high as that seen in veno-
occlusive disease, suggesting that the mechanisms

Biomarkers for acute cellular rejection

and the outcomes of these PAI-1 increases may
differ. Although the mechanisms of activation of
endothelial cells may differ in veno-occlusive
disease and in acute cellular rejection after
allograft liver transplantation, both might result
in increased plasma levels of PAI-1. Further
studies are required to determine the precise
mechanism responsible for the increase in PAI-1
levels occurring during acute cellular rejection.

Cytokines released from infiltrated immune
cells in the liver, and inflammation in portal and
sinusoid endothelial cells, might also inhibit the
synthesis of ADAMTSI13 in stellate cells, result-
ing in decreased plasma ADAMTSI13 levels
because the plasma ADAMTSI3 level was sig-
nificantly decreased in patients with sepsis-
induced disseminated intravascular coagulation
(5) and ADAMTS13 mRNA expression in the
liver is decreased in endotoxin-injected mice {13).
The decrease in protein C and plasminogen levels
associated with acute cellular rejection might be
due to their reduced synthesis by the graft
hepatocytes, and a reduction in levels of these
markers might therefore take time to become
apparent. The decrease in plasminogen levels in
patients with acute cellular rejection was less
severe than that in protein C levels. These
differences may be due to differences in the
plasma half-lives of these molecules.

In conclusion, we have performed a compre-
hensive analysis of the coagulation and fibrinolysis
systemin pediatric patients undergoing orthotopic
liver transplantation. Coagulation activity was
quickly normalized by two days after liver trans-
plantation. However, it took for 2128 days for
full restoration of the coagulation and fibrinolysis
system. The post-operative thrombogenic state
continued for approximately 14 days. PAI-1 may
be used as predictive markers for acute cellular
rejection in pediatric patients. These findings
might also be applicable to aduit liver transplant
patients, though this needs to be confirmed by
future prospective studies.
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