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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-
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-1 at a single
time point in the post-operative period is a reliable marker among the
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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Vascular thrombosis and immunological rejec-
tion of the transplanted liver in patients under-
going liver transplantation are frequent and
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acute rejection; AST, aspartate aminotransferase; ELISA,
enzyme linked immunosorbent assay; LDH, lactate dehy-
drogenase; NAR, no acute rejection; PAI-1, plasminogen
activator inhibitor 1; PELD, pediatric model for end-stage
liver disease; PT-INR, prothrombin time-international
normalized ratio; sES, soluble E-selectin; TM, thrombo-
modulin; VWF, von Willebrand factor; y-GTP, y-glutamyl
transpeptidase.

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, 15.1 = 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, 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 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
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0.1 mg/kg/h, and prostaglandin E1 at the dose of 0.01 pg/
kg/min till 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, i.c., PAI-1, TM, ADAMTS13, 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 lLiver (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). ADAMTSI3 is the vWF cleaving protease
that plays an important role in vWF multimer processing
(9). It 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 ADAMTS13 (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
of a typical thrombotic microangiopathy (9). It is possible
that ADAMTSI13 deficiency might occur after liver trans-
plantation, and plasma ADAMTSI13 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 cell 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 rejection activity in-
dex (3) scores (1, 15, 16). Patients suspected of suffering
from acute cellular rejection because of deterioration 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 cellular 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 t-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 failure. 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
levels had returned to almost 90-100% of the
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 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 ! 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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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 ADAMTS13 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 ADAMTSI13 and
the possibility that ADAMSI13 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
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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-1 in 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 follawing liver transplanta-
tion

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

Before® After? Day 14

PAI-1 {ng/ml) 793+ 103.9% 23.0+107 385+ 304
Plasminoger (%) 852 +228% 99.4:290 9768+ 138
Protein C (%) 657 = 230% 893379 B872+255
ADAMTS13 (%) 675+ 241 778:236 7251174
ATIN {%) 963+ 173 1115574 993+ 149
PT-INR 11702t 108:013 113+013
Fibrinogen {mg/mL} 2953 + 1164 296.3 = 106.7 280.6 + 74.0
Thrombomodulin (U/mL)  10.2 + 3.8 108+48 B.7+52

Soluble E-selectin {ug/mL) 438 + 167 464 +180 3352172
Soluble fibrin {zg/mL} 1357+173 BB4+148 1021139

*Values at the time immediately before acute cellular rejection.

Talues after cessation of acute cellular rejection.

tyalues taken fram the time point proximate to acute cellular rejection (before)
are significantly different from thase of group AR after cessation of acute
cellular rejection {after) and those on day 14 in group NAR (p < 0.01].
Values are mean ¢ 5.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-I
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% of the patients in
group AR.
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Table 2. Multiple logistic regression analysis of btomarkers

QOdds ratio Canfidence intarval p-value
PAI-1 17.91 4.89-64.36 <0.0M
ADAMTS13* 6.40 185-22.03 0.003
Pratein C* 458 1.14-18.28 0.027
Plasminogen™ 7.86 1.23-49.83 0.02
Saluble fibrint 0.60 Not applicable 060
Soluble E-selectin® 0.60 Not applicable 0.65
Thrombomadulin® 0.421 Not applicable 0.42

*Decrease of marker values from the previous time point was adopted.
Yincrease 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 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 OKTS3, is usually effective,
though the prediction and rapid diagnosis of AR
may be important for its effective treatment. In

—163—



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-
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 ADAMTSI13 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 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 setting
causing inflammatory cytokine release (24).
Therefore, the increase in PAI-1 levels seen
during acute celiular 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 ADAMTS13 in stellate cells, result-
ing in decreased plasma ADAMTSI3 levels
because the plasma ADAMTSI3 level was sig-
nificantly decreased in patients with sepsis-
induced disseminated intravascular coagulation
(5) and ADAMTSI13 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
system in 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. PAl-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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Gene transfer of dopamine-synthesizing enzymes into
the striatal neurons has led to behavioral recovery in
animal models of Parkinson’s disease (PD). We evaluated
the safety, tolerability, and potential efficacy of adeno-
associated virus (AAV) vector-mediated gene delivery of
aromatic L-amino acid decarboxylase (AADC) into the
putamen of PD patients. Six PD patients were evaluated
at baseline and at 6 months, using multiple mea-
sures, including the Unified Parkinson’s Disease Rating
Scale (UPDRS), motor state diaries, and positron emis-
sion tomography (PET) with 6-['®F}fluoro-L-m-tyrosine
(FMT), a tracer for AADC. The short-duration response
to levodopa was measured in three patients. The pro-
cedure was well tolerated. Six months after surgery,
motor functions in the OFF-medication state improved
an average of 46% based on the UPDRS scores, with-
out apparent changes in the short-duration response to
levodopa. PET revealed a 56% increase in FMT activity,
which persisted up to 96 weeks. Our findings provide
class IV evidence regarding the safety and efficacy of
AADC gene therapy and warrant further evaluation in a
randomized, controlled, phase 2 setting.
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INTRODUCTION

Dopamine replacement has been the standard pharmacotherapy
for motor impairment in Parkinsons disease (PD). Although
virtually all patients benefit from levodopa at an early stage of the
disease, severe loss of nigrostriatal nerve terminals in advanced PD
leads to profoundly decreased activities of dopamine-synthesizing
enzymes, including aromatic L-amino acid decarboxylase (AADC),
an essential enzyme that converts levodopa to dopamine. Failure to
respond to levodopa therapy may result from a reduction in AADC
activity, decreased dopamine storage capacity in synaptic vesicles,
postsynaptic changes in striatal output neurons, and abnormalities

of nondopaminergic neurotransmitter systems.'? Systemic admin-
istration of high-dose levodopa enhances oscillations in motor
performance and complications, including hallucinations, due to
dopaminergic stimulation of the mesolimbic system.

One potential treatment for advanced PD is gene therapy
to restore striatum-selective dopamine production. In addition
to AADC, tyrosine hydroxylase, which converts v-tyrosine to
levodopa, and guanosine triphosphate cyclohydrolase 1, which
catalyzes biosynthesis of the essential tyrosine hydroxylase
cofactor, tetrahydrobiopterine, are necessary for efficient synthe-
sis of dopamine.? Viral vector-mediated gene transfer of these
dopamine-synthesizing enzymes has been shown to achieve
behavioral recovery in animal PD models, with efficient trans-
duction of striatal neurons that escape degeneration’* When
tyrosine hydroxylase and guanosine triphosphate cyclohydro-
lase I are expressed in the striatum, levodopa can be synthesized
continuously. This strategy would be useful for reducing motor
fluctuations associated with intermittent levodopa intake. Gene
transfer of AADC alone in combination with oral levodopa admin-
istration would be a safer strategy for initial clinical trials. In the
latter approach, the patients still need to take levodopa to control
motor symptoms, but excess production of dopamine could be
avoided by reducing the dose of levodopa. We assessed the safety,
tolerability, and the potential efficacy of intraputaminal infusion
of recombinant adeno-associated virus (AAV) serotype 2 vector
encoding human AADC (AAV-hAADC-2) in patients with mid-
to late-stage PD. We also examined whether the short-duration
response to levodopa, the antiparkinsonian response that parallels
the plasma levodopa levels, would change after gene therapy.”

RESULTS

Patient disposition and baseline characteristics

Six patients (4 men, 2 women), mean age 60 (range, 51-68) years,
were enrolled (Table 1). The mean disease duration was 10
(range, 5-18) years, and time on levodopa was 9.3 (range, 5-15)
years. The average baseline daily levodopa and levodopa equivalent
doses were 642 and 808 mg, respectively.
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Table 1 Patients’ baseline characteristics
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Disease Time on Levodopa Levodopa
Subject Age (years) Sex duration (years)  levodopa (years) dose (mg) equivalents (mg)
A-1 51 M 11 : | 600 900
A-2 63 M 9 9 450 650
A-3 66 E 7 500 700
A-4 58 M 11 11 700 700
A-5 68 F 18 15 1,000 1,100
A-6 56 M 5 5 600 800
Mean (SD) 60 (6.5) 67% M 10 (4.5) 9.3(3.4) 642 (196) 808 (169)

Abbreviations: F, female; M, male.

Patients are listed in the order in which they received treatment. Levodopa equivalents were estimated as follows: 100mg of levodopa with a dopa-decarboxylase
inhibitor is equivalent to 0.8 mg talipexole, 1 mg pergolide, 1 mg pramipexole, and 1.5mg cabergoline.

Primary end point

The procedure was well tolerated. All patients completed all
protocol-defined visits. One patient (patient A-2) had a venous
hemorrhage in the right frontal lobe just below a burr hole that
was found on CT scan 3 days after infusion. The patient used his
left arm less frequently than his right arm for 3 weeks; this was
assumed to reflect mild frontal lobe dysfunction and resolved
completely. Mild, transient headache around the burr holes was
present for 2 days after surgery in all patients. There were no
significant laboratory test abnormalities. All patients had mildly
increased titers of anti-AAV2-neutralizing antibodies 6 months
after treatment, which tended toward baseline concentrations
thereafter (Table 2).

Clinical evaluations

The clinical results are summarized in Table 3. Intraputaminal
AAV-hAADC-2 infusion significantly improved both total and
motor scores of the unified Parkinson’s disease rating scale
(UPDRS) in the OFF state. Five of six patients showed sub-
stantial improvement in UPDRS motor ratings in the OFF state
(Figure 1). Changes in the UPDRS ON state and the percent of
ON state hours in a day were not significant. One patient with
relatively mild motor symptoms at baseline did not improve
on UPDRS (A-3 in Figure 1). However, this patient showed a
remarkable increase in mobile time as measured by the dia-
ries (28% at baseline to 58% at 6 months after gene transfer;
Figure 2). The daily dose of levodopa was unchanged in two
patients (A-2 and A-5) and reduced in three patients (A-1, A-3,
and A-5) at 6 months. Patient A-6, who had daytime sleepiness,
preferred to reduce pramipexole instead of levodopa after gene
therapy.

The last three patients underwent the levodopa test after our
institutional review board confirmed the safety of AADC gene
transfer in the first three patients. The short-duration response to
levodopa did not change significantly after gene therapy in these
three patients, though UPDRS motor scores at 6 months showed
slight improvement at 30 minutes in patient 5 and at 120 minutes
in patient 4 after levodopa intake (Figure 3). Significantly higher
peak plasma levodopa concentrations were observed in these two
patients after gene therapy.

The mini-mental state examination (MMSE) and geriatric
depression scale (GDS) scores did not change significantly.

1732

Table 2 Changes in neutralizing AAV2 antibody titers in sera
following gene therapy

Subject Pre 2 weeks 6 months 1 year
A-1 12 1:4 1:4 1:4
A-2 <1 1:32 1:4 1:2
A-3 1:32 1:64 1:64 1:32
A-4 1:32 1:32 1:256 1:64
A-5 1:4 132 1:32 1:32
A-6 <1 1:16 1:32 1:32

Abbreviations: AAV, adeno-associated virus.
Titers are determined by in vitro assay and represented as “1:” dilutions.

Table 3 Clinical outcomes of six patients

Baseline 6 months P value
UPDRS Total OFF 53(12.4) 38(10.1) 0.049*
UPDRS Total ON 15(7.2) 10.7(2.9) 0.262
UPDRS Part I1I (Motor) OFF 25.3(94) 13.7(6.0) 0.024*
UPDRS Part III (Motor) ON 5.2 (4.6) 1.8 (1.5) 0.120

48.8(12.9) 55.4(14.8) 0.348
808 (169) 707 (233) 0.097

Abbreviations: OFF, off-medication state; ON, on-medication state; UPDRS,
Unified Parkinson’s Disease Rating Scale.

Data are presented as means (SD). The UPDRS scores in each patient did not
change during the 2 months of the screening period.

*P20.05,

Percent day spent in mobile state

Daily levodopa equivalents dose, mg

PET analysis

PET imaging revealed increased 6-['*F]fluoro-L-m-tyrosine
(FMT), a tracer for AADC, activity 4 weeks postoperatively, which
persisted at 6-month evaluation (Figure 4). The mean increase in
FMT uptake from baseline in the combined (right and left) puta-
men at 24 weeks was 56%. Two patients (A-1 and A-2) who had
PET scans 96 weeks after surgery showed persistently increased
FMT uptake. In these two patients, motor performance in the
OFF state also maintained its improvement at 96 weeks.

DISCUSSION

Extensive preclinical studies on both rodent and nonhuman pri-
mate models of PD have shown that AAV vectors can express
exogenous genes for a long time in the brain target areas without

www.moleculartherapy.org vol. 18 no. 9 sep. 2010
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Figure 1 Changes in UPDRS scores. Absolute changes in scores from
baseline to 6 months for individual patients. OFF, off-medication state;
ON, on-medication state; UPDRS, Unified Parkinson’s Disease Rating
Scale.

significant toxicity>#4** Recently, three phase I clinical trials of
gene therapy for advanced PD demonstrated that AAV vector-
mediated gene delivery into the subthalamic nucleus or putamen
was safe and tolerable.'*"* In this study, the safety of the AAV vec-
tors for clinical use in the human brain was confirmed. Although
one patient developed a venous hemorrhage in the subcortical
white matter along the trajectory, it is well known that cerebral
bleeding occasionally occurs in association with surgical proce-
dures for deep brain stimulation in which electrodes are inserted
into the basal ganglia through the frontal lobe white matter."**
PET imaging in this patient showed that putaminal AADC expres-
sion was not affected by the subcortical venous hemorrhage and
persisted up to 96 weeks. Thus, the venous hemorrhage was prob-
ably due to the surgical procedure and not gene transduction.
Although the present trial was a small, open-label study, and
the nonblinded, uncontrolled analysis limits the interpretation,
the initial efficacy outcomes are encouraging. Our patients showed
improved motor performance in the OFF state. Levodopa has a
relatively short plasma half-life (60-90 minutes), and antiparkin-
sonian effects observed after levodopa administration have gener-
ally been recognized as short- and long-duration responses. The
short-duration response roughly parallels the plasma levodopa
concentrations and is thought to be closely linked to dyskinesia,
whereas the long-duration response builds up over weeks and
improves trough (worst) motor performance in the OFF state.”
Because the pattern of the short-duration response to levodopa
did not change after gene therapy in our patients, the beneficial
effect on the OFF state appears to be attributed to augmentation
of the long-term response to levodopa.' In the preclinical studies
with animal models of PD, AAV vectors mainly transduced
medium spiny neurons that have dopamine receptors, and extra-
cellular dopamine was increased in the striatum after administra-
tion of levodopa.>'” The mechanism underlying the long-duration
response is not sufficiently understood, and future study is neces-
sary to determine how nonphysiologic production of dopamine

Molecular Therapy vol. 18 no. 9 sep. 2010
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Figure 2 Evaluation of patients’ diaries and daily doses of levodopa
equivalents. For each 30-minute interval throughout the day, the
patients recorded whether they were mobile (ON), immobile (OFF),
or asleep. They also recorded the time with troublesome dyskinesias
(Dyskinesia). The graph shows the percentage of hours in a day spent in
each condition at baseline and at 6 months. The numbers on the bars
indicate the mean daily doses of levodopa equivalents (mg). OFF, off-
medication state; ON, on-medication state.

in the striatal neurons could enhance the response. It has been
reported that the sustained long-duration response to levodopa is
greater in patients treated with higher single doses of levodopa.'®
Thus, it is likely that increased dopamine in the putamen after
gene transfer may enhance the stable long-duration response.
Motor fluctuations in PD are associated with increased response
to levodopa with a deeper trough in motor performance, rather
than shortening of the response. Improving trough or OFF state
motor function by augmenting the long-term response would
likely reduce motor fluctuation.' Two of three patients in whom
the short-duration response to levodopa was studied showed
increased peak plasma levodopa concentrations after gene therapy.
This finding may simply reflect variable absorbance of levodopa,
and it remains to be elucidated whether changes in gastrointesti-
nal absorption could be related to better motor performance in
the OFF state."

Activities and levels of AADC mRNA and protein are pro-
foundlyreduced in advanced PD,? but there are still several types of
AADC-containing cells in the striatum, such as serotonin neurons,
intrinsic dopamine neurons, AADC-containing “D” neurons, and
glial cells.® These cells may act as a local source of dopamine.
However, dopamine produced in nondopamine cells may not be
taken up into dopamine cells and stored in synaptic vesicles, as
dopamine transporter and vesicular monoamine transporter 2 are
also reduced in advanced PD. The functional efficacy of dopamine
produced from exogenous levodopa in these cells may be limited,
at least in primates.*® Striatal output neurons, main targets in
AADC gene therapy, play a principal role in dopamine modula-
tion of motor function in the basal ganglia. Dopamine synthesized
in the striatal neurons themselves may more easily stimulate both
synaptic and extrasynaptic receptors.
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Figure 3 Short-duration response to levodopa. Comparison of short-duration response to levodopa before (blue) and after gene therapy (brown)
in three patients (A-4, A-5, and A-6). Patients took 100mg of levodopa with 25 mg benserazide orally after 20 hours without dopaminergic medica-
tion. Values represent means and SE of three trials. Upper panels: plasma levodopa levels; lower panels: Unified Parkinson’s Disease Rating Scale motor

scores. *P < 0.05.

Results of a similar phase I protocol were reported recently for
the 10 patients treated with AAV-hAADC-2 (ref. 10). That study
used the same vector preparations as this study. The subjects were
divided into two groups that received the same or one-third dose
of the vector used in this study, respectively. Although the present
patients had slightly milder initial symptoms, the patients treated
with the same dose of vector in the two studies showed similar
improvement in the OFF state and putaminal FMT uptake on PET.
These findings provide independent confirmation of the safety,
tolerability, and potential efficacy of AADC gene therapy. Future
studies focusing on optimal vector dosing and defining the rela-
tionship between vector dose and clinical effects are necessary.?

In conclusion, these data indicate that AAV vector-mediated
gene transfer of AADC is safe and may benefit advanced PD
patients.

MATERIALS AND METHODS

Study design. The protocol and consent forms were approved by the insti-
tutional review board. The protocol was also reviewed by the committee of
the Ministry of Health, Labour and Welfare of Japan. A data safety moni-
toring board reviewed the ongoing study. All subjects reviewed the consent
form and provided their written, informed consent.

This 24-week, phase I, open-label study was primarily designed to
evaluate the safety and tolerability of intraputaminal AAV-hAADC-2
infusion in idiopathic PD. Patients were evaluated preoperatively and
monthly postoperatively for 6 months, using multiple measures, including
the UPDRS, motor state diaries, the MMSE, the short form of the GDS,
and laboratory tests. The UPDRS was done in the practically defined OFF
state 12 hours after withdrawal of all antiparkinsonian medications, and
in the ON state 1 hour after administration of the usual morning dose of
medication. Motor scores for the UPDRS can range from 0 to 56, with
higher scores indicating poorer function. Using diaries that separated
the day into half-hour segments, the patients recorded their mobility
during the 4 days before admission and for another 4 days at 6 months

1734
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Figure 4 FMT-PET images. Axial images at the level of the putamen
are shown before and 24 weeks after gene therapy for all six patients.
Increased FMT uptake persisted until 96 weeks in two patients. The 4-week
images are not shown because they are similar to the 24-week images.
FMT, 6-['*F}fluoro-L-m-tyrosine; PET, positron emission tomography.

after admission. They were trained to rate their condition as sleeping,
immobile, mobile without troublesome dyskinesias, or mobile with
troublesome dyskinesias. The total number of hours spent in each of these
categories was calculated, and the differences between the baseline and
the 6-month scores were compared between the groups.

The short-duration response to levodopa was evaluated in three
patients (patients 4-6) at baseline and 6 months after gene transfer; they
took 100mg of levodopa orally with 25mg benserazide after 20 hours
without dopaminergic medication. Motor symptoms based on UPDRS
motor (part III) and plasma levodopa concentrations were assessed at
baseline and 30 minutes, 1, 2, 3, and 4 hours after levodopa intake.

Patients. The main entry criteria were: age 45-75 years; diagnosis of

moderate to advanced PD, defined as Hoehn and Yahr Stage IV and
UPDRS in the practically defined OFF condition of at least 20; at least

www.moleculartherapy.org vol. 18 no. 9 sep. 2010
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5 years of levodopa therapy; a minimum 8-point improvement in the
UPDRS motor score after levodopa intake; and motor complications not
satisfactorily controlled with medical therapy. The main exclusion criteria
were atypical parkinsonism, dementia (MMSE score <20), and previous
neurosurgical treatment for PD.

Vector and stereotaxic infusion. The vector used in this trial was a recom-
binant AAV2 with an expression cassette consisting of a human cyto-
megalovirus immediate-early promoter, followed by the human growth
hormone first intron, complementary DNA of human AADC, and simian
virus 40 polyadenylation signal sequence.* Clinical grade AAV-hAADC-2
was manufactured by Avigen (Alameda, CA) and provided by Genzyme
(Boston, MA). The patients received AAV-hAADC-2 vig bilateral intrapu-
taminal infusions. Two target points were determined in the putamen that
were sufficiently separated from each other in dorsolateral directions and
identified on a magnetic resonance image. One burr hole was trepanned
in each side of the cranial bone, through which the vector was injected
into the two target points via the two-track insertion route. The vector-
containing sclution was prepared to a concentration of 1.5 x 10 vector
genome/ml, and 50l per point of the solution were injected at 1 pl/min;
each patient received 3 x 10" vector genome of AAV-hAADC-2,

Neutralizing antibody titers against AAV2 were determined by
measuring B-galactosidase activities in HEK293 cells transduced with
5 x 10° vector genome/cell of AAV2 vectors expressing B-galactosidase in
various dilutions of sera.”

PET. The AADC expression level in the putamen was assessed on PET
imaging with FMT 6 days before surgery and 1 and 6 months after gene
transfer. All patients stopped dopaminergic medications 18 hours before
PET and took 2.5mg/kg of carbidopa orally 1 hour before FMT injection.
Subsequently, 0.12mCi/kg of FMT in saline were infused into an antecu-
bital vein, and a 90-minute dynamic acquisition sequence was obtained. The
PET and magnetic resonance imaging data were co-registered with a fusion
processing program (Syntegra; Philips, Amsterdam, The Netherlands)
to produce the fusion images. Radioactivities within volumes of interest
drawn in the putamen and occipital lobe were calculated between 80 and
90 minutes after tracer injection. A change in putaminal FMT uptake from
baseline to 24 weeks was assessed using the putaminal-occipital ratio of
radioactivities.

Statistical analysis. Values at baseline and 6 months after gene trans-
fer were compared using Student’s t-test (paired analyses). A two-sided
P value <0.05 was taken to indicate significant differences. Two-way
analysis of variance with Bonferroni correction of P values was used for
the short-duration response to levodopa.
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Abstract

A recombinant adeno-associated virus serotype 2 Reference Standard Material (rAAV2 RSM) has been produced
and characterized with the purpose of providing a reference standard for partidle titer, vector genome titer, and
infectious titer for AAV2 gene transfer vectors. Production and purification of the reference material were carried
out by helper virus—free transient transfection and chromatographic purification. The purified bulk material was
vialed, confirmed negative for microbial contamination, and then distributed for characterization along with
standard assay protocols and assay reagents to 16 laboratories worldwide. Using statistical transformation and
modeling of the raw data, mean titers and confidence intervals were determined for capsid particles ({X],
9.18x10™ particles/ml; 95% confidence interval [CI], 7.89x10" to 1.05x10' particles/ml), vector genomes
(X}, 3.28x10" vector genomes/ml; 95% CI, 2.70x10' to 4.75x10' vector genomes/ml), transducing units
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(1X}, 5.09%10® transducing units/ml; 95% CI, 2.00x10® to 9.60x10® transducing units/ml), and infectious units
({X}, 4.37x10° TCIDs, IU/ml; 95% CI, 2.06x10° to 9.26x10° TCIDs, IU/ml). Further analysis confirmed the
identity of the reference material as AAV2 and the purity relative to nonvector proteins as greater than 94%. One
obvious trend in the quantitative data was the degree of variation between institutions for each assay despite the
relatively tight correlation of assay results within an institution. This relatively poor degree of interlaboratory
precision and accuracy was apparent even though attempts were made to standardize the assays by providing
detailed protocols and common reagents. This is the first time that such variation between laboratories has been
thoroughly documented and the findings emphasize the need in the field for universal reference standards. The
rAAV2 RSM has been deposited with the American Type Culture Collection and is available to the scientific
community to calibrate laboratory-specific internal titer standards. Anticipated uses of the rAAV2 RSM are

discussed.

introduction

ECOMBINANT ADENO-ASSOCIATED VIRAL (rAAV) vectors

are rapidly becoming the gene delivery vehicle of choice
for gene transfer, with numerous publications describing their
use in animal models and more recently in clinical trials
(Warrington and Herzog, 2006; Mueller and Flotte, 2008). The
movement of the gene therapy field toward the use of rAAV
vectors in clinical trials is largely due to the demonstration of
long-term transgene expression in animal models with little
associated toxicity and good overall safety profiles in humans
(Snyder and Flotte, 2002; Moss et al., 2004; Warrington and
Herzog, 2006; Maguire et al., 2008; Mueller and Flotte, 2008;
Brantly et al., 2009). Most of the historic data involve rAAV
serotype 2 vectors, but vector systems based on other AAV
serotypes with more efficient gene delivery profiles in specific
tissues are currently in human trials (Brantly et al, 2009;
Nienhuis, 2009) and their use will likely increase.

A major problem associated with the body of data to date
has been the inability to normalize vector doses administered
by different investigators to animals and humans. Thus,
there is a need for a reference standard that is recognized by
the rAAV research community and that is used to normalize
laboratory-specific intemnal reference standards and test
vector titers related to common reference standard units.
This need is not new to the field of gene therapy and has
previously been addressed for adenoviral vectors. The
Adenovirus Reference Material Working Group (ARMWG)
developed and characterized the adenovirus reference ma-
terial (ARM) for the purpose of normalizing titers and
doses of gene therapy vectors based on adenovirus type 5
(Hutchins, 2002). Following this example, the U.S. Food and
Drug Administration (FDA) and the National Institutes of
Health (NIH) Recombinant DNA Advisory Committee
(RAC), together with the support of the National Gene
Vector Laboratory (NGVL), a program of the NIH National
Center for Research Resources (NCRR), encouraged aca-
demic and industry scientists within the AAV commu-
nity to form an AAV Reference Standard Working Group
(AAVRSWG) charged with the development a high-quality
rAAV reference standard material (Snyder and Flotte, 2002).
The AAVRSWG is a volunteer organization and comprises
members from both industry and universities in nine dif-
ferent countries, and the International Society for BioProcess
Technology (www.ISBioTech.org), under the guidance of the
FDA and NIH (Moullier and Snyder, 2008; Potter et al., 2008).
Although new serotypes of AAV are currently emerging as

efficient gene delivery vectors, the AAVRSWG decided that
the first AAV reference standard material should be based on
the prototypical AAV serotype 2 because this is by far the
best characterized serotype. The approach used in the de-
velopment of this reference standard lays the groundwork
for the development of reference standard materials based
on other serotypes. Indeed, a second AAVRSWG has been
formed for the development of an AAVS reference material
{Moullier and Snyder, 2008).

The AAV2RSWG recognized that the rAAV2 reference
standard material (rAAV2 RSM) must be supplied in suffi-
cient quantity to each requestor for use in all necessary tests
at each location, be of high quality, and remain stable for an
extended period of time. The group drew up guidelines for
the production and purification of the rAAV2 RSM, which
were carried out at the Vector Core of the University of
Florida's Powell Gene Therapy Center (Gainesville, FL)
(Potter et al, 2008). The production process involved
cotransfection of batches of ten 10-layer Cell Factories con-
taining HEK293 cells with an AAV2 genome/eGFP trans-
gene plasmid and a second plasmid encoding the AAV2
capsid proteins and necessary helper functions. The trans-
fected cells were harvested and the vector was purified by
sequential rounds of column chromatography. A Quality
Control subcommittee of the AAV2RSWG was formed for
the purpose of characterizing the rAAV2 RSM. In consulta-
tion with members of the AAV2RSWG, the committee
selected the following characterization assays: (1) capsid titer
by A20 enzyme-linked immunosorbent assay (ELISA; Pro-
gen Biotechnik, Heidelberg, Germany); (2) vector genome
titer by quantitative polymerase chain reaction (qQPCR); (3}
infectious titer by median tissue culture infective dose
(TCIDs;) with qPCR readout and by transduction (green
fluorescent protein [GFP] readout); and (4) purity and capsid
identification by sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

The AAV2 RSM was distributed worldwide to 16 labora-
tories that volunteered to conduct one or more of the char-
acterization assays. Testing proceeded from July 2008 to
March 2009, at which point the quantitative data were col-
lated and statistically analyzed to determine mean titer and
confidence intervals, Preliminary analysis showed significant
variance and nonnormal data distribution with all of the
assays except for particle titer determination. The variance
was observed despite providing a standardized protocol and
reagents to the testing group and highlights the need within
the AAV community for a reference standard with which
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assay titers can be normalized. Using statistical transforma-
tion to better approximate normal distributions and model-
ing to offset the lack of independence of duplicate assays
within an institution, appropriate estimations of the mean
titers and confidence intervals have been determined.

Materials and Methods
Reference standard material production

Production and purification of the rAAV2 RSM were
carried out at the Vector Core of the University of Florida’s
Powell Gene Therapy Center between February 2006 and
January 2007. The production process has been described in
detail elsewhere (Potter et al., 2008) and is briefly summa-
rized here. Production was initiated by cotransfection of
HEK293 cells in ten 10-layer Nunc Cell Factories (Thermo
Fisher Scientific, Waltham, MA) with plasmid pTR-UF-11,
containing the vector genome and eGFP expression cassette
(Burger et al., 2004), and the pDG-KanR helper plasmid, a
kanamycin-resistant version of pDG (Grimm et al., 1998) at a
1:1 molar ratio, using a caldum phosphate precipitation
method. After a 60-hr incubation at 37°C, 5% CO,, trans-
fected cells were washed with phosphate-buffered saline
(PBS) and harvested in PBS containing 5mM EDTA. Samples
of cells were combined with spent tissue culture medium
and tested for mycoplasma and in vitro adventitious agents.
Cells were collected by centrifugation and stored at —20°C
until purified. For vector purification, cells were thawed,
lysed with 0.5% sodium deoxycholate, treated with Benzo-
nase (Merck, Darmstadt, Germany), and then disrupted by
microfluidization. Virions were then purified by STREAM-
LINE (GE Healthcare Life Sciences, Piscataway, NJ} heparin
affinity chromatography. Peak fractions were pooled and
applied to a Pheny] Sepharose (GE Healthcare Life Sciences)
chromatography column. The flow-through collected from
this second purification step was purified and concentrated
by sulfopropyl cation-exchange chromatography. Vector
was eluted with 5-10mi of 135 mM NaCl in PBS (equivalent
to 285mM ionic strength) and stored at —80°C. Eighteen
batches were prepared and pooled. The purified bulk was
diluted to ~2x10" vector genomes (VG)/m! with 135mM
NaCl in PBS, and sterile filtered into two 1.3-liter portions.
This filtered formulated bulk was stored frozen (-80°C) until
vialed. One of the 1.3-liter portions of the bulk was thawed
and refiltered, and 0.5ml was dispensed into 2087 vials at the
American Type Culture Collection (ATCC, Manassas, VA) to
produce VR-1616, the rAAV2 RSM.

Predistribution testing

Mycoplasma. Mycoplasma testing of the production
culture cell harvest and of the filtered formulated bulk pu-
rified material was performed at a contract testing laboratory
{(WuXi AppTec, Shanghai, China). For the cell harvest ma-
terial, medium and supernatant from each production batch
were sampled and pooled for testing. A total of 1x107 cells in
15ml of production culture supernatant was tested accord-
ing to Good Laboratory Practice (GLP), using the “Points to
Consider” assay described by the FDA Center for Biologics
Evaluation and Research (CBER/FDA, 1993). This assay
detects the presence of mycoplasma by both indirect (cell
culture) and direct (broth and agar) assays. The test article
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was incubated with monkey kidney cells, stained with a
DNA-binding fluorochrome (Hoechst stain), and evaluated
microscopically by epifluorescence. Agar and broth flasks
were inoculated with test article and incubated anaerobically
and aerobically, respectively. Broths were subcultured onto
agar plates on days 3, 7, and 14 days postinoculation. All
plates were examined no sooner than 14 days postinocula-
tion. Purified bulk rAAV2 RSM was tested by a modification
of the “Points to Consider” assay, in which three cycles of
inoculation and incubation on Vero cells precede the assay to
allow amplification of mycoplasma. Both harvested material
and purified bulk material were also tested, using a PCR
assay directed against the 165 rRNA gene of various myco-
plasma species (WuXi AppTec).

Bioburden. The presence of aerobes, fungi, spores, and
anaerobes in the purified bulk material was quantified by
plating on various media under specific incubation condi-
tions (WuXi AppTec). The sensitivity of this assay is <5
colony-forming units (CFU)/ml.

Sterility. The vialed rAAV2 RSM (cat. no. VR-1616;
ATCC) was tested for sterility at the Indiana University
Vector Production Facility (Indianapolis, IN) according to
GLP guidelines. The presence of aerobes, anaerobes, and
fungi was tested by direct inoculation of thioglycolate broth,
Trypticase soy broth, and Sabouraud dextrose agar and in-
cubation for 14 days at the appropriate temperature. Nega-
tive and positive (Bacillus subtilis, Candida albicans, and
Bacteroides vulgatus) controls were included.

Endotoxin. The vialed rAAV2 RSM was also tested for
endotoxin at the Indiana University Vector Production Fa-
cility according to GLP guidelines and using the Limulus
amebocyte lysate gel-clotting assay. Test samples were as-
sayed in duplicate and diluted 2-fold with water. The test
reagent (100 ul) was added to the rAAV2 RSM dilution and
incubated at 37°C for 60 min, and the tube was examined for
the presence of a gel clot. Negative, positive, and spiked
controls were included. The sensitivity of the assay was 0.06
endotoxin unit (EU)/ml.

Previaling stability study. An rAAV2-GFP vector prepa-
ration at 2x10'! VG/ml, in the same formulation as the
rAAV2 RSM (PBS + 135 mM NaCl), was placed in polypro-
pylene and glass vials (not siliconized) at 0.5ml per vial.
Vials of each type were stored at both temperatures. Vials
held at room temperature were assayed for infectious titer
after 1hr, 1 day, 3 days, and 7 days; vials stored at —80°C
were assayed for infectious titer at 1hr, 1 day, 14 days, 35
days, and 124 days (Potter et al., 2008).

RSM handling stability study. The rAAV2 RSM was
thawed on ice and aliquoted into siliconized plastic vials.
Aliquots were either tested immediately for transducing
titer, infectious titer, and vector genome titer or stored at 4°C
or —80°C for 3 days and then tested.

rAAV2 RSM handling. For AAV2 RSM characterization,
each testing laboratory received two vials from the ATCC on
dry ice. On receipt both vials were stored frozen at ~70°C to
—90°C. One vial was thawed at room temperature while
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mixing gently and then kept on wet ice. Within 1hr
of thawing, the infectious titer and transducing titer as-
says were conducted. The remainder of the thawed vial
was stored at 4°C and mixed gently on use. Within 5 days
of vial thaw, the particle titer, vector genome titer, and
purity /identity assays were performed. These steps were
repeated for the second vial, starting on a different calen-
dar day.

rAAV2 RSM characterization assays

Brief descriptions of each characterization assay follow.
For those wishing to reproduce these assays, detailed pro-
tocols can be found at the links specified below or may be
requested directly from M. Lock or R. Snyder.

Particle titer. Particle concentration was determined by
each laboratory, using four separate dilution series from a
single vial in the Progen AAV2 titration ELISA (cat. no.
PRATV; Progen Biotechnik), by comparison with a standard
curve prepared from a previously titered rAAV2 prepara-
tion. See the protocol posted at http://www.isbiotech.org/
ReferenceMaterials/pdfs/AAV2_capsid_titer_assay_V2.pdf

Vector genome titer. Vector genome concentration was
determined in duplicate, testing one replicate from each of
two vials, by quantitative PCR of serial dilutions of rAAV2
RSM against a standard curve of plasmid pTR-UF-11 (MBA-
331; ATCC) (Burger et al., 2004) See the protocol posted at
http: //www.isbiotech.org /ReferenceMaterials/pdfs/ AAV2_
RSS_genome_copy_titration_QPCR.pdf

Transducing titer. Serial 10-fold dilutions of rAAV2 RSM
were made on HeLaRC32 cells (CRL-2972; ATCC) (Chadeuf
et al., 2000) and coinfected with adenovirus type 5 (VR-1516;
ATCC). Fluorescence microscopy was used to count GFP-
expressing cells at 72 hr postinfection. See the protocol posted
at hitp: //www.isbiotech.org /ReferenceMaterials /pdfs/AAV2_
RSS_Infectious_titer_assays_V2.pdf

Infectious titer. Serial 10-fold dilutions of an rAAV2 ref-
erence standard stock (RSS) were made on HeLaRC32 cells
(CRL-2972; ATCC) and coinfected with adenovirus type 5
(VR-1516; ATCC). Seventy-two hours postinfection total cell
DNA was extracted and analyzed for vector genome copies
by gPCR. Input vector genomes were subtracted and TCIDs,
titers were calculated according to the method of Kirber
(Kdrber, 1931). See the protocol posted at http://www
dsbiotech.org /ReferenceMaterials/pdfs/AAV2_RSS_Infectious_
titer_assays_V2.pdf

Purity and identity. The purity and identity of the rAAV2
RSM were evaluated by SDS-PAGE, using SYPRO ruby
(Invitrogen, Carlsbad, CA) or silver staining (SilverXpress;
Invitrogen). The AAV2 VP1, VP2, and VP3 capsid protein
bands were evaluated for their stoichiometry and size. Purity
relative to nonvector impurities visible on stained gels was
determined. Vector identity was verified by observation of
the electrophoretic banding pattern expected for AAV2 and
by comparison with positive controls. See the protocol
posted at http://www.isbiotech.org/ReferenceMaterials/
pdfs/AAV2_RSS_ldentity-Purity_assay.pdf

LOCK ET AL.

Results
rAAV2 RSM production and pradistribution testing

The goal of the AAV2RSWG manufacturing subcommittee
was to make a single lot of an rAAV-eGFP vector with a yield
of 1x10'® vector genomes. Eighteen batches of ten 10-layer
cell factories containing 293 cells were transfected and the
resulting AAV vector was purified from the transfected cells
by sequential heparin affinity, hydrophobic interaction, and
cation-exchange chromatography. The final column eluates
from the 18 batches prepared were pooled for a total of 150 ml.
The genome titer of this purified bulk was assayed by dot-blot
assay and, using this method, it was determined that the
material contained 5.69x10'* VG (Potter et al., 2008). The pu-
rified bulks were combined, diluted to ~2x10"* VG/ml, and
sterile filtered into two 1.3-liter portions. This filtered for-
mulated bulk was stored frozen (-80°C) in anticipation of
vialing. In March 2008, one of the 1.3-liter portions of
the bulk stock was thawed, refiltered, and dispensed into 2087
vials at the ATCC to produce the TAAV2 RSM (cat. no. VR-
1616). The vials, frozen in the repository at the ATCC, are
available for distribution. The other 1.3-liter portion of the bulk
material remains frozen at the ATCC, to be dispensed at a
later date if demand warrants (Potter et al., 2008).

Before freezing, the filtered formulated bulk was sampled
(5ml) and tested for bioburden by a contract testing labo-
ratory (WuXi AppTec). Aerobes, fungi, spores, and obligate
anaerobes all tested negative with an assay sensitivity of <5
CFU/sample. Before distribution, the vialed rAAV2 RSM
was tested under GLP guidelines for sterility (aerobes, an-
aerobes, fungi) and endotoxin at the Indiana University
Vector Production Facility. No bacterial or fungal contami-
nation was detected and endotoxin levels were less than 0.06
EU/ml. The production culture cell harvest and the filtered
purified bulk material were tested at WuXi AppTec for
mycoplasma contamination as detailed in Materials and
Methods (GLP “Points to Consider” assay). The harvest
material tested positive for Mycoplasma arginini (bovine ori-
gin) and the tests were valid (i.e., all controls performed).
The filtered purified bulk material was tested for myco-
plasma, using a modified assay with increased sensitivity. In
this test, a sample of the bulk material was passaged three
times on Vero cells before performing the GLP “Points to
Consider” assay. The bulk material tested negative for my-
coplasma whereas the spike-in controls performed as ex-
pected, indicating that the assay was valid. Last, the harvest
and bulk materials were tested by PCR (WuXi AppTec) for a
16S rRNA gene region specific to various mycoplasma spe-
cies. Using this assay, the harvest was confirmed positive
and the filtered formulated bulk again tested negative, with
all controls performing as expected. Thus whereas the har-
vested cells were positive for mycoplasma, the purified bulk
was negative for viable mycoplasma and no mycoplasma
DNA was detected, so it was concluded that the purification
process likely separated and/or inactivated the contaminat-
ing mycoplasma present in the harvest material (Potter et al.,
2008).

Beta testing

The AAV2RSWG Quality Control subcommittee was
formed for the purpose of characterizing the rAAV2 RSM.
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TABLE 1. tAAV2 REFERENCE STANDARD MATERIAL
TESTING LABORATORIES

University of Naples Federico II, Italy

University of North Carolina Vector Laboratories, USA

Universitat Autdnoma de Barcelona, Spain

Research Institute at Nationwide Children’s Hospital, USA

University of Florida, USA

Laboratoire de Thérapie Génique, France

Généthon, France

Applied Genetic Technologies, USA

International Center for Genetic Engineering and
Biotechnology (ICGEB), Italy

German Cancer Research Center (DKFZ), Germany

University of Pennsylvania, USA

Jichi Medical University, Japan

Sangamo BioSciences, USA

Université Libre de Bruxelles, Belgium

Amsterdam Molecular Therapeutics, The Netherlands

Children’s Hospital of Philadelphia, USA

Decisions regarding the characterization assays required
were made in consultation with the AAV2RSWG, and
members were invited to submit their assay protocols. These
protocols were reviewed and a lead protocol was chosen for
each assay. The assays chosen included (1) confirmation of
the serotype and capsid particle titer by A20 ELISA (Progen
Biotechnik); (2) determination of vector genome titer by
gPCR; (3) determination of infectious titer by median tissue
culture infective dose (TCID5,) with gPCR readout and by
transduction (GFP readout); (4) evaluation of the purity,
capsid subunit stoichiometry, and chemical integrity of the
capsid by SDS-PAGE.

During the protocol selection process it was realized that
the highest level of assay reproducibility in the various
testing laboratories could be ensured only if certain reagents
were provided along with the TAAV2 RSM. The reagents,
which are now available from the ATCC, include a cell line
expressing the AAV2 rep and cap genes (Hela32; kindly
provided by P. Moullier, INSERM UMR649 Nantes, France),
a concentrated adenovirus helper virus (the adenovirus
5 reference standard material, ARM) (VR-1516; ATCC) for
the transduction and infectivity assays, and the pTR-UF-11
vector plasmid (kindly provided by S. Zolotukhin, Powell
Gene Therapy Center and Division of Cellular and Molecular
Therapy, Department of Pediatrics, University of Florida,
Gainesville, FL) used to manufacture the AAV2 RSM viral
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vector. For both genome titer and infectious titer assays, a
gqPCR primer-probe set directed to the simian virus 40
(SV40) poly(A) sequence and a dilution series specific to the
RSM were selected. For the purity and identity assay, com-
mercially available assay reagents with the highest sensitiv-
ity were suggested. Using these reagents, the modified assay
protocols were beta tested at the University of Pennsylvania
Gene Therapy Program against both in-house standards
(AAV2.CMV.eGFP and AAV2.CMV.lacZ) and the rAAV2
RSM itself. The genome, infectious, and transduction titers of
the in-house standards correlated well with the titers previ-
ously established by in-house assays (see Table 2; and data
not shown) and vector genome-to-infectious or transduction
unit ratios were similar to those published elsewhere (Sal-
vetti et al., 1998; Zolotukhin et al., 1999; Zen et al., 2004).
Repeating the beta testing with the tAAV2 RSM allowed
appropriate dilution ranges to be established for several of
the characterization assays. The finalized protocols were
posted at the Intemational Society for BioProcess Technology
website (www.ISBioTech.org) and the HeLaRC32 cells (CRL-
2972; ATCC), pTR-UF-11 plasmid (MBA-331; ATCC), and
ARM (VR-1516; ATCC) assay reagents were made available
through the ATCC. The rAAV2 RSM (VR-1616; ATCC) was
distributed along with the required reagents and handling
instructions to 16 laboratories worldwide (Table 1) that vol-
unteered to conduct one or more of the characterization
assays.

Before filling the rAAV2 RSM, a study was conducted
with a different lot of rAAV2-GFP vector in the same for-
mulation to evaluate the short-term stability of the vector at
room temperature (the filling condition) and at —80°C (the
storage condition). Vials were filled with the beta test vector
and held at the test temperatures for the time periods indi-
cated (see Materials and Methods) and were then assayed for
infectious titer. In all scenarios, a 30-40% drop was observed
between the initial titer and the average of all samples taken
during the time course and it was assumed that this loss
likely indicated absorption to the container surfaces at the
low vector concentration (Potter ef al., 2008), because these
containers were not siliconized. After filling the rAAV2 RSM,
a limited study was also conducted to evaluate the stability
of the rAAV2 RSM after post-thaw storage at 4°C, and after
refreezing at —80°C. The purpose of the study was to de-
termine the appropriate conditions for handling of the RSM
once received by the testing laboratory. Transduction titers
fell 35 and 56% after storage or refreezing at 4°C and —80°C,
respectively, and infectious titer fell 78 and 63%, respectively

TABLE 2. QUALIFICATION OF REFERENCE STANDARD MATERIAL (RSM) TEsTING METHODS Using IN-House
STANDARDS AND BETA TESTING OF TAAV2 RSM UNDER VARIOUS STORAGE CONDITIONS

In-house standards rAAV2 RSM
AAV2.CMVeGFP  AAV2.CB.lacZ At thaw 4C -80°C*
Transducing titer (GFU/ml) 1.42x10% NA 1.89x10° 1.23x10° 8.38x10°
Infectious titer (TCIDs, IU/mi) 6.96x10" 2.42x10" 1.65%10'° 3.56x10° 6.23x10°
Physical titer (vector genomes/ml) 453x10™ 2.15x10 3.39x10'°  339x10"  3.41x10"
Vector genomes: infectious units 65 8.87 2.05 9.53 5.39
Vector genomes: transducing units 319 NA 17.90 27.50 40.70

Abbreviations: GFU, GFP (green fluorescent protein) forming units; NA, not available; TCIDs,, median tissue culture infective dose.
*Assayed 3 days postthawing, after storage at the indicated temperature.
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(Table 2). Conversely, no change was observed in the vector
genome titers under the various storage conditions. These
results indicated that the postthaw storage conditions were
adversely affecting the potency of the rAAV2 RSM and that
this decrease was not due to absorption to the siliconized
aliquot vials used in this study, because the vector genome
titer was unchanged. On the basis of these data the decision
was made to test two separate aliquots of the RSM and to
determine transducing and infectious titers within 1hr of
thawing a vial.

rAAV2 RSM characierization

The characterization phase of the tAAV2 RSM proceeded
from July 2008 to March 2009. On receipt, the RSM was
evaluated by the 16 testing laboratories according to the

LOCK ET AL.

posted protocols, and data were recorded on the assay
worksheets provided, which contained the necessary calcu-
lations for titer determination. Fifteen laboratories performed
the particle titer assay (31 replicates), 16 laboratories per-
formed the genome titer assay (36 replicates), 10 laboratories
performed the infectious titer assay (23 replicates), and 12
laboratories performed the transducing titer assay (19 repli-
cates). In some cases (four of the tests), substantial experi-
mental deviation from the posted protocols was noted and
these data have been omitted from the statistical analyses.
The raw data that emerged from the testing laboratories
for the four quantitative titer assays (Table 3) was statistically
analyzed to determine true mean titer values and confidence
intervals. The distribution was first visualized as histograms
(Fig. 1), and it was noted that with the possible exception of
the particle titer results, the data do not appear to be nor-

TABLE 3. rAAV?2 REFERENCE STANDARD MATERIAL RaAw CHARACTERIZATION DATA

Transducing titer Infectious titer
Particle titer Genome titer (green cells) (TCID50)
Laboratory Replicate (ELISA) (pt/ml) (4PCR) (VG/ml) (GFU/ml) (1fml)
A 1 1.08x10*? 4,68x10'° 1.27x10°
2 1.26x10'2 8.77x10%° 1.26x10°
B 1 8.25x10"! 7.03x10%° 3.63x10° 6.32x10°
2 8.28x10™ 7.58%10"° 1.00x108 1.36x10°
3 9.39x10'° 7.15x107 2.00x10°
1 7.70x10"! 8.60x10" 9.80x10°
2 6.05x10"! 4.19x10'
D 1 8.80x10" 1.01x10° 1.70x10° 1.02x10%
2 7.83x 10" 3.71x10'° 2.77x10° 6.96x10°
E 1 1.16x10"? 1.58x10'°
2 1.04x10" 1.14x10'°
3 1.61x10'°
F 1 1.66x10" 2.17x10" 6.60x108
2 1.01x10"2 2.12x10%° 570x10°
G 1 1.90%10"2 1.13x10% 4,02x10° 3.23x10°
2 9.39x10" 1.30x10'® 2.67x10°
H 1 2.04x10%°
2 2.13x10'°
1 1 8.56x 101! 5.93x%10'° 2.20x107
2 7.08x10" 6.10x10"° 2.95x107
] 1 1.24x10" 3.39x10'° 1.89x10° 1.65x10™
2 1.07x10'? 4.49x10'° 1.22x10° 2.42x10'°
K 1 5.29x 10" 3.72x10" 2.01x108
2 7.75x 10" 3.62x10'° 2.04x108
L 1 8.13x10" 1.31x10° 5.96x10° 1.50x10°
2 4.99x10" 1.63x10" 6.48x10° 6.96x10°
M 1 1.11x10" 1.16x10"° 8.88x10° 2.00x10°
2 1.25x10" 1.53x10° 452x10° 1.50x10°
N 1 3.93x10" 1.47x10% 3.82x10° 2.00x10%°
2 5.59x10"! 7.63x10° 2.62x10° 7.66x10°
3 9.58x 10" 4.24x10° 2.40x10°
o 1 1.06x10'2 6.04x10™°
2 1.09x10"? 1.27x10"
P 1 8.02x10M 4.20x10'° 7.66x10°
2 7.74x101 5.10x10" 6.96x10°
3 4.82x10% 9.28x10°
Mean 9.43%10"! 3.82x10% 6.94x10° 7.00x10°
Standard deviation 3.19x104 297x10° 7.03x10° 6.70x10°

“Four replicate test results were omitted because of documented experimental deviation from the posted protocols.
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FIG.1. Histograms displaying the distributions of (a) particle titer (pt/ml), (b} vector genome titer (VG/ml), (c) transducing

titer (GFU/ml), and (d) infectious titer (IU/mi).

mally distributed. Because valid estimation of the mean and
confidence interval relies on an underlying normal distri-
bution, it was clear that some form of transformation was
warranted. Common statistical transformation methods
employed are square root, natural log, and log base 10.
Means and intervals are calculated on the transformed data
and the results are then back-transformed to the original
measurement scale; the data for each assay were processed in
this way, using all three transformations. Analysis of the
mean and median (for normally distributed data these two
values are the same) and skewness and kurtosis estimates
confirmed that the transformations were performing as ex-
pected (data not shown). Figure 2 shows the results of the
most successful transformations for each assay as quantile-
quantile plots. In this analysis the quantiles (i.e., 5%, 10%,
etc.) obtained from the transformed data are compared with
the quantiles that would be expected for a normal distribu-
tion. A line that extends through the 25th and 75th quantile is
shown on the plots and the nearer the points are to this line,
the more normal the data distribution. With the exception of
two extreme points, the capsid particle titer assay data ap-
peared normally distributed without the need for transfor-
mation. For the vector genome titer and the transduction
titer, square root transformation appeared to approximate
normal distribution and seemed warranted. For the infec-
tious titer, a log base 10 transformation appeared the

most appropriate. The transformed data are summarized in
Table 4. For each assay, 2 and 3 standard deviation limits
were calculated corresponding to nominal 95 and 99.7%
confidence bounds on individual values. Any test result
lying outside of the 3 standard deviations was considered to
be an outlier. Using this criterion only a single test result
(from the particle titer assay) was determined to be an outlier
and was removed from the analysis; the values reported in
Table 4 exclude this data point.

An assumption we have made when calculating the mean
values and confidence intervals is that each test result is in-
dependent of another; however, this assumption does not
take into account that all institutions submitted duplicate
(and in some cases triplicate) test results for the assays. To
assess the degree of correlation between the two duplicate
samples, Pearson coefficients were determined. These esti-
mates ranged from 0.57 to 0.84 for the four assays (where a
value of 1 indicates a perfect correlation). The results indicate
that there is a significant correlation within institution and
that the assumption that each result is independent is vio-
lated. To account for this correlation, the transformed data
were modeled, using a linear random effect modeling ap-
proach (Littell et al., 2006). This allows for a unique compo-
nent associated with each institution to be included in the
model, under the assumption that these institutional random
effects have a mean of zero. When the correlation within an
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