TABLE 1
Quantitative cell cycle analysis of cultured KSL cells

Cell cycle shRNA sequence Means =S.D. (n=5) p value
%
G,/G, phase Random 31.72 £ 3.53
Talin-A 34.12 + 213 0.070
Vin-B 35.02 = 2.39 0.016"
Vin-C 32.86 + 4.21 0.46
S phase Random 59.0 + 3.29
Talin-A 51.5 = 11.0 0.13
Vin-B 459 * 535 0.0013
Vin-C 55.3 * 3.83 0.0384“
G,/M phase Random 2.82 * 1.93
Talin-A 3.06 + 1.71 0.66
Vin-B 316 % 1,59 0.64
Vin-C 3.06 * 1.67 0.76
Apoptotic cells Random 544 *+ 143
Talin-A 6.44 * 3.73 0.49
Vin-B 14.08 * 3.71 0.0026"
Vin-C 744 = 141 0.0036%

@ p << 0.05 compared with the control experiment (random) under the same condi-
tions (Student’s £ test).

until 2 weeks after the transplantation (Fig. 6, C and D). The
early luciferase activity derived from KSL cells expressing the
Vin-B sequence was slightly attenuated (Fig. 6C). This was
expected from the results of the cell proliferation experiments
(Fig. 4A). It was notable that the luciferase activities derived
from HSCs lacking vinculin seemed to gradually decrease, com-
pared with the activities derived from controland talin-silenced
cells (Fig. 6, C and D). These results support the idea that vin-
culin is an indispensable factor for HSC repopulation in the
BM.

Loss of Talin-1, but Not Vinculin, Impairs Adhesion of KSL
Cells to the ECM—The effect of vinculin silencing on HSC func-
tion, through integrin expression and adhesion to the ECM,
was investigated. As shown in Fig. 74, the expression levels of
integrins 81 and 83 in KSL cells were unaffected after transduc-
tion of LentiLox vectors equipped with shRNA sequences for
talin-1 and vinculin. Interestingly, adhesion to the ECM in the
static condition was significantly inhibited in talin-deficient
transduced KSL cells but not in vinculin-deficient transduced
KSL cells (Fig. 7B). Cell spreading onto fibronectin was also
investigated by confocal microscopy. The silencing of talin-1,
but not of vinculin, resulted in a failure of cells to spread on
fibronectin after adhesion (Fig. 7C and supplemental Fig. 5).
These results indicate that vinculin is not involved in the
attachment and spreading of KSL cells to the ECM in the static
condition and that its role in HSC repopulation is independent
of integrin function.

DISCUSSION

HSCs are the most thoroughly characterized type of adult
stem cells, and the hematopoietic system has served as the prin-
cipal model for stem cell biology. Transplantation of HSC pop-
ulations has been shown to be sufficient for long term multilin-
eage reconstitution, not only in experimental animal models
but also in clinical patients with hematological malignancies.
HSCs must undergo several steps to achieve engraftment after
transplantation, including transendothelial migration into the
BM (homing), settling in the BM niche (lodging and retention),
and intra-BM proliferation and multilineage differentiation
(repopulation) (30). The present study showed that HSCs lack-
ing vinculin were unable to reconstitute the hematopoietic sys-
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FIGURE 5. Roles of talin and vinculin in the homing of KSL cells. A, the
expression of CXCR4 in KSL cells transduced with the indicated LentiLox vec-
tor was evaluated by FACS (lower panels). The results for an isotype-matched
control Ab are also shown (upper panels). B, transduced KSL cell migration in
vitro was assessed using a modified Boyden chamber assay. Stromal cell-
derived factor 1 (100 ng/ml) was placed in the lower chamber (or not added),
and the cells were allowed to migrate for 4 h. The columns and error bars
represent the means = S.D. (n = 4). C, transduced KSL cells were injected into
lethally irradiated recipient mice. The cells from the BM and spleen were col-
lected for CFU-GM assays at 16-20 h after injection. The total numbers of
CFU-GM recovered from the BM and spleen were counted manually and
expressed as percentages of the number of CFU-GM from the injected KSL
cells. The columns and error bars represent the means = S.D. (n = 4). *, p <
0.05; **, p < 0.01, compared with the control experiment (random) under the
same conditions (two-tailed Student’s t test).
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FIGURE 7. Loss of vinculin does not affect integrin expression and adhesion of KSL cells to the ECM. KSL cells were transduced with the indicated LentiLox
vectors. A, the expression levels of integrin 31 (upper panels) and integrin 33 (lower panels) were examined by FACS. The results foran isotype-matched control
Ab are also shown. B, cell adhesion to fibronectin (10 wg/ml) in the absence or presence of 2 mm EDTA or 2 mm MnCl, were assessed as described under
“Experimental Procedures.” The columns and error bars represent the means + S.D. (n = 4).*, p < 0.05, compared with the control experiment (random) under
the same conditions (two-tailed Student’s t test). C, the transduced KSL cells were placed onimmobilized fibronectin (10 wg/ml) for 3 h. The cells were fixed and

then stained with DAPI (blue), anti-GFP antibody (green), and rhodamine-conjugated phalloidin (red). Bar, 40 um. The data are representative of three

independent experiments.

tem efficiently and failed to maintain their self-renewal capacity
on BM stromal cell layers. However, the loss of vinculin did not
inhibit the potential of HSCs to differentiate into granulocytic
and monocytic lineages, in vitro migration toward stromal cell-
derived factor 1a, and in vivo homing to the BM. In addition,
HSC adhesion to the ECM was abolished by expression of an
shRNA sequence against talin-1, but not vinculin. This suggests
that vinculin controls repopulation by HSCs in the BM micro-
environment, independent of integrin function.

Cell-cell and cell-ECM interactions have been reported to be
crucial for a number of HSC functions in the BM microenvi-
ronment (1, 2). Two different niches have been identified in the
BM: the endosteal stem cell niche at the endosteum of the bone
and the vascular niche in close proximity to the blood vessels.
N-cadherin/B-catenin, Tie2/Ang-1, vascular cell adhesion
molecule/integrin, and osteopontin/B1 integrin represent
important adhesion molecules for the functions of these niches
(1, 33). These molecules play roles either in the attachment of

HSCs to the niche or in the migration of HSCs. Roles for inte-
grins in HSC homing have been investigated in 1 integrin-
knock-out mice and by blocking integrin function with anti-
integrin antibodies (6 - 8). Osteopontin was recently found to
contribute to HSC migration toward the endosteal region
through its interaction with 81 integrin (34). Interactions
between an integrin and the ECM are required for its transition
from a low to a high affinity state via signaling referred to as
“inside-out signaling” pathways (35). The interaction between
an integrin and its ligand triggers signaling that promotes
cytoskeletal changes, leading to cell spreading and stabilization
through the process termed “outside-in signaling” (36, 37). Pro-
teins that can directly bind to B-integrin cytoplasmic tails are
important for these signaling pathways (see the Introduction)
(12, 13). Inside-out and outside-in signaling of integrins are
often considered separately, but some B integrin cytoplasmic
proteins, including talin and cytoplasmic phospholipase A,,
may function in both (38, 39). The reconstitution of HSCs after

FIGURE 6. Visualization of KSL cellfates in vivo in the absence of talin or vinculin. A, schematic presentation of the lentiviral vector used in this experiment.
The EGFP gene of the LentiLox lentiviral vector was replaced with a luciferase gene. B-D, KSL cells were transduced with a lentiviral vector expressing a control
shRNA sequence (random) or shRNA sequences against talin (Talin-A) or vinculin (Vin-B and Vin-C). 8, ex vivo bioluminescence images of transduced KSL cells
before transplantation. C, transduced KSL cells together with competitor cells were transplanted into lethally irradiated recipient mice. The photons transmit-
ted through the body were collected for the indicated lengths of time at the indicated days after transplantation using an [VIS Imaging System. D, quantitative
data forin vivo bioluminescence imaging of the mice expressed as photon units (photons/s). The data are representative mean results obtained from two mice
after transplantation in two independent experiments.
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transplantation was partially impaired under conditions where
the adhesion and spreading of HSCs onto ECM (outside-in sig-
naling) were significantly inhibited by silencing of talin-1,
whereas homing of HSCs to the BM was not affected. We can-
not rule out the possibility that the discrepancy between the
current and previous results (6) regarding the role of integrins
in HSC homing could be the result of incomplete inhibition of
integrin function by silencing of talin-1. However, our
results suggest that signaling through integrins expressed in
HSCs is involved in reconstitution in the BM microenviron-
ment, although the contribution of talin-1 to integrin acti-
vation and HSC reconstitution was much weaker than that of
vinculin.

The most important finding of the present study was the
ability of vinculin to control HSC repopulation indepen-
dently of integrin function. Activation of vinculin has been
reported to be triggered by talin and actin polymerization,
and this activation may strengthen the interactions between
integrins and their ligands (40, 41). However, a reduction in
the direct interaction between an integrin and its ligand
alone cannot readily explain the phenotype of HSCs lacking
vinculin, because although the loss of talin expression in
HSCs caused severe impairment of integrin function, it only
resulted in marginal failure of reconstitution. Vinculin also
exists in cadherin-mediated cell-cell contacts and may
therefore play an important role in cadherin-mediated cell-
cell attachments in the niche, although conflicting results
regarding the role of N-cadherin in HSC maintenance have
been reported (42, 43). It is also possible that vinculin-defi-
cient HSCs are unable to achieve a balance between self-
renewal and differentiation; HSCs maintain the balance
between stem cell and differentiated cell populations by
choosing between several alternative fates in the BM, such as
self-renewal and commitment to differentiation (44, 45).
The former ensures preservation of the HSC fate upon cel-
lular division, whereas the latter enables differentiation into
multiple lineages (44). In the present study, the expression of
shRNA sequences against vinculin significantly abolished
the frequency of LTC-IC and the formation of cobblestone-
like areas but not the ability of HSCs to differentiate into
granulocytic lineage cells, indicating that vinculin may reg-
ulate the self-renewal potential of HSCs. A self-renewal divi-
sion implies that an HSC is permissive in terms of cell cycle
entry but restricted from engaging in differentiation, apo-
ptosis, or senescence pathways (44). A number of genes
involved in the cell cycle machinery and HOX proteins
(INK4A, HoxB4, and HoxA9) have been shown to regulate
intrinsic programs in HSCs during the self-renewal process
(46). 1t is possible that vinculin is directly involved in these
spatial and temporal control processes responsible for main-
taining the intrinsic balance of HSC self-renewal. Indeed,
silencing of vinculin induced cell cycle modulation and the
induction of apoptosis in KSL HSCs. In a study of vinculin-
deficient embryos, vinculin was found to be necessary for
normal neural and cardiac development (47). Furthermore, a
mouse model involving cardiac myocyte-specific deletion
of the vinculin gene resulted in sudden death and dilated
cardiomyopathy (48). Although these abnormalities are

31772 JOURNAL OF BIOLOGICAL CHEMISTRY

believed to result from perturbation of integrin-dependent
cell functions, the involvement of a specific function of vin-
culin that is independent of integrins cannot be ruled out,
as demonstrated for HSC functions. Further studies are
required to address these issues.

Silencing of vinculin failed to inhibit the adhesive properties
of HSCs in this study. This was consistent with the results of a
recent study indicating that inhibition of vinculin by RNA
interference did not affect cell attachment to ECM in epithelial
cells (49). Furthermore, silencing of vinculin did not abolish cell
spreading of Chinese hamster ovary cells transformed to
express integrin alIbf3 (allbB3-CHO cells) on fibrinogen (50).
This suggests that vinculin may not be involved in the initial
attachment to the ECM and outside-in signaling of integrin.
However, vinculin might be important for integrin «llbB83
inside-out signaling, because the activated form of vinculin (the
form inhibiting head-to-tail association) could induce binding
of PAC-1 (a monoclonal Ab recognizing activated integrin
allbB3) to allbB3-CHO cells (50). Further experiments to
investigate the role of vinculin in inside-out signaling of inte-
grins in platelet activation are now underway in our laboratory.

In summary, we have demonstrated that vinculin is required
for HSC repopulation after HSC transplantation. These results
provide the first evidence for vinculin as an important regulator
of cellular functions, independent of integrin function. The
manipulation of vinculin expression may represent a novel
approach for not only regenerative and developmental medi-
cine but also for the treatment of hematological malignancies.
Further studies are needed to determine the precise cellular
mechanisms whereby vinculin modulates HSC repopulation
independently of integrin function and to apply vinculin-tar-
geting therapies to the treatment of a variety of refractory
disorders.
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Introduction: Gene therapy is expected to be the next generation therapy for hemophilia, and a good animal
model is required for hemophilia gene therapy preclinical studies.
Methods: Taking advantage of the human factor IX (FIX) specificity of monoclonal antibody 3A6, the epitope
of which resides in the amino acid polypeptide segment including Ala 262 of human FIX, mutant macaque
FIX with an amino acid substitution of Thr 262 to Ala (macaque FIX T262A) was generated and its reactivity
to monoclonal antibody 3A6, biological activity and expression in vivo were studied.
Results: Enzyme-linked immunosorbent assays (ELISAs) and Western blot analyses showed that monoclonal
antibody 3A6 bound to human FIX and macaque FIX T262A but not to wild-type macaque FIX. Recombinant
macaque FIX T262A exhibited a comparable coagulation activity to wild-type macaque FIX and human FIX.
High expression of macaque FIX T262A was achieved in mice by injection of AAV8 vectors carrying the
macaque FIX T262A gene and reached levels of up to 31.5 pg/mL (1050% of the normal human FIX
concentration). Macaque FIX T262A expressed in the liver of mice was as biologically active as that expressed
in vitro. In addition, the macaque FIX T262A concentrations determined by a 3A6-based ELISA were not
influenced by the presence of normal macaque plasma.
Conclusions: The results of the present study suggest that macaque FIX T262A may be processed
appropriately in vivo and that the macaque FIX T262A concentration in the macaque circulation can be
quantified precisely by a monoclonal antibody 3A6-based ELISA.

© 2010 Elsevier Ltd. All rights reserved.

A wide variety of disorders are caused by genetic abnormalities,
thereby giving rise to enthusiasm for gene therapy as the next
generation therapeutics for many diseases [1-4]. Indeed, many gene
therapy clinical trials have been conducted, and some have achieved
great successes |5-7]. However, others have been unsuccessful.
Furthermore, unpredicted adverse effects occurred in some trials
[8.9]. To establish gene therapy technologies, good animal models are
required. Advances in developmental biotechnology have allowed us
to create a variety of mouse disease models, transgenic mice and
gene-targeted mice. However, there are significant species differences
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between humans and mice, thus making it difficult under certain
circumstances to extrapolate data obtained in mice to human patients
[10]. Factor IX (FIX)-deficient mice (hemophilia B mice) and natural
hemophilia B dogs have been used to study gene therapy approaches
for the treatment of hemophilia B [3,11-13]. However, better animal
models may be required because of the limited success in human trials
[9.10]. Primates are used successfully as models in disease applica-
tions, but there are presently no hemophilic primates available for
gene therapy studies. If one can distinguish human molecules from
primate molecules in vivo, non-human primates may be used for
hemophilia gene therapy preclinical studies [11,14,15], despite the
fact that this genetic abnormality is not indigenous to these species.

Rhesus macaques have been proposed as a good primate model for
hemophilia B gene therapy studies because of the amino acid
sequence similarity between human FIX and macaque FIX and the
low immunogenicity of human FIX in rhesus macaques [ 16]. However,
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rhesus macaques still developed antibodies against human FIX upon
receiving adenoviral vectors carrying the human FIX gene despite the
high amino acid sequence homology [17], thus making it difficult to
study the long-term expression of transgene-derived FIX. We
previously reported that a human FIX-specific monoclonal antibody,
3A6, which can distinguish human FIX from cynomolgus macaque FIX
in enzyme immunoassays and Western blot analyses, binds to the
amino acid segment including the Ala residue at position 262 of the
human FIX molecule | 18]. Only one amino acid residue at position 262
in this segment differs between macaque FIX and human FIX [16,19].
Therefore, the Thr residue at position 262 of macaque FIX was
mutated to Ala (macaque FIX T262A) to examine whether the human
FIX-specific monoclonal antibody 3A6 could bind to the mutant
macaque FIX in the present study. Here, we show that macaque FIX
T262A binds to monoclonal antibody 3A6 and is as active as wild-type
macaque FIX and human FIX, that macaque FIX T262A can be
efficiently expressed in vivo in mice by injection of AAV8 vectors
carrying the mutant macaque FIX gene, and that quantification of
macaque FIX T262A by a 3A6-based ELISA was not influenced by the
presence of macaque plasma. These findings raise the possibility of a
potential advantage of mutant macaque FIX T262A over human FIX to
study the long-term expression of a FIX transgene in macaques.

Materials and Methods
Cloning of macaque FIX cDNA

Total RNA was isolated from the cynomolgus macaque liver using
an RNeasy Mini Kit (Qiagen Inc., Valencia, CA). The isolated RNA was
subjected to RT-PCR to amplify the macaque FIX cDNA based on the
nucleotide sequence of a macaque FIX cDNA [19] using pfu Turbo DNA
polymerase (Stratagene, La Jolla, CA) and a primer pair (5'-AGG TTA
TGC AGC GCG TGA AC-3'/5'-CCA TCT TTC ATT AAG TGA GCT TTG-3').
The DNA fragment of the macaque FIX cDNA was cloned into the
plasmid vector pCR Blunt II using a Zero Blunt TOPO PCR Cloning Kit
(Invitrogen Co., Carlsbad, CA) and sequenced. The macaque FIX cDNA
was subjected to site-directed mutagenesis to create the cDNA
expressing macaque FIX T262A using a QuikChange Site-directed
Mutagenesis Kit (Stratagene) and a primer pair (5'-CCT CAT CAC AAC
TAC AAT GCA GCT ATT AAT AAG TAC AAC CAT G-3'/5'-CAT GGT TGT
ACT TAT TAA TAG CTG CAT TGT AG T TGT GAT GAG G-3).

Construction of FIX minigenes

A human FIX c¢DNA was a generous gift from Dr. George
G. Brownlee (Chemical Pathology Unit, University of Oxford, Oxford,
UK). The DNA fragment spanning part of exon 1, intron 1 and part of
exon 2 of the human FIX gene was amplified from the human gene by
PCR and sequenced. After removing part of intron 1 of the FIX gene by
Pvu Il treatment, the modified DNA fragment spanning parts of exon
1, intron 1 and exon 2 of the human FIX gene was excised with Bcl |
and cloned into the Bcl I recognition sequence of the human FIX cDNA
in the appropriate orientation to create a FIX minigene that was
shown to express human FIX more efficiently than the FIX cDNA [10].
Similarly, the modified DNA fragment spanning parts of exon 1, intron
1 and exon 2 of the human FIX gene was cloned into the Bcl |
recognition sequences of the macaque FIX cDNA to create a chimeric
macaque FIX minigene.

Expression of macaque FIX in vitro

The human FIX minigene, macaque FIX minigene and mutant
macaque FIX T262A minigene were cloned into plasmid p1.1c (Avigen
Inc., Alameda, CA) in the appropriate orientation to create the
plasmids p1.1c-hFIX, p1.1c-macFIX and p1.1c-macFIXT262A expres-
sing human FIX, wild-type macaque FIX, and mutant macaque FIX

T262A, respectively, under the control of the CMV promoter. Human
embryo kidney (HEK) 293 cells were transfected with p1.1c-hFIX,
pl.1c-macFIX and p1.1c-macFIXT262A in the presence of vitamin K
(10 pg/mL), and the human FIX and macaque FIX expression levels in
the conditioned media of the HEK 293 cells were analyzed by enzyme-
linked immunosorbent immunoassays (ELISAs) and Western blot
analyses. The FIX clotting activities in the conditioned media were
determined by the APTT method using FIX-deficient human plasma
(Dade Behring, Siemens Healthcare Diagnostics, Deerfield, IL).

Cloning of the hepatic control region (HCR) of the ApoE/C-I gene locus
and the human «1 antitrypsin promoter (HAAT)

The 325-bp DNA fragment spanning the HCR region of the ApoE/C-I
locus (nucleotides 1-325) [20-23] was amplified by PCR with a primer
pair (sense primer, 5-CAC TAG TCT GCA GGC TCA GAG GCA CAC-3/;
antisense primer, 5'-GAA CCC GGA CCCTCT CACACT AC-3") and cloned
into the plasmid vector pCR Blunt II. The 297-bp DNA fragment
spanning the HAAT promoter (nucleotides -270 to +27) was
amplified by PCR and cloned as described previously [24].

AAV vector production

Plasmid vector p1.1c was excised with Spe I and Eco RI to remove
the DNA fragments spanning the CMV promoter and the growth factor
gene intron 1, and the DNA fragment of HCR was inserted into the
same position. Subsequently, the DNA fragment of the HAAT promoter
was cloned into the Eco Rl site in the appropriate orientation to create
the plasmid p1.1HCRHAAT. The macaque FIX T262A minigene was
cloned on the 3’ side of the HAAT promoter of p1.1HCRHAAT in the
appropriate orientation to create p1.1HCRHAAT-macFIXT262A. The
DNA fragments spanning the promoter, LacZ gene and polyadenyla-
tion signal sequence of pAAV2-LacZ (Stratagene) were replaced with
DNA fragments spanning the CMV promoter, macaque FIX T262A
minigene and SV40 polyadenylation signal sequences of pl.1lc-
macFIXT262A to create the gene transfer vector pAAV2-CMV-
macFIXT262A, in which these DNA fragments were flanked by ITR
sequences of AAV serotype 2 (AAV2) as described previously [24,25].
Similarly, pAAV2-HCRHAAT-macFIXT262A was constructed by repla-
cing the DNA fragment between the two ITRs of pAAV2-LacZ with the
DNA fragment spanning the HCRHAAT, macaque FIX T262A minigene
and polyadenylation signal sequences of pl1.1HCRHAAT-mac-
FIXT262A. The vector production system and HEK 293 cells were
kindly supplied by Avigen Inc. The AAV vectors were packaged with
the AAV8 capsid by pseudotyping. The chimeric packaging plasmid for
AAVS capsid pseudotyping was a generous gift from Dr. James M.
Wilson (Division of Medical Genetics, Department of Medicine,
University of Pennsylvania, Philadelphia, PA). For virus vector
purification, virus particle-containing samples were treated with
DNase (Benzonase; Merck Japan, Tokyo, Japan) and subjected to two
rounds of cesium chloride-density gradient ultracentrifugation in
HEPES-buffered saline (pH 7.4) in the presence of 25 mM EDTA at
21 °C as described [24,25]. Titration of the recombinant AAV vectors
was carried out by quantitative PCR as described previously [24] with
the primers 5-GGT TGT TGG TGG AGA AGA TGC-3’ and 5'-GAT AGA
GCCTCC ACAGAATGCA-3', and the probe 5-FAM- GAT AGA GCC TCC
ACA GAATGC A-3".

Animal experiments

Male C57BL/6 wild-type mice were purchased from SLC Inc.
(Hamamatsu, Japan) and maintained under standard lighting condi-
tions in a clean room. All surgical procedures were carried out in
accordance with guidelines approved by the Institutional Animal Care
and Concern Committee at Jichi Medical University. Before and after
AAV vector injection, blood was drawn from the cervical vein plexus
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of the mice and mixed with a 1/10 volume of 3.8% sodium citrate,
before platelet-poor plasma was prepared by centrifugation. The AAV
vectors were injected into the cervical vein plexus of the mice under
anesthesia with isoflurane. Cyclophosphamide (100 pg/body/day;
Sigma-Aldrich Japan, Tokyo, Japan) and tacrolimus (12.5 pug/body/
day; Fujisawa Pharmaceuticals Co., Tokyo, Japan) were subcutane-
ously administered to the mice 5 times a week for 12 weeks after the
vector injection as an immunosuppressant. Mouse plasma samples
were subjected to an ELISA for human FIX to determine the plasma
concentrations of macaque FIX T262A. Macaque plasma and macaque
liver tissues were obtained from macaques under anesthesia accord-
ing to the Institutional Animal Care and Concern Committee at
Tsukuba Primate Research Center.

ELISA for human FIX

The ELISA that detects human FIX but not wild-type macaque FIX
was performed as described previously [18]. Monoclonal antibody
3A6-coated microtiter plates (Maxisorp; Nalge Nunc, Rochester, NY)
were blocked with 5% casein and then incubated with FIX-containing
samples (conditioned media or mouse plasma samples) in phosphate-
buffered saline (pH 7.4) containing 1% casein and 0.1% Triton X-100.
Monoclonal antibody 3A6-bound human FIX or macaque FIX was
detected with a horseradish peroxidase (HRP)-conjugated goat anti-
human FIX polyclonal antibody (Affinity Biologicals Inc., Hamilton,
Ontario, Canada). Purified human FIX was used as a standard. The
ELISA that detects human FIX, wild-type macaque FIX and macaque
FIX T262A was carried out using a sheep anti-human FIX polyclonal
antibody (Cedarlane Laboratories Ltd., Hornby, Ontario, Canada) and
an HRP-conjugated goat anti-human FIX polyclonal antibody (Affinity
Biologicals Inc., Ancaster, Canada). Briefly, microtiter plates coated
with the sheep anti-human FIX polyclonal antibody (1 pg/mL) were
incubated with samples containing FIX. After washing, the microtiter
plate-bound FIX was detected with the HRP-conjugated goat anti-
human FIX polyclonal antibody.

Results
Binding of monoclonal antibody 3A6 to macaque FIX T262A

Monoclonal antibody 3A6 has been shown to be able to distinguish
human FIX from wild-type macaque FIX [18]. Furthermore, it binds to
wild-type FIX but not to mutant human FIX with an amino acid
substitution of Ala to Thr (the amino acid residue at position 262 of
macaque FIX is Thr), suggesting that the epitope for 3A6 resides in the
segment including the Ala residue at position 262 of human FIX. Based
on these data, we isolated a macaque FIX cDNA and expressed wild-
type macaque FIX and mutant macaque FIX with an amino acid
substitution of Thr to Ala at position 262 (macaque FIX T262A). Wild-
type macaque FIX, mutant macaque FIX T262A and wild-type human
FIX were expressed in HEK 293 cells and evaluated for their biological
activities and reactivity with monoclonal antibody 3A6. The antigen
concentrations of recombinant FIX were quantified by ELISAs using a
sheep polyclonal antibody against human FIX and an HRP-conjugated
goat polyclonal antibody against human FIX. The polyclonal antibody-
based ELISA detected wild-type macaque FIX and mutant macaque FIX
T262A, and all the FIX molecules had coagulation activities with
similar specific activities (Table 1). Wild-type macaque FIX was not
detected by the 3A6-based ELISA, whereas macaque FIX T262A and
wild-type human FIX were quantified in a similar manner by this
ELISA. The antigen concentrations of macaque FIX T262A determined
by the polyclonal antibody-based ELISA were slightly higher than
those by 3A6-based ELISA. This may be due to FIX fragments found in
the supernatant of vector-transfected 293 cells.

The above data were confirmed by Western blot analyses (Fig. 1),
which also showed that 3A6 bound to human FIX and macaque FIX

Table 1
Recombinant factor [X expression in vitro.

Activity (U/mL)  Antigen (ng/mL)

Polyclonal Ab ELISA  3A6 ELISA
Wild-type human FIX 0.031 260 100
Wild-type macaque FIX ~ 0.017 120 0
Macaque FIX T262A 0.024 200 101

Polyclonal Ab ELISA: the solid-phase (catching) antibody was a polyclonal anti-human
FIX antibody.

3A6 ELISA: the solid-phase (catching) antibody was monoclonal anti-human FIX
antibody 3A6.

The normal human plasma FIX concentration is 3 pg/mL by the 3A6 ELISA.

T262A, but not to wild-type macaque FIX, while the polyclonal anti-
FIX antibody bound to all the FIX molecules.

Expression of mutant macaque FIX T262A in vivo

AAVS vectors carrying the macaque FIX T262A gene under the
control of the CMV promoter (AAV8-CMV-macFIXT262A) or
HCRHAAT promoter (AAV8-HCRHAAT-macFIXT262A) (Fig. 2) were
injected into wild-type mice, and the expression of macaque FIX
T262A was analyzed by the 3A6-based ELISA. Macaque FIX T262A was
efficiently expressed in the mice using the AAVS vectors, and high
macaque FIX T262A expression was observed for more than 50 weeks
(Fig. 3). In particular, the concentration of macaque FIX T262A in
mouse plasma increased to supernormal levels (maximum: 14.4-
31.5 ug/mL, 480-1050% of the normal plasma human FIX concentra-
tion) with AAV8-HCRHAAT-macFIXT262A at a dose of 5x10° vector
genome/g. Such high FIX transgene expression was also achieved with
the AAV9 vector carrying the same promoter and the macaque FIX
T262A gene (data not shown). The mouse plasma samples containing
macaque FIX T262A at 5.4-14.4 pg/mL (180-480% of the normal
plasma human FIX concentration) were diluted and subjected to the
coagulation assay for FIX to study the biological activity of macaque
FIX T262A expressed in vivo. After subtraction of the basal mouse FIX
activity, the FIX activity of mouse plasma containing macaque FIXT
262A at the immunological concentration of 10.9 4+ 3.9 pg/mL (n=5)
was 47+9.3 U/mL (n=>5), indicating that macaque FIX T262A
expressed in mice was biologically active. The plasma levels of
macaque FIX T262A in AAV8-HCRHAAT-macFIXT262A-injected mice
were approximately 100-fold higher than those in AAV8-CMV-
macFIXT262A-injected mice, suggesting that the HCRHAAT promoter
worked more efficiently than the CMV promoter in vivo.

Detection of macaque FIX T262A in the presence of macaque plasma
To confirm that the 3A6-based ELISA could distinguish macaque

FIX T262A from wild-type macaque FIX, recombinant macaque FIX
T262A-containing samples were subjected to the 3A6-based ELISA in

A
WT  macFIX
hFIX macFIX T262A

B

WT  macFIX
hFIX macFIX T262A

Fig. 1. Western blotting analyses of FIX molecules. Human FIX (hFIX), wild-type
macaque FIX (WT macFIX) and macaque FIX T262A (macFIXT262A) expressed in the
conditioned media of HEK 293 cells transfected with plasmid vectors carrying the
corresponding FIX genes were analyzed by Western blotting with a polyclonal antibody
against human FIX (A) and monoclonal antibody 3A6 (B).
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ITR pA ITR

[HCMVpI Macaque FIX T262A minigene I FU

AAVS-HCRHAAT-macFIXT262A D—j,{{ﬁ"r Macaque FIX T262A minigene []—D

AAVE-CMV-macFIXT262A

Fig. 2. Schematic representations of AAV8 vectors carrying the macaque FIX T262A
gene. The AAVS vectors carrying the macaque FIX T262A gene used in the present study
are schematically illustrated. The promoter sequences, macaque FIX T262A gene and
SV40 polyadenylation signal sequences are flanked by AAV2 ITRs.

the presence of increasing concentrations of macaque plasma to
analyze the effect of wild-type macaque FIX in the plasma. As shown
in Fig. 4, the presence of macaque plasma exhibited no inhibitory
effects on the quantification of recombinant macaque FIX T262A
expressed in vivo by the 3A6-based ELISA. These data confirm that the
3A6-based ELISA can be used to quantify macaque FIX T262A
expressed in macaques.

Discussion

To develop gene therapy technologies, good animal models are
required. Hemophilia B mice (FIX-deficient mice) and natural
hemophilia B dogs are available and have been used to study gene
therapy approaches for hemophilia B. In a previous FIX gene transfer
study with AAV2 vectors, a vector dose of 1.8 x 10'? vector genome/kg
yielded plasma FIX levels of more than 1% in mice, whereas the same
vector dose yielded circulating FIX levels of 0.2-04% in dogs. In
humans, no significant increase in the FIX level was observed with the
same vector dose [10]. One possible explanation for the differences in
these results is that the transduction efficiency of the type 2 AAV
vectors into the skeletal muscles of humans differs from those in the
animal models. Unpredicted adverse effects occurred in patients who
received an AAV2 vector for FIX gene expression in the liver [9]. In this
regard, a primate model may be required to more closely mimic the
situation in humans, though non-human primate experiments may
not reflect perfectly human situations.

Cynomolgus macaques are native to southern Asia and have been
used as simian models in medical research, such as gene therapy
studies for Parkinson's disease [26]. As reported previously, human
FIX may be immunogenic in macaques under certain conditions, such
as expression of human FIX in rhesus macaques with adenoviral
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Fig. 4. Macaque plasma has no effect on the quantification of macaque FIX T262A by the
3A6-based ELISA. Mouse plasma containing macaque FIX T262A was diluted with buffer
to adjust the macaque FIX T262A concentration to 30 ng/mL, mixed with equal amounts
of buffer containing increasing concentrations of normal macaque plasma, and
subjected to the 3A6-based ELISA for macaque FIX T262A quantification.

vectors and cynomolgus macaques receiving repeated subcutaneous
injections of human FIX in the presence of Freund's adjuvant [17,19].
Therefore, as long as antibodies against human FIX develop in
macaques during transduction with vectors carrying the human FIX
gene, long-term studies of human FIX expression will be impossible.
In this context, FIX molecules that are less immunogenic in macaques
may be suitable for long-term expression of FIX transgenes in
macaques. Possible candidate FIX molecules for this purpose would
be tagged macaque FIX or mutant macaque FIX proteins that can be
distinguished from the native wild-type macaque FIX. Anti-FIX
monoclonal antibodies were screened for their inability to bind to
simian FIX. One antibody was identified, which forms the basis for an
ELISA that can quantify human FIX in macaque plasma down to a
concentration of 1.7 ng/mL (0.06% of the normal plasma FIX
concentration) [18]. In the present study, we developed a mutant
macaque FIX that can be detected accurately with this specific anti-
human FIX monoclonal antibody.

Macaque FIX is highly homologous to human FIX, with the amino
acid sequence identity of 97.1% [16]. Among the 415 amino acid
residues of mature FIX, 12 amino acid residues at 11 distinct positions
of human FIX are different from those in macaque FIX [16]. Human FIX
has two potential N-glycosylation sites, while macaque FIX has three
potential N-glycosylation sites, similar to the case for murine FIX,
porcine FIX, and bovine FIX. Of the three potential N-glycosylation
sites in macaque FIX, two are located at the same positions as the sites
in human FIX. Human FIX lacks the potential N-glycosylation site
located at position 260 of macaque FIX [18]. Since Thr at position 262
was substituted with Ala in macaque FIX T262A, the consen-
sus sequence Asn-X-Thr for N-glycosylation at this position was
mutated, indicating that macaque FIX T262A may loose this potential
N-glycosylation site. Asn 260 of macaque FIX may be glycosylated
because macaque FIX T262A migrated faster than wild-type macaque
FIX on Western blotting. Regarding the carbohydrate composition,
macaque FIX T262A may be humanized, but has only a single amino
acid substitution. Therefore, the amino acid sequence of macaque FIX
T262A may be closer to wild-type macaque FIX than to human FIX. In
terms of the coagulation activity of macaque FIX T262A, it has almost
the same coagulation activity as wild-type macaque FIX and human
FIX. This observation suggests that the macaque FIX T262A confor-
mation may not be significantly altered and that the N-glycosylation
at position N260 may not contribute significantly to the coagulation
activity of macaque FIX.

We created macaque FIX with a FLAG sequence at the C-terminal
end (FLAG-tagged macaque FIX) and analyzed its properties.
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Recombinant FLAG-tagged macaque FIX expressed in HEK 293 cells
was efficiently secreted from the cells and detected by both a
polyclonal antibody against human FIX and anti-FLAG antibody M2.
However, its coagulation activity was significantly decreased com-
pared with wild-type macaque FIX, macaque FIX T262A and human
FIX expressed in HEK 293 cells (data not shown). These data suggest
that the conformation of FLAG-tagged macaque FIX is altered. It is also
possible that the FLAG sequence is immunogenic in macaques.
Therefore, macaque FIX T262A may be closer to wild-type macaque
FIX than tagged macaque FIX.

The mice that had high macaque FIX T262A expression survived
more than 1year without any events such as a sudden death.
However, effect of over expression of FIX on the thrombogenecity may
need to be studied carefully and precisely with the AAV vectors
carrying the mouse FIX gene, since there may be a significant species
difference in interaction of coagulation factors. Macaques with high
FIX expression by the vector used in this study might also be good
models for studying the effect of supra-physiological FIX level on the
coagulation system. These may be the future studies.

In conclusion, macaque FIX T262A bound to the specific anti-
human FIX monoclonal antibody 3A6, was efficiently expressed after
gene transfer to the liver in vivo, and was quantified by the 3A6-based
ELISA in the presence of wild-type macaque FIX. Macaque FIX T262A
may have advantages over human FIX for studying the long-term
expression of transgene-derived FIX in macaques. Therefore, macaque
FIX T262A may be useful as a tool for FIX gene transfer studies in
macaques.
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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
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rapidly within two days following transplantation, but it took approx-
imately 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 cellular 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-I 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-I 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 normal
levels upon regeneration of the grafted 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 living-
related liver transplantation from April 2001 to March 2006
and were enrolled in this study. Most of the patients with
biliary atresia had previously undergone hepatic porta-
jejunostomies.

Description of patients

The patients were classified into two patient groups: one
with acute cellular rejection (group AR. n = 24) and one
with no acute cellular 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, 151 + 9.5), the
amount of blood loss (AR, 85.0 £ 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, 161.8 +
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 fol-
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 to 3 mg/kg on day 1 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 200-300 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 fully 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 tapered 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

370

0.1 mg/kg/h, and prostaglandin El at the dose of 0.01 ug/
kg/min till day 7 after transplantation. Anticoagulation was
continved 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, i.e., PAI-1, TM, ADAMTSI13, 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 test to mon-
itor the effects 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 reflecting regenera-
tion of the graft liver. Additionally, measurement of these
factors may also be important for patient management,
because deficiency of protein C and type II plasminogen
deficiency are thought to increase the risk of thrombosis
(7, 8). The fibrin degradation product level, determined by
the monoclonal antibody specific for 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 to assess the thrombogenic
state during the post-operative period following liver
transplantation. PAI-1 is a primary regulator of fibrino-
lysis that is synthesized mainly in endothelial cells. Plasma
PAI-1 levels change significantly in various pathological
conditions (4). ADAMTS!3 is the vWF cleaving protease
that plays an important role in vWF 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 ADAMTS13 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
of a typical thrombotic microangiopathy (9). It is possible
that ADAMTS13 deficiency might occur after liver trans-
plantation, and plasma ADAMTSI3 levels in patients were
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therefore quantified following transplantation. TM, an Results
important regulator of blood coagulation, is synthesized in

vascular endothelial cells and is used as a marker of vas- Analysis of the coagulation and fibrinolysis system following

cular injury (6). The sES level has been used as a marker liver transplantation

for endothelial cell dysfunction (14). For example, the sES . .

level is increased in systemic infections such as sepsis. Changes in mean values of coagulation tests
in patients without acute cellular rejection, vas-

Diagnosis of acute cellular rejection cular complications, or severe infections are

The di < of Hular refecti de by li shown in Fig. 1. The coagulation activity after
bion iagnosis of acute cellular rejection was made by Vel liyer trapsplantation was assessed by measuring
iopsy and was evaluated using the rejection activity in- Lo ©
dex (3) scores (1, 15, 16). Patients suspected of suffering prothrombin time (P’ T'INR)- The mean PT-INR
from acute cellular rejection because of deterioration of value rose to approximately 1.8 on day 1, but
liver function (increased serum levels of bilirubin, AST, quickly fell again to <1.5 on day 2, and then
ALT, ALP, LDH, and y-GTP compared with previous  pormalized gradually. These data suggest that
levels) were subjected to ultrasonography-guided liver the coagulation activity rapidly recovered after

biopsy. The liver biopsy specimens were examined for the . N ) . )
presence of acute cellular rejection. Patients diagnosed transplantation, once the graft liver started to

with acute cellular rejection were subjected to intensive function.

immunosuppressive therapy with intravenous methylpred- The mean protein C level of patients before
nisolone. Mycophenolate mofetil and/or OKT3 were also liver transplantation decreased to 57.5% of the
administered in some patients. Plasma samples obtained normal level. This may have been due to the

before starting administration of the intensive immuno- d . . . .
. \ . . ecreased synthe
suppressive regimens were evaluated in the following Y sis of protein C in the liver

ctudies. because most patients had liver failure. The mean
protein C level fell to approximately 50% of the
Statistical analysis normal level on day 1 post-transplantation, and

Statistical anal formed usine SPSS sof then increased gradually, reaching >80% of the
tatistical analyses were performed using software . ) . o
(SPSS Inc., Tokyo, Japan). Student r-tests were used to normal level by day 14. The mean pldsmmogen

compare the mean values between groups. Multiple logistic level changed in a Slmlla,r manner to prot’em C.
regression analysis was used to investigate the association By day 28, both protein C and plasminogen
between biomarkers of blood coagulation and fibrinolysis levels had returned to almost 90-100% of the
and the occurrence of acute cellular rejection. p-values normal levels. The nadir values of protein C and

< (.05 were considered statistically significant. 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 hver
may start on day 1, resulting in rapid recovery of
coagulation activity, but it may take up to
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
levels 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 1,
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acute cellular rejection (closed
circle) are shown.

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 ADAMTSI13 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 ADAMTSI13 were main-
tained for 14 days after liver transplantation.
These changes in plasma ADAMTSI13 levels
after liver transplantation did not parallel those
of protein C or plasminogen (Fig. 1), reflecting
the extrahepatic synthesis of ADAMTS13 and
the possibility that ADAMSI3 is synthesized
not in hepatocytes, but in stellate cells in the
liver. The plasma ADAMTSI3 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 from 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-
tion, and an increased PT-INR (prolongation of
prothrombin time) was detected in all three
patients. Increase of plasma PAI-11n 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 of 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. Coagulation and fibrinolysis biomarkers following liver transplanta-
tion

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

Before* Aftert Day 14

PAI-1 {ng/mL) 793 +1038% 230+107 23851:304
Plasminogen (%) 852+ 228" 994 +290 9768+ 138
Protein C (%) 657+ 230" 893:379 87.2:255
ADAMTS13 (%) 675+ 241 7781236 7251174
ATII {%) 963+173 1115:574 993 +149
FT-INR 117 £ 0.21 1.08+013 1.13£013
Fibrinogen {mg/mL) 2953 + 1164 296.3 £ 106.7 2806 + 740
Thrombomodulin {U/mL) 102+38 108+48 87+52

Soluble E-selectin (geg/ml) 438 £ 167 464 +£190 335+172
Soluble fibrin {zg/mL) 1357 £123 864149 102 +139

*Values at the time immediately before acute cellular rejection.

Values after cessation of acute cellular rejection.

*values 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 ADAMTSI3 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 PAI-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 in 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 to 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, ADAMTSI13) synthesized in the liver
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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 ADAMTSI13 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% of the patients in
group AR.
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Table 2. Multiple logistic regression analysis of biomarkers

0dds ratio Confidence interval p-value
PAI-1 1791 4.89-64.36 <0.001
ADAMTS13* 6.40 1.85-22.03 0.003
Protein C* 458 1.14-18.28 0.027
Plasminogen*® 786 1.23-4983 002
Soluble fibrin® 060 Not applicable 0.60
Solubie E-selectin® 080 Not applicable 0.65
Thrombomodulin® 0421 Not applicable 042

*Decrease of marker values from the previous time point was adopted.
fIncrease 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
Iiver 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 methods for evaluating immune 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 i1s 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 PAIl-1, decrease in protein C,
decrease in plasminogen, and decrease in AD-
AMTSI13, 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 its plasma level was elevated on day 1
after liver transplantation, and had returned to
pretransplant levels after day 3. An increased
plasma PAIl-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 setting
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 PAl-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 ADAMTSI3 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 ADAMTSI3 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 21-28 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 adult liver transplant
patients, though this needs to be confirmed by
future prospective studies.
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Background: Factor V, having two functions (procoagulant and anticoagulant), is a key factor in blood
coagulation, and low plasma levels of factor V may be a risk factor for thrombosis.

Objective: The levels of plasma factor V antigen (FV:Ag), and the phospholipid binding capability of Factor V
(FV:PL-bound) were evaluated in patients with deep-vein thrombosis (DVT).

Methods: Levels of FV:Ag, and FV:PL-bound were expressed as a percentage of the normal level found in
pooled plasma from control subjects. One hundred and twenty-three Japanese patients with deep-vein

};eyw ords; thrombosis thrombosis (DVT) were included, with 100 age and sex-matched healthy control subjects.
;;El_vclre Vélr of Results: The FV:Ag, and FV:PL-bound values were significantly lower in DVT patients than in healthy subjects
factor V antigen (p<0.05 and p<0.005, respectively). Among the 123 patients, 30 for FV:Ag (24.4%), and 32 for FV:PL (26%)
phospholipid had less than the arbitrary cutoff point (set at the 5th percentile of the value for FV:Ag and FV:PL-bound from
healthy subjects), and the odds ratios (ORs) were 6.1 (95% confidence interval [Cl], 2.3-16.5) and 6.7 (95%CI,
2.5-17.9), respectively. When patients with a deficiency of natural anticoagulants (antithrombin, protein C,
and protein S) were excluded from the analysis, the ORs increased for all patients (6.6 for FV:Ag (95%Cl, 2.4~
18.3) and 74 for FV:PL-bound (95%Cl, 2.7-20.3). Moreover, twenty-one (17%) of the 123 DVT patients, and 1
(1%) of 100 control subjects had values below the cutoff points for both FV:Ag and FV:PL-bound, and the OR
was 21.6 (95%Cl, 2.85-163.1).
Conclusions: These results suggest that low levels of factor V are associated with development of DVT, and
may be a predictor for DVT.
© 2009 Elsevier Ltd. All rights reserved.
Introduction Blood coagulation FV has a central role in procoagulant and

Venous thromboembolism (VTE), such as deep-vein thrombosis
(DVT) and pulmonary embolism, is a common disorder |1,2]. Despite
much investigation into the causes of thrombosis, the causative factors
for many cases remain unknown. A point mutation in the factor V (FV)
gene (R506Q: FV Leiden) [3] results in a reduced sensitivity of plasma
factor Va (FVa) to be inactivated by activated protein C (APC) [4] and is
presentin more than 20% of Caucasian patients with DVT |5]. However,
this FV Leiden mutation has not been reported in the Japanese popu-
lation up to now.

Abbreviations: VTE, venous thromboembolism; DVT, deep vein thrombosis; APC,
activated protein C; FV:Ag, factor V antigen; FV:PL-bound, phospholipid bound factor V;
TTBS, Tween20 in TBS; TBS, tris-buffered saline.

* Corresponding author. Laboratory for Clinical Investigation, Osaka University
Hospital, 2-15 Yamada-oka, Suita-City, Osaka, 565-0871, Japan. Tel./fax: +81 06 6879
6655.

E-mail address: esuehisa@hp-lab.med.osaka-u.ac.jp (E. Suehisa).

0049-3848/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.thromres.2009.05.010

anticoagulant pathways: FV is activated by factor Xa (FXa) or
thrombin and accelerates the activation of prothrombin by FXa before
FVa is degraded by the APC [6]. APC limits thrombin generation by
cleaving FVa, and also factor Villa (FVIIla) inhibition by APC requires
FV, but not FVa, as a cofactor [7-9]. Whether the level of FV in plasma
affects the risk of thrombosis is unclear, although it is hypothetically
possible that high or low levels of FV may increase the thrombotic risk.

High plasma levels of FV may lead to an increased prothrombinase
activity and an increased risk of thrombosis, and high FV coagulant
levels have been found to be an independent risk factor for myocardial
infarction [10]. No significant association was found between the FV
antigen level and venous thrombotic risk [11]. Low FV levels are
associated with a reduced APC cofactor activity in the inactivation of
FVIII/VIlla [7-9]. This results in an APC-resistant phenotype and
therefore might be associated with an increased risk of thrombosis. On
the other hand, FV circulates in two forms, FV1 and FV2, having
slightly different molecular masses and phospholipid-binding proper-
ties (the affinity to phospholipid of FVal is lower than FVa2 at low
phospholipid concentration). FVal is inactivated by APC at 15-fold
lower rates than FVa2, both in the absence and in the presence of
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protein S, and in the process of generation, and down-regulation of
FVa cofactor activity on physiological membranes, the overall
procoagulant activity of FV1 can considerably exceed that of FV2
[12]. This result indicates that the low level of the binding capacity to
phospholipid of FV may lead to thrombosis.

The aim of this study was to determine whether a plasma
concentration of FV is associated with thrombosis. To investigate
whether impaired binding of FV to phospholipid is associated with
deep vein thrombosis, we developed an assay method for the
phospholipid binding capacities of FV.

Material and methods
Patients and control subjects

The study group consisted of 123 patients (53 men and 70 women
between 19 and 88 years of age (mean, 54 years) with DVT. Patients
were referred to the Department of Cardiovascular Surgery at Osaka
University Medical Hospital during an 88-month period. Blood
samples were obtained from these patients at least 3 months after
the thrombotic episode and at least 4 weeks after discontinuation of
oral anticoagulants. Patients taking oral anticoagulants were excluded
from the study. None of the patients received heparin during the
investigation period. DVT was diagnosed on the basis of clinical
manifestations and findings of duplex scanning, radioisotope veno-
graphy, and contrast venography. We determined natural antic-
oagulant deficiencies according to the method of our previous study
[13].

Healthy Japanese subjects (100 control subjects) without any
history of venous thrombosis were randomly selected from volun-
teers. Patients and volunteers were informed that blood samples were
being obtained for research purposes and that their privacy would be
protected.

Blood samples

Venous blood samples were obtained by venipuncture with the
use of a tourniquet. Blood was drawn into Vacutainer tubes (5.0 ml
total volume, Sekisui, Yamaguchi, Japan) containing 3.13% (w/v)
trisodium citrate (9:1, v/v). Platelet-poor plasma was prepared by
centrifugation at 2800 g for 10 minutes. Aliquoted plasma was kept at
~80 °C until use. Pooled normal plasma used in the study was obtained
from 20 of the healthy volunteers who were not receiving medication.
These individuals were not screened for abnormalities associated with
an increased risk of venous thrombosis.

Measurement of FV antigen (FV:Ag)

FV antigen (FV:Ag) levels were quantified using an enzyme-linked
immunosorbent assay (ELISA) specific for FV. Microtiter plates (Nunc-
Immunoplate, Maxi-Sorp, Roskilde, Denmark) were coated overnight
at 4°C with 100 pl per well of anti-human Factor V sheep purified 1gG
(Cedarlane, Ontario, Canada) suspended at a concentration of 10 pg/ml
in 50 mM carbonate at pH 9.6. The plates were incubated overnight at
4°C with 100 pl of Tris-bufferd saline (TBS: 50 mmol/LTris, 150 mmol/L
Nadl, pH 7.4) containing 1% bovine serum albumin (BSA: Sigma, MO,
USA), and then washed three times with 0.1% Tween 20 in TBS (TTBS).
Then, 100 pl samples of diluted plasma (diluted 50 times with 1.0%
BSA-TTBS) were added to each well. After a 2 hour incubation at room
temperature, the plates were washed three times with TTBS. Bound FV
antigen was detected using peroxidase conjugated anti-human Factor
V sheep IgG (Cedarlane, Ontario, Canada). The plates were developed
for 10 minutes with o-phenylenediamine (OPD: Sigma, MO, USA) and
H,0, diluted in 0.1 mol/L citrate-phosphate buffer at pH 5.0. The
reaction was stopped by addition of 2.5 mol/L H,SO4 and the
absorbance measured at 490 nm. Dilutions of pooled normal plasma

(1:25-1:800dilution) were used to calibrate the assay. Results were
expressed as a percentage of that found in normal pooled plasma.

Assay for phospholipid bound FV (FV:PL-bound)

Phosphatidylserine (L-o-Phosphatidyl-L-serine: Sigma, MO, USA)
in ethanol (25 pg/50 ul per well) was coated on the surface of wells of
microtiter plates (Immuron 1B: Dynatech Laboratories Alexandria,
VA) by evaporation under air. The plates were incubated overnight at
4°Cwith 100 pl of TBS containing 1% BSA and then washed three times
with 0.05% Tween 20 in TBS. Then, 50 pl of diluted plasma sample
(diluted 50 times with 1.0% BSA-TTBS) was added to each well. After a
2 hour incubation at room temperature, plates were washed three
times with 0.05% Tween 20 in TBS.

FV bound to phosphatydilserine (FV:PL-bound) was detected
using peroxidase conjugated anti-human Factor V sheep IgG. The
plates were developed for 10 minutes with o-phenylenediamine and
H,0, diluted in 0.1 mol/L citrate-phosphate buffer at pH 5.0. The
reaction was stopped by addition of 2.5 mol/L H,SO4 and the
absorbance measured at 490 nm. Dilutions of pooled normal plasma
(1:25 - 1:800 dilution) were used to calibrate the assay. Results were
expressed as a percentage of that found in normal pooled plasma.

Statistical analysis

The Mann-Whitney U test was used to compare the results for FV:
Ag or FV:PL-bound between the DVT patients and controls. Between-
group differences in age were examined by Student's t-test, and
between-group differences in sex ratio were examined by the chi-
square test. Odds ratios (ORs) with 95% confidence intervals (Cls)
were calculated as an estimate of the relative risk for development of
DVT. All analyses were performed with StatFlex ver. 5.0 software
(Artech Inc., Osaka, Japan). A p value of <0.05 was considered
statistically significant.

Results
Standard curve for the FV:PL-bound assay

For the standard curve, FV concentrations from 200% to 6.25% of
normal were prepared with dilutions of pooled normal plasma (x25,
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Fig. 1. Standard curve for phospholipid bound factor V. Standard samples were prepared
by dilution of normal pooled plasma (200%, x 25. 100%, x 50. 50%, x 100. 25%, x 200.
12.5%, % 400. 6.25%, x 800).



