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ABSTRACT

Background. Although the ischemic stress of donated organs has been shown to have
strong negative effects on islet recovery, the impact on islet quality remains uncertain. In
the present study, therefore, we examined the influence of ischemic stress on the
expression of inflammatory mediators among isolated islets.

Materials and methods. Islets were isolated from adult porcine pancreata subjected to
16-hour cold ischemia time (CIT) in addition to 40-minute warm ischemia time (WIT).
We evaluated the islet yield, islet loss during the first 24 hours in culture, adenosine
diphosphate (ADP)/adenosine triphosphate (ATP) ratio, ATP/DNA ratio, glucose-
stimulated respiratory activity, in vivo bioassay, and the expression of inflammatory
mediators (tissue factor [TF], [MCP-1], macrophage migration inhibitory factor) on the
isolated islets. We also analyzed ATP/DNA ratios of the exocrine tissues during isolation
procedures.

Results. The islet yield, survival rate during culture, and glucose-stimulated respira-
tory activity were significantly lower in cases of 16-hour CIT plus 40-minute WIT
compared with the control group (P < .0001, .0006, and .002, respectively). In contrast,
ADP/ATP ratio as well as TF and MCP-1 expressions on the isolated islets were higher
among the ischemic group (P = .005, .16, and .005, respectively). During isolation
procedures, the ATP/DNA of the exocrine tissues was extremely lower in the ischemic
compared to the control group (P < .0001). Notably, however, both ATP/DNA and
ADP/ATP ratio of isolated islets were well preserved even in the ischemic group (P =
.45 and .40).

Discussion. These data suggest that ischemic stress during the preservation period
negatively affects the energy status of exocrine tissues. Destruction of the exocrine tissues,
in combination with warm ischemic stress during the isolation procedures, subsequently
decreases isolated islet activity, inducing the expression of inflammatory mediators.
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ISCHEMIC STRESS AND PANCREATIC ISLETS

LTHOUGH THE ISCHEMIC STRESS of the do-
nated organs has a strong negative effect on islet
recovery,'~* its impact on islet quality remains uncertain. In
the present study, therefore, we examined the influence of
ischemic stress on the expression of inflammatory media-
tors in isolated islets. Furthermore, we evaluated the impact
of ischemic stress on the energy status of the pancreatic
tissues. We employed scanning electrochemical microscopy,
a technique in which the tip of a microelectrode monitors
the local distribution of electroactive species near the
sample surface, to assess islet viability and examine the
potency of insulin release.

MATERIALS AND METHODS

Islets were isolated from adult porcine pancreata subjected to
16-hour cold ischemia time (CIT) in addition to 40-minute warm
ischemia time (WIT). We evaluated on the isolated islets the
yield, islet loss during the first 24 hours in culture, adenosine
diphosphate (ADP)/adenosine triphosphate (ATP) and ATP/
DNA ratios, glucose-stimulated respiratory activity, in vivo bioas-
say, and the expression of inflammatory mediators—tissue factor
(TF), MCP-1, macrophage migration inhibitory factor. For the
respiratory activity assay, we used scanning electrochemical micros-
copy, which automatically measured the reduced current of far and
near points of the samples based upon spherical diffusion theory.
The respiratory activity of 10 islets in each group was calculated by
detecting the difference in the reduction current around the
samples uvsing 2- to 4-um platinum-coated microelectrodes as
described previously.® Glucose-stimulated respiratory activity was
indicated by the stimulation index of respiratory activity, defined as
the ratio of the activity in high (16.7 mmol/L) versus that in basal
glucose concentrations (1.67 mmol/L). The ATP/DNA of exocrine
tissues was also analyzed during isolation procedures. The ADP/
ATP assays, levels of insulin/DNA, and Trypan blue exclusion tests
were performed as previously described.®’
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Fig 1. Energy status of the exocrine tissues during isolation

procedures is shown. The y-axis indicates the adenosine
triphosphate (ATP) amount per DNA in the exocrine tissues. The
black bar shows fresh islets (Fresh), and the white bar shows
16-hour cold ischemia times (L-CIT). During isolation proce-
dures, the ATP/DNA of the exocrine tissues was extremely lower
in the ischemic group compared to the control group (P <
.0001).
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Fig 2. Energy status of the pancreatic islets during isolation
procedures is shown. The y-axis indicates the adenosine
triphosphate (ATP) amount per DNA in the pancreatic islets. The
black bar shows fresh islets (Fresh), and the white bar shows
16-hour cold ischemia times (L-CIT). Energy status of the
isolated islets was well preserved even in the ischemic group.

RESULTS

The islet yield, survival rate during culture, and glucose-
stimulated respiratory activity were significantly lower
among the 16-hour CIT and 40-minute WIT compared with
the control group (P = .0001, .0006, and .002, respectively).
In contrast, the ADP/ATP ratio as well as TF and MCP-1
expression on the isolated islets were higher in the ischemic
group (P 005, .16, and .00S5, respectively). During
isolation procedures, the ATP/DNA in exocrine tissues was
extremely less in the ischemic compared with the control
group (P < .0001; Fig 1). Notably, however, both the
ATP/DNA (Fig 2) and ADP/ATP ratios of isolated islets
were well preserved even among the ischemic group (P =
45 and .40).

DISCUSSION

The success of clinical islet isolations is less than 50% due
to several reasons.® Ischemic stress is one of the crucial
factors affecting the recovery of isolated islets. In the
present study, we have shown that ischemic stress during
the preservation period negatively affects the energy status
of the exocrine tissues, but not of the isolated islets.
Furthermore, we have also demonstrated that the expres-
sion of inflammatory mediators, such as TF and MCP-1, on
isolated islets was remarkably induced in the ischemic
compared with the fresh group. These data suggested that
the destruction of exocrine tissues during cold preservation,
in combination with warm ischemic stress during isolation
procedures, could contribute to decrease islet activity pos-
sibly due to the release of proteases from exocrine tissues
and subsequently induction of the expression of inflamma-
tory mediators on the isolated islets.
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Tissue factor (TF) and monocyte chemoattractant protein-1 (MCP-1) expressed on the islets have been
identified as the main trigger of the instant blood-mediated inflammatory reaction (IBMIR) in islet transplan-
tation. Because the key steps that directly induce TF and MCP-1 remain to be determined, we focused on
the influence of brain death (BD) on TF and MCP-1 expression in the pancreatic tissues and isolated islets
using a rodent model. TF and MCP-1 mRNA levels in the pancreatic tissues were similar between the BD
and the control group. However, TF and MCP-1 mRNA in the fresh islets of the BD group were significantly
higher than that of the control group (p < 0.01). BD may thus be suggested to be of great importance as an
initiator of TF and MCP-1 induction in the isolated islets. Furthermore, the upregulation of crucial inflamma-
tory mediators induced by BD could be exacerbated by warm ischemic damage during digestion procedures.
In the present study, the islet yield and purity were affected by BD. However, almost no influences were
observed with respect to islet viability, indicating that the expression of inflammatory mediators rather than
islet viability is more susceptible to BD. According to the change in time course of TF and MCP-1 expres-
sion in the isolated islets, the selected time point for islet infusion in current clinical islet transplantation
was thus shown to be at its worst level, at least with respect to the damage caused by BD and ischemic
stress. In conclusion, BD in combination with warm ischemic stress during isolation procedures induces a
high expression of TF and MCP-1 in the isolated islets. In order to reduce the expression of crucial inflam-
matory mediators in the islet grafts, the management of the pancreas from brain-dead donors with early anti-
inflammatory treatments is thus warranted.

Key words: Islets; Transplantation; Brain death; Tissue factor (TF);
Monocyte chemoattractant protein-1 (MCP-1)

INTRODUCTION

Islet transplantation is now becoming a viable option
for the clinical treatment of type 1 diabetic patients
(26,27,32). Although the Edmonton protocol introduced
various suggestions for the improvement of islet trans-
plantation, one of the most crucial messages was un-
doubtedly the necessity for multiple donor organs to ren-
der diabetic patient insulin independent. In other words,
the Edmonton protocol could be regarded as a refined
dose-finding study for the amount of islets needed to
cure diabetes. Therefore, in order for islet transplanta-
tion to become a widespread standard therapy, diabetes

reversal must be achieved with a single donor to reduce
the risks and costs, and to increase the availability of
transplantation.

However, it is well known that a large part of the
transplanted islets tend to be destroyed immediately
after transplantation. One of the possible explanations
for the poor outcome is the instant blood-mediated in-
flammatory reaction (IBMIR), which is an innate im-
mune response during islet engraftment (4). Our group,
as well as others, have showed that tissue factor (TF)
and monocyte chemoattractant protein-1 (MCP-1) ex-
pressed on the grafted islets elicit an injurious IBMIR
when the islets come into direct contact with the blood
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stream (5,11,17,21,23). Therefore, in order to improve
the outcome of clinical islet transplantation, the expres-
sion of these crucial inflammatory mediators in the iso-
lated islets should be reduced prior to transplantation.

It is well known that the result of organ transplanta-
tion is highly influenced by brain death (BD) (31). In
the field of islet transplantation, it was reported by Con-
treras et al. that BD upregulated the proinflammatory
cytokines, such as tumor necrosis factor-o (TNF-q, in-
terleukin-1f} (IL-1B), and IL-6 in the serum and pancre-
atic tissues (6). Toyama et al. also demonstrated that
TNF-a, IL-1f, IL-6, and MCP-1 were activated in the
isolated islets from rodent BD donors (33). However,
the influence of BD on the TF expression in the isolated
islets still remains uncertain.

Furthermore, in islet transplantation, unlike other or-
gan transplantation, the islet grafts are placed under hyp-
oxic condition at 37°C during the whole digestion proce-
dure. This period is theoretically considered as one kind
of severe warm ischemia (2,12,28).

In the present study, we therefore analyzed the influ-
ence of BD on the expression of TF and MCP-1 in both
the pancreatic tissues and the isolated islets, in order to
understand the key steps that induce crucial inflamma-
tory mediators in the islet grafts.

MATERIALS AND METHODS
Rodent Brain Death Model

All the animals in this study were handled in accor-
dance with the Guide for the Care and Use of Labora-
tory Animals published by the National Institutes of
Health (3) and the guidelines for animal experiment and
related activities at Tohoku University. BD was induced
in male Lewis rats weighing 250-300 g by inflation of
a No. 3 Fogarty catheter (Edwards Lifesciences Corpo-
ration, Irvine, CA, USA) placed intracranially, as pre-
viously described (6,24). Briefly, anesthesia was in-
duced with diethleter and maintained by the IP
administration of pentobarbital sodium, Nembutal (Ab-
bott Laboratories, Abbott Park, IL, USA) at a dose of 30
mg/kg. A No. 3 Fogarty catheter was inserted through a
1-mm hole drilled through the skull at 3 mm lateral to
the sagittal suture. For the gradual rise in the intracranial
pressure, the balloon was inflated with 40 pl/min of dis-
tilled water until respiration ceased. The absence of re-
fluxes, apnea, and the maximally dilated and fixed pu-
pils confirmed the condition. The average balloon
volume for making BD was 210 pl. The rats were tra-
cheotomized for intubation and mechanically respirated
(respiratory rate: 60/min, tidal volume: 10 ml/kg) with
SAR-830 Ventilator (CWE, Inc., Ardmore, PA, USA)
for 6 h until the removal of the pancreas. The arterial
blood pressure was monitored continuously via 24G
SURFLO LV. Catheters (TERUMO, Tokyo, Japan)
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placed into the right femoral artery and attached to a
Dynascope (Fukuda Denshi, Tokyo, Japan). In order to
avoid the ischemic effects, the mean arterial pressure
(MAP) was maintained over 80 mmHg. When the MAP
fell under 80 mmHg during the maintenance of BD, the
balloon volume was reduced by 10 pl/min until the ani-
mal became normotensive. During the 6-h period, 6 ml/
kg/h of normal saline solution was administered IV. The
control rats were anesthetized and tracheotomized using
the same method. Thereafter, a Fogarty catheter was in-
serted without ballooning. The control rats were not me-
chanically respirated because sustained anesthesia was
needed for the 6-h ventilation.

Islet Isolation and Culture

Before the removal of the pancreas, the cannulated
bile duct was injected with 10 m! of cold Hanks’ bal-
anced salt solutions (HBSS) containing 1 g/L collagen-
ase (Sigma type V; Sigma Chemicals, St. Louis, MO,
USA). After the addition of 10 ml HBSS, the pancreas
was digested at 37°C for 14 min. Thereafter, density-
gradient centrifugation was performed using Histo-
paque-1119 (Sigma Diagnostics, St. Louis, MO, USA)
and Lymphoprep™ (Nycomed Pharma AS, Oslo, Nor-
way) to isolate the pancreatic islets. The islet count was
performed as islet equivalents (IEQs) under a scaled mi-
croscope using diphenylthiocarbazone (Wako, Osaka,
Japan) staining (BD, n = 8; control, n = 7). One IEQ was
the islet mass equivalent to a spherical islet of 150 pm
in diameter. The islets were cultured in RPMI-1640 con-
taining 5.5 mmol/L glucose and 10% fetal bovine serum
at 37°C in 5% CO, and humidified air before examina-
tion.

Islet Viability and Function

The adenosine triphosphate (ATP)/deoxyribonucleic
acid (DNA) ratio was measured to evaluate both the en-
ergy status of the isolated islets after 3 h (BD, n=4;
control, n=4) and the overnight culture (BD, n=6;
control, n=15). A total of 80 IEQs of the islets were
used in both groups. The ApoGlow™ kit (Lonza Rock-
land Inc., Rockland, ME, USA) was used for the ATP
measurements as described previously (10). Using the
same sample, the DNA content was measured using the
DNA Quantify kit (Primary cell, Sapporo, Japan) as de-
scribed previously (34). We have evaluated the respira-
tory activity of the isolated islets after 3 h (BD, n=4;
control, n = 4) and of the overnight culture (BD, n = 6;
control, n =5) using scanning electrochemical micros-
copy. The stimulation index of the respiratory activity,
defined as the ratio of the respiratory activity in the high
glucose (16.7 mmol/L) to that in the basal glucose (1.67
mmol/L), is a novel marker that could be applied as a
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rapid and potent predictor for the outcome of clinical
islet transplantation (8).

Determination of TF and MCP-1 mRNA
in the Pancreatic Tissues

The pieces of the pancreatic tissues from the BD and
the control groups were snap-frozen in liquid nitrogen
and stored at —80°C until further use (n =6 and n =4,
respectively). The total RNA was extracted using the
RNeasy Mini Kit (Qiagen, Tokyo, Japan) according to
the manufacturer’s protocol. The RNA concentration
was estimated from the absorbance at 260 nm. The first-
strand complementary DNA (cDNA) was synthesized
from 2500 ng of total RNA using the Transcriptor First
Strand cDNA Synthesis Kit (Roche Diagnostics, India-
napolis, IN, USA). The cDNAs were amplified by the
polymerase chain reaction (PCR) using a rat TF primer
and a probe, rat MCP-1 primer probe set (Nihon Gene
Research Laboratories Inc., Sendai, Japan), and rat glyc-
eraldehydes-3-phosphate dehydrogenase (GAPDH) primer
probe set (Nihon Gene Research Laboratories Inc.) with
a Lightcycler (Roche Diagnostics). The primer se-
quences of the rat TF from the 5" to 3’ direction were as
follows: forward, AGC TAC TGC TTC TTC GTA CA;
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reverse, AAA GAC AGT GAC CAG GAA CA. The hy-
bridization (FRET) probe sequences from 5’ to 3" direc-
tion were as follows: TCC CAG GAC ACT CTT CCA
TTG CTC AGT G-Fluorescein; LC Red 640-ACT TGG
TGA TGC TTT CTG GGC TCT TGT G-phosphoryla-
tion. In order to perform the PCR for TF and GAPDH,
an initial denaturation step of 10 min at 95°C was fol-
lowed by 40 cycles of 10 s at 95°C, an annealing of 15
s at 60°C, and extension of 7 s at 72°C. For MCP-1, an
initial denaturation step of 10 min at 95°C was followed
by 40 cycles of 10 s at 95°C, an annealing of 15 s at
62°C, and extension of 6 s at 72°C.

Determination of TF and MCP-1 mRNA in the Fresh
Isolated Islets

The total RNA extracted from 300 IEQs of islets with
a 3-h culture was prepared using the RNeasy Micro Kit
(Qiagen) according to the manufacturer’s protocol (BD,
n =3; control, n = 3). The RNA concentration was esti-
mated from the absorbance at 260 nm. The first-strand
cDNA was synthesized from 100 ng of total RNA using
the Transcriptor First Strand c¢cDNA Synthesis Kit
(Roche Diagnostics). The cDNAs were amplified by
PCR using the rat TF primer and a probe, rat MCP-1
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Figure 1. Islet recovery and purity after isolation. The appearance of the isolated islets without brain death (A) and with brain
death (B). Scale bar: 100 pm. (C) The isolated islet yield from brain-dead donors (black bar) and control donors (white bar).
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Figure 2. Islet viability and function after isolation. The ATP/DNA ratio in the fresh isolated islets (A) and in the overnight-
cultured islets (C). The stimulation index of the respiratory activity in the fresh isolated islets using scanning electrochemical
microscopy (B) and in the overnight-cultured islets (D). The black bar represents the brain-dead donors and the white bar represents

the control donors.

primer probe set, and rat GAPDH primer probe set with
a Lightcycler. The primer and probe sequences and the
PCR conditions were the same as above.

Time Course Change of TF and MCP-1 mRNA
Expression in the Isolated Islets

The isolated islets from one donor were divided
equally into seven groups (BD, n = 3; control, n =4).
Each group was cultured for 3, 6, 12, 18, 24, 48, and 72
h, respectively. Just before examination, the cultured is-
lets were handpicked for preparation. The TF and MCP-
1 mRNA in each group were analyzed using the same
procedure as above.

T

Statistical Analyses

All the data are expressed as the mean = SD. The
comparisons between two groups were performed by us-
ing the Student r-test. One-factor ANOVA with Bonfer-
roni-Dunn post hoc test was used to determine the time
course effect of the TF and MCP-1 expression in the
isolated islets. Statistical significance was established at
p <0.05.

RESULTS

Islet Recovery and Purity After Isolation

The islet yield was considerably lower (BD, 2110 +
231 IEQs; control, 2390 + 528 TEQs; p = 0.19), and the
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Figure 3. The mRNA expression of TF and MCP-1 in the pancreatic tissues. The mRNA expression of TF (A) and MCP-1 (B) in
the pancreatic tissues from the donors with/without brain death was analyzed using a real-time PCR assay. The black bar represents
the brain-dead donors and the white bar represents the control donors.

purity was significantly lower in the BD group in com-
parison to the control group (BD 87.7 + 7.5%; control
97.0 +2.6%; p =0.002) (Fig. 1).

Islet Viability and Function After Isolation

Unexpectedly, the ATP/DNA ratio and the respira-
tory activity were comparable between the groups, irre-
spective of the time point (ATP/DNA 3-h BD 54.7 +
10.7; control 54.0 £ 13.3, p = 0.94; ATP/DNA overnight
BD 51.6+12.8; control 59.1 +3.47, p=0.20; respira-
tory activity 3-h BD 2.50 £ 0.41; control 2.42 £0.21,
p =0.74; respiratory activity overnight BD 2.39 + 0.55;
control 2.58 +0.19, p = 0.45) (Fig. 2).

mRNA Expression of TF and MCP-1
in the Pancreatic Tissues

The TF and MCP-1 mRNA levels in the pancreatic
tissues prior to the isolation procedures were similar be-
tween the BD and control groups (TF/GAPDH BD

"k A
02
T L
Fa 0.15
S ol
w P
F 005 |
0 1 ]
BD6h Control

0.059 £ 0.015; control 0.066 £ 0.038, p = 0.67, MCP-1/
GAPDH BD 0.018 +0.0098; control 0.012 + 0.0040,
p=0.40) (Fig. 3).

mRNA Expression of TF and MCP-1 in the Fresh
Isolated Islets

The TF mRNA levels in the fresh isolated islets of
the BD group was significantly higher in comparison to
the control group (TF/GAPDH BD 0.148 £ 0.010; con-
trol 0.061 £0.0096, p =0.0004). The MCP-1 mRNA
levels in the fresh isolated islets of the BD group was
also significantly higher in comparison to the control
group (MCP-1/GAFPDH BD 0.240 £ 0.035; control
0.140 * 0.0070, p = 0.008) (Fig. 4).

Time Course Change of TF and MCP-1 mRNA
Expression in the Isolated Islets

In the fresh islets, a sharp difference was observed
between the BD and the control groups with respect to

Tk B

MCP-1/GAPDH
o

BD6h

Control

Figure 4. The mRNA expression of TF and MCP-1 in the fresh isolated islets. The mRNA expression of TF (A) and MCP-1 (B)
in the fresh isolated islets from the donors with/without brain death was analyzed using a real-time PCR assay (**p < 0.01 vs.
control). The black bar represents the brain-dead donors and the white bar represents the control donors.
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Figure 5. The change in time course of the TF and MCP-1 mRNA expression in the isolated islets. The change in time course of
the TF (A) and MCP-1 (B) mRNA expression in the isolated islets from the donors with/without brain death. The black bar
represents the brain-dead donors and the white bar represents the control donors. A significant difference was observed in the TF
expression in the islets from the brain-dead donors between the 3- and 48-h cultures (p < 0.05).

the TF and MCP-1 mRNA expression. In both groups,
the TF and MCP-1 mRNA levels decreased time depen-
dently during the culture period. Between the fresh and
the 48-h culture, a significant difference was seen in the
TF expression in the islets from the BD donors (p <
0.05) (Fig. 5).

DISCUSSION

This study demonstrated that BD influences the TF
and MCP-1 expressions in the isolated islets but not in
the pancreatic tissues prior to the digestion procedure. It
is possible that the difference may be attributed to the
warm ischemic stress during the digestion procedures.
However, TF and MCP-1 were not upregulated in the
isolated islets from the donors without BD, thus suggest-
ing that the warm ischemic damage per se during the
digestion procedure was not sufficient to induce crucial
inflammatory mediators in the islet grafts. We therefore
believe that upregulation of the crucial inflammatory
mediators induced by BD could be further exacerbated
by warm ischemic damage during the digestion proce-
dure.

In the present study, the islet yield and purity were
certainly affected by BD. However, the difference was
extremely low in comparison to the previous report (6).
Moreover, almost no influences were observed in terms
of the islet viability. One of the possible explanations
for this discrepancy is the difference of the isolation pro-
cedure. In our methods, the pancreatic tissues were kept
on ice during the whole procedure, with the exception of
the digestion phase. Furthermore, at the density-gradient
centrifugation phase, we applied Histopaque-1119 and
Lymphoprep™. However, a dextran gradient separation
was performed in the previous report (6). Therefore, the

important message from our present study is that the
expression of the inflammatory mediators, rather than
the islet viability, is more susceptible to BD. In other
words, it seems more likely that the current standard
methods for the islet quality assessment are not suitable
tools for detecting graft damage in the early phase of
islet transplantation.

Although the islet culture modulated the inflamma-
tory status of the human pancreatic islets (19,20), the
effect remains controversial. We therefore investigated
the change in time course of the TF and MCP-1 expres-
sions in the isolated islets with/without BD. As shown
in Figure 5, the influence of BD and ischemic stress
during the isolation procedure was most pronounced
after a 3-h culture. Clinical islet transplantation is cur-
rently being performed in most institutions, using fresh
islets according to the Edmonton protocol (26,27). Nota-
bly, in most clinical cases, the islet grafts with a 3-h
culture are used in fresh islet transplantation because
several quality tests and preparation for graft injections
are needed. Therefore, the present study clearly showed
that the worst time point was selected for islet infusion
in current clinical islet transplantation, at least with re-
spect to the damage due to BD and ischemic stress dur-
ing the isolation procedure.

One way to avoid the adverse effect of BD and ische-
mic stress is by performing short-term culture of the islet
grafts. This may be one of the possible explanations for
the outstanding result of the clinical islet transplantation
reported by Froud et al. (7) and by Hering et al. (14). In
support of our previous findings (30), the present study
also implied that the TF expression in the islets without
BD was substantially upregulated during overnight cul-
turing. The reason for this is uncertain but the hypoxic
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condition during culturing may at least be partially re-
sponsible for the TF induction (1,13,25). Taking into ac-
count this finding, it is most likely that the 48-h culture
introduced in the previous reports (7,14) was reasonable.
However, it was also reported that the number and func-
tion of the isolated islets may decreased after a short-
term culture (9,15,16,18,22). This is consistent with our
previous findings that isolated islets without culture are
more beneficial to the transplant outcome under a cur-
rent style of culture (29). Moreover, it may be difficult
to maintain an adequate number of islets from the mar-
ginal donors after substantial periods of culturing, espe-
cially in Japan, where only non-heart-beating donors are
available for islet transplantation. Therefore, further im-
provements are required to maintain the number and
function of the cultured islets. Another way to avoid the
adverse effect of BD and ischemic stress is to establish
effective anti-inflammatory treatments through whole
steps from the intensive care unit to the digestion proce-
dure.

In conclusion, BD in combination with warm ische-

mic stress during the isolation procedures induces high
expression of TF and MCP-1 in the isolated islets. In
order to reduce the expression of the crucial inflamma-
tory mediators in the islet grafts, the management of the
pancreas from brain-dead donors with early anti-inflam-
matory treatments is warranted.
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While considerable effort has focused on developing positron emission tomography fi-amyloid imaging radiotracers for the early
diagnosis of Alzheimer's disease, no radiotracer is available for the non-invasive quantification of tau. in this study, we detail
the characterization of "®F-THK523 as a novel tau imaging radiotracer. In vitro binding studies demonstrated that "®F-THK523
binds with higher affinity to a greater number of binding sites on recombinant tau (K18A280K) compared with f-amyloid;_4;
fibrils. Autoradiographic and histofluorescence analysis of human hippocampal serial sections with Alzheimer's disease ex-
hibited positive THK523 binding that co-localized with immunoreactive tau pathology, but failed to highlight p-amyleid plaques.
Micro-positron emission tomography analysis demonstrated significantly higher retention of *®F-THK523 (48%; P < 0.007) in
tau transgenic mice brains compared with their wild-type littermates or APP/PS1 mice. The preclinical examination of THK523
has demonstrated its high affinity and selectivity for tau pathology both in vitro and in vivo, indicating that 'F-THK523 fulfils
ligand criteria for human imaging trials.
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|I1tl’0d uction impairments while excluding other diseases. However, clinical

diagnosis is often challenging, with patients presenting with mild
The clinical diagnosis of neurodegenerative diseases such as and non-specific symptoms attributable to diverse and overlapping
Alzheimer's disease is typically based on progressive cognitive pathologies that present as similar phenotypes (van der Zee et al.,
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2008). Consequently, definitive diagnosis of neurodegenerative
diseases is still reliant on post-mortem examination.

Post-mortem examination of the Alzheimer's disease brain is
characterized by gross cortical atrophy (Wenk, 2003).
Microscopically, Alzheimer's disease is characterized by the pres-
ence of extracellular B-amyloid plaques and intracellular neurofib-
rillary tangles (Wisniewski et al., 1989; Ho et al., 1994). There has
been much progress in developing PET imaging radiotracers for
the non-invasive detection of B-amyloid deposition (Shoghi-Jadid
et al., 2002; Klunk et al., 2005; Rowe et al., 2007, 2008; Choi
et al., 2009). Recent reports indicate that the best characterized
and successful imaging agent Pittsburgh Compound-B (PiB), pref-
erentially binds to fibrillar B-amyloid contained within cored and
compact plaques (Klunk et al., 2004; Maeda et al., 2007,
Ikonomovic et al., 2008) and with much lower affinity to the
oligomeric forms of B-amyloid (Maezawa et al., 2008) that are
thought to be the toxic species of B-amyloid in Alzheimer's disease
(Lambert et al., 2001; Walsh et al., 2002; Ferreira et al., 2007;
Cairns et al., 2009).

While amyloid imaging PET studies confirmed that B-amyloid
deposition occurs well before the onset of symptoms (supporting
the hypothesis that this represents preclinical Alzheimer's disease),
these studies also showed the lack of correlation between
B-amyloid plaque deposition and cognitive impairment in
Alzheimer's disease; suggesting that markers for different and
downstream effects of B-amyloid may be better suited to assess
disease progression (Jack et al., 2010). Therefore, new ligands are
needed to explore alternative biomarkers as specific indicators of
neurodegeneration. Such agents may prove invaluable in the diag-
nosis, follow-up and therapeutic monitoring of Alzheimer's disease
and other dementias.

An obvious biomarker is tau and in particular, abnormal deposits
of hyperphosphorylated tau as neurofibrillary tangles, neuropil
threads and as dystrophic neurites surrounding B-amyloid plaques
(a pathological hallmark of Alzheimer's disease); however, tau de-
posits are also characteristic of a larger group of neurodegenera-
tive diseases termed tauopathies [i.e. sporadic corticobasal
degeneration, progressive supranuclear palsy, Picks disease, as
well as frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17)] (Lee et al., 2001). Unlike B-amyloid
plague deposition, human post-mortem studies indicate that
neurofibrillary tangle density correlates with neurodegeneration
and cognitive impairment (Duyckaerts et al., 1987, 1990;
Delaere et al., 1989; Arriagada et al., 1992; Dickson, 1997,
McLean et al., 1999). Futhermore, abundant neurofibrillary tan-
gles are not observed in cognitively unimpaired individuals, in con-
trast to B-amyloid plaques that are present in some non-demented
people (Katzman et al., 1988; Delaere et al., 1990; Rowe et al.,
2007, 2008). Moreover, CSF-tau and phospho-tau (ptau181) have
been proven useful biomarkers in the diagnosis of Alzheimer's
disease (Blennow and Hampel, 2003; Ganzer et al., 2003;
Hampel et al., 2009a, b).

Despite the quantitative assessment of CSF levels of tau and
phospho-tau being reliable biomarkers of neurodegeneration
(Jack et al., 2010), lumbar puncture is an invasive procedure for
the widespread screening of the at-risk population. Additionally,
CSF measures do not provide information on regional brain tau

M. T. Fodero-Tavoletti et al.

deposition that may have clear correlates with cognition (i.e.
hippocampus) and therefore, might not be able to provide import-
ant information on the therapeutic outcomes or response to cur-
rent drugs aimed at modulating tau/neurofibrillary tangles (Gozes
et al., 2009; Hampel et al., 2009a, b; Wischik and Staff, 2009).

Molecular neuroimaging with tau-specific radiotracers may pro-
vide highly accurate, reliable and reproducible quantitative state-
ments of global and regional brain tau burden, essential for the
evaluation of disease progression, therapeutic trial recruitment and
the evaluation of tau-specific therapeutics (for both Alzheimer's
and non-Alzheimer's disease taupathies); where tau plays a central
role. Certainly, the viability of imaging disease-specific traits has
been demonstrated in recent years by PET ligands such as ''C-PiB
(Klunk et al., 2004) and '®F-FDDNP, used for imaging B-amyloid
deposition. Unlike PiB, it has been suggested that FDDNP also
binds to neurofibrillary tangles (Agdeppa et al., 2001), which
may contribute to '®F-FDDNP retention in the mesial temporal
cortex where B-amyloid-specific tracers such as ''C-PiB scarcely
bind (Kepe et al., 2006; Ng et al., 2007; Pike et al., 2007; Rowe
et al., 2007).

Okamura and colleagues (2005) screened over 2000 small mol-
ecules to develop novel radiotracers with high affinity and select-
ivity for tau pathology/neurofibrillary tangles. Consequently, they
identified a series of novel quinoline and benzimidazole derivatives
that bind neurofibrillary tangles and, to a lesser extent, B-amyloid
plaques. Serial analysis of those compounds led to the design and
synthesis of a novel imaging agent, '®F-THK523. The purpose of
this study was to utilize a series of in vitro, ex vivo and in vivo
techniques to determine whether "®F-THK523 satisfied a number
of radioligand criteria, assessing its suitability for the quantitative
imaging of tau pathology in the human brain.

Materials and methods

Materials

All reagents were purchased from Sigma, unless otherwise stated.
Human B-amyloidi_s, was purchased from the W. M. Keck
Laboratory (Yale University).

Mice

Mice were housed in conditions of controlled temperature (22 =+ 2°C)
and lighting (14:10h light-dark cycle) with free access to food and
water. rTg(TauP301L)4510 and their wild-type (CamKll) littermates
were a kind gift from Jada Lewis (Dept Neuroscience, Mayo Clinic,
Florida, USA) and APP/PS1 [B6C3-Tg(APPswe, PSEN1dE9)85Dbo/J] and
wild-type littermates were purchased from JAX® Mice and Services.
MicroPET studies employed 6-month-old rTg(TauP301L)4510 mice and
12-month-old APP/PS1 [B6C3-Tg(APPswe, PSEN1dE9)85Dbo/J] mice
and their respective wild-type littermates.

Tissue collection and characterization

Human brain tissue was collected at autopsy. The sourcing and prep-
aration of the human brain tissue was conducted by the Victorian
Brain Bank Network. Alzheimer’s disease pathological diagnosis was
made according to standard NIA-Reagan Institute criteria (1997).
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Characterization of THK523 binding to tau

Determination of age-matched control cases were subject to the above
criteria. Three Alzheimer's disease and three healthy, age-matched
control cases were examined in this study.

'®F-labelling of THK523

Unlabelled THK523 and 2-(4-aminophenyl)-6-(2-tosyloxyethoxy)quin-
oline (BF241; the precursor for '®F-THK523) were custom synthesized
by Tanabe R&D Service Co. and confirmed for purity by reverse phase
high-performance liquid chromatography, 1D nuclear magnetic reson-
ance and mass spectrometry. '®F-THK523 (Fig. 1) was synthesized by
nucleophilic substitution of the tosylate precursor (BF-241). Following
a 10-min reaction at 110°C, the crude reaction was partially purified
on an activated Sep-Pak tC18 cartridge before undergoing semi-

preparative reverse phase high-pressure liquid chromatography purifi-

cation. Standard tC18 Sep-Pak reformulation produced '®F-THK523 in
>95% radiochemical purity. The radiochemical yield was 24%
(non-decay corrected) and at end of synthesis, the average specific
activity was 100 GBg/pmol (2.7Ci/pmol).

Measurement of octanol/water partition
coefficient

"BF-THK523 (37 MBq) was added to a mixture of 3ml 1-octanol and
3ml of 1M potassium phosphate buffer (pH 7.4). The mixture was
shaken for 30min, followed by centrifugation for 3min. Aliquots
(0.5ml) were carefully taken from each phase for assay. The partition
coefficient was calculated as follows: (count per minute/0.5mi
I-octanol)/(count per minute/0.5ml buffer). Measurements were
done in triplicate.

Generation and protein purification of
K18A280 K-tau

K18A280K-tau is a fragment of the full length protein, htaud0
(Barghorn et al., 2004; von Bergen et al., 2006) comprising the four
repeat regions of tau including residues 243-372. Polymerase chain
reaction was implemented to generate K18A 280 K-tau from plasmids
kindly provided by the Mayo Clinic. A280K refers to the deletion of
the lysine residue at position 280. DNA encoding this region was
cloned into expression vector pET15b at the Ncol and Xhol sites and
transfected into BL21DE3 Escherichia coli. Ampicillin selected E. coli
were lysed in buffer comprising 50mM PIPES pH 6.9, 1mM EDTA,
5mM dithiothreitol and protease inhibitor cocktail (Roche), sonicated
on ice (6 x 30min, with 30s rest intervals) and the lysate was then
spun at 18 000g at 4°C for 15 min. The supernatant was removed and
added to a solution of NaCl at a final concentration of 0.5M. The
sample was then boiled for 20min prior to centrifugation using the
abovementioned conditions. The supernatant was then applied to a
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Figure 1 Chemical structure of "#F-THK523 [2-(4-aminophenyl)-
6-(2-fluoroethoxy)quinoline)].
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PD10 column (Amersham) and equilibrated in equilibration buffer
(50mM Tris pH 8.2, 20mM NaCl, 1 mM EDTA, 5mM dithiothreitol)
and filtered prior addition to a SP sepharose column. Protein fractions
were then analysed by Coomassie staining and western blot and ap-
propriate fractions containing a single tau band were pooled, buffer
exchanged into water (PD10), lyophilized and stored at —80°C.

Preparation of p-amyloid,_4, and
tau fibrils

Synthetic B-amyloid,_, was dissolved in 1x phosphate buffered
saline pH 7.7 to a final concentration of 200puM. K18A280K-tau
was dissolved in 1x phosphate buffered saline pH 7.4 buffer to a
final concentration of 20uM. The solutions were then incubated at
37°C for 2 and 3 days, respectively, with agitation at 220 and
800 rpm, respectively (Orbital mixer incubator, Ratek). B-amyloid;_;,
fibril aggregation was confirmed via thioflavin T fluorescence spectros-
copy and tau aggregation was confirmed by thioflavin S fluorescence
spectroscopy; both fibril preparations were examined by transmission
electron microscopy.

Thioflavin S/thioflavin T fluorescence
Aggregation of B-amyloids_4; fibril was confirmed using thioflavin T
fluorescence (LeVine, 1999). Reactions (100ul) comprising 20 pM
B-amyloid_s, fibrils, 10pM thioflavin T, 50mM phosphate buffer
were analysed at 444nm (excitation) and 450-550nm (emission),
with an integration time of 1s. K18A280K-tau fibril formation was
confirmed by thioflavin S fluorescence whereby reactions comprising
K18 A280K-tau fibrils, 0.005% thioflavin S in 1 x phosphate buffered
saline pH 7.4 were analysed at 440 nm (excitation) and 480 nm (emis-
sion), with an integration time of 1s. Measurements were recorded
using a Varian fluorescence spectrophotometer.

Transmission electron microscopy

Fibril formation of B-amyloid;_s; and K18A280K-tau was further con-
firmed by transmission electron microscopy following staining with uranyl
acetate. Carbon-coated copper electron microscopy grids were coated
with K18A280K-tau or B-amyloids; fibrils, as described previously
(Smith and Radford, 2001). Grids were viewed on a Siemens 102
transmission electron microscope, operating at a voltage of 60kV.

In vitro "®F-THK523 binding assays

Synthetic B-amyloid;_, or K18A280K-tau fibrils (200nM) were incu-
bated with increasing concentrations of '®F-THK523 (1-500 nM). To
account for non-specific binding of *®F-THK523, the reactions de-
scribed above were duplicated in the presence of unlabelled 1M
THK523. The binding reactions were incubated for 1h at room tem-
perature in 200pl of assay buffer [phosphate buffered saline, minus
Mg** and Ca®* (JRH Biosciences); 0.1% bovine serum albumin].
Separation of bound from free radioactivity was achieved by filtration
under reduced pressure (MultiScreen HTS Vacuum Manifold;
Multiscreen HTS 96-well filtration plates; 0.65pm, Millipore). Filters
were washed three times with 200 pl assay buffer and the radioactivity
contained within the filters was counted in a y-counter (Wallac 1480
Wizard 3"; Perkin Elmer). Binding data were analysed with curve fit-
ting software that calculates the K and B4, using non-linear regres-
sion (GraphPad Prism Version 1.0, GraphPad Software). All
experiments were conducted in triplicate.
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Figure 2 Characterization of K18 A280K-tau fibrils. Recombinant K18(A280K)-tau was incubated with agitation (800 rpm) for 3 days at
37C. (A) Graph depicting thioflavin S fluorescence, excitation/emission 440/480 nm, for K18 A280K-tau (solid line) and no tau buffer
control (dotted line). The graph for K18 A280K-tau is indicative of positive amyloid fibril formation. (B) Electron microscopy image of

K18A280K-tau fibrils. TechaniG? electron microscope; x 59000 magnification. Scale bar: 50 nm. These data are representative of three

independent experiments. a.u. = arbitrary units.

Immunohistochemistry and
fluorescence analysis

Brain tissue from Alzheimer's disease and healthy control cases [three
Alzheimer's disease (two female, one male), age range 75-83 years;
three healthy controls (three female), age range 72-85 years], as well
as mice (rTg4510, APP/PS1 and wild-type littermates) was fixed in
10% formalin/phosphate buffered saline and embedded in paraffin.
For immunohistochemistry, 5um serial sections were deparaffinized
and treated with 80% formic acid for 5min and endogenous perox-
idase activity was blocked with 3% hydrogen peroxide. Sections were
then treated with blocking buffer (20% foetal calf serum, 50 mM Tris—
HCl, 175 mM NaCl pH 7.4) before incubation with primary antibodies
to B-amyloid (1E8; 1:50) or tau pAb (DAKO), for 1h at room tem-
perature. Serial 5pum tissue sections were stained as follows: the first
and third sections were immunostained with tau or 1E8 antibodies to
identify tau tangles or B-amyloid plaques, respectively. The second
serial section was stained with unlabelled THK523 to assess whether
THK523 staining co-localized with the immunodetected tau tangles
and/or B-amyloid plaques. Visualization of antibody reactivity was
achieved with the LSAB™ kit (labelled streptavidin-biotin, DAKO) and
sections were then incubated with hydrogen peroxidase-diaminobenzidine
(H,0O,-DAB) to visualize the tau tangles or B-amyloid-positive deposits.
Sections were counterstained with Mayer's haematoxylin. To detect
THK523 fluorescence, quenching was first performed whereby sections
were first deparaffinized and tissue autofluorescence minimized by treat-
ment of sections with 0.25% KMnO,/phosphate buffered saline for
20min prior to washing (phosphate buffered saline) and incubation
with 1% potassium metabisulphite/1% oxalic acid/phosphate buffered
saline for 5min. Following autofluorescence quenching, sections were
blocked in 2% bovine serum albumin/phosphate buffered saline pH
7.0 for 10 min and stained with 100 uM THK523 for 30 min. Washed
(phosphate buffered saline) sections were then mounted in
non-fluorescent mounting media (DAKO). Epifluorescence images
were visualized on a Zeiss microscope [47CFP; filter set 47 (EM BP
436/20, BS FT 455, EM BP480/40)]. Co-localization of the THK523
and antibody signals was assessed by overlaying images from each of
the stained serial tissue sections.
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Autoradiography

For autoradiography, the hippocampal brain section of a patient with
Alzheimer's disease (90-year-old female) was incubated with 2.2 MBg/ml
of "®F-THK523 at room temperature for 10min and then washed
briefly with water and 50% ethanol. After drying, the labelled section
was exposed to a BAS-Ill imaging plate (Fuji Film) overnight.
Autoradiographic images were obtained using a BAS-5000 phosphor
imaging instrument (Fuji Film) with a spatial resolution of 25 x 25 pm.
Neighbouring sections were immunostained using AT8 anti-tau mono-
clonal antibody (Innogenetics; diluted 1:20) or 6F/3D anti-Ap anti-
body (DAKO; diluted 1:50).

Ex vivo biodistribution of "®F-THK523

"BF-THK523 (0.68-1.32 MBq) was administered into the tail vein of
ICR mice (n = 20, male, average weight 28-32 g). The mice were then
sacrificed by decapitation at 2, 10, 30, 60 and 120min post injection.
The brain, blood and other organs were removed and weighed, and
the radioactivity was counted with an automatic y-counter. The per-
centage injected dose per gram (%ID/g) was calculated by comparison
of tissue count to tissue weight. Each %1D/g value is an average &+ SD
of four separate experiments.

Small animal positron emission
tomography imaging

All PET scans were conducted using a Philips MOSAIC small animal
PET scanner with a transaxial spatial resolution of 2.7 mm full-width at
half-maximum. Mice [n =8 rTg4510 (four females, four males), n=7
wild-type (four females, three males) mice and n=3 APP/PS1 (all
females) and three of their wild-type littermates (all females)] were
intravenously injected with 100 pl of radiotracer comprising 3.7 MBq
(0.35 ug/kg) of "®F-THK523 via the tail vein. Mice were then anaes-
thetized using an isoflurane vaporizer with oxygen flow metre set to 5
I/min/5% isoflurane. Anaesthesia was maintained in a Veterinaire
MINERVE anaesthetic assembly with the oxygen flow metre set to
2|/min and vaporizer setting at 2%. A series of 6 x 5-min dynamic
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emission scans were acquired starting at 5min after injection. All
images were reconstructed using a 3D row action maximum likelihood
algorithm (RAMLA). Summed 25-35min post-injection images were
used for comparison between transgenic and wild-type mice. Image
analysis was conducted using Wasabi v.2.0 software.

Statistical analysis

Normality of distribution was tested using the Shapiro-Wilk test and
visual inspection of variable histograms. Statistical evaluations to assess
differences in '"®F-THK523 binding were performed with analysis
of variance (ANOVA) and a Tukey-Kramer Honestly Significant
Difference test to establish differences between group means. Data
are presented as mean + SD unless otherwise stated.

Results

"®F-THK523 exhibits high affinity and
selectivity for recombinant tau fibrils

To determine whether '8F-THK523 satisfied the criteria of high
affinity and selectivity for tau, the binding properties of
"F-THK523 to tau fibrils was investigated and compared with
B-amyloid4_4; fibrils. A previously described truncated mutant of
human tau, termed K18A280K-tau (Barghom et al., 2004; von
Bergen et al., 2006) that comprises the C-terminus of tau, includ-
ing the four repeat regions and the FTDP-17 tau gene deletion
resulting in the omission of lysine at position 280 (denoted
A280K) was used for the studies. K18 A280K-tau aggregates at
low micromolar concentrations into paired helical filaments and
straight filaments in the presence and absence of heparin (Perez
et al., 1996). Prior to conducting the binding assays, K18A280K-
tau was formed into fibrillar structures (as monitored by thioflavin
S fluorescence and transmission electron microscopy) by incubat-
ing 20 uM protein over 3 days at 37°C. On day 3, K18 A280K-tau
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showed a thioflavin S fluorescence signal at ~480nm (Fig. 2A),
indicative of positive fibril formation. Fibril formation was con-
firmed by transmission electron microscopy with uranyl acetate
staining (Fig. 2B). The B-amyloid;; fibrils were generated as pre-
viously described (Fodero-Tavoletti et al., 2007).

In vitro saturation studies were conducted using equimolar con-
centrations (200nM, ~4.0 x 10~ "" moles) of either K18A280-tau
or B-amyloid_4, fibrils. While two classes of binding sites were
identified on K18A280-tau fibrils (Fig. 3A) only one class of
'8F-THK523 binding sites was identified on B-amyloidi_s, fibrils
(Fig. 3B). Furthermore, there was a 10-fold higher affinity
of "®F-THK523 for the first class of K18A280-tau binding sites
compared with B-amyloids_,, fibrils (Table 1). Overall, there was
a ~5-fold higher number of "®F-THK523 binding sites (B,,.,) on
K18A280-tau fibrils, compared with B-amyloidy_,, fibrils (Table 1).

THK523 demonstrates selectivity for
tau pathology in sections of human
hippocampal tissue

As a qualitative measure of its selectivity for tau pathology,
THK523 recognition of tau pathology was assessed by histofluor-
escence and autoradiography. "°F-THK523 and '®F-THK523 share
the same chemical structure, although '°F is substituted for '%F in
the radiolabelled compound. For histofluorescence, unlabelled

Table 1 Binding parameters of '®F-THK523 binding to
fibrils

KD1 Bmam KDZ Bmsx2
K18A280K-tau fibrils 1.67 2.20 21.74 4.46
B-amyloid;_s fibrils 20.7 1.25

Kp are in nM and B,,,,,, are in pmol "*F-THK523/nimol fibrils.

A 0.125- \ B 0.125-
E
§ 0.100+ \\ 0.100+
A
A}
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{PM °F -THK523/nM K18(A280K)-tau (PM SF -THK523/nM AB1.42

Figure 3 In vitro binding studies indicate two classes of "*F-THK523-binding sites on K184 280K-tau fibrils. Scatchard plots of
"8F-THK523 binding to synthetic K18 A280K-tau (A) or (B) B-amyloid 4> fibrils. (A) Scatchard analysis identified two classes of THK523
binding sites on K18A280K-tau fibrils (Kpy and Bynaxy of 1.67 nM and 2.20 pmol THK523/nmol K18A280 K-tau, respectively; Kp, and
Binaxa 0f 21.7 nM and 4.46 pmol THK523/nmol K18 A280 K-tau, respectively). (B) Scatchard analysis identified one class of THK523
binding sites on B-amyloid;_4, with Kp and By« of 20.7 nM and 1.25 pmol THK523/nmol B-amyloid_4,. Binding data were analysed
using GraphPad Software (Version 1.0). These data are the mean of three experiments for K18A280 K-tau and four experiments for

B-amyloid fibrils.
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THK523 binding to fixed serial sections from the hippocampus of
subjects with Alzheimer's disease and age-matched controls was
assessed. Contiguous sections were immunostained for B-amyloid
and tau pathology with anti-B-amyloid and anti-tau antibodies,
respectively. In all tissue sections examined, positive THK523
staining co-localized with tau pathology as detected in the con-
tiguous tau immunostained section assessed (Fig. 4). THK523 failed
to bind to diffuse B-amyloid plaques as indicated by the lack of
co-localization with immunodetected B-amyloid pathology (Fig. 4).
Likewise, autoradiography analysis in Alzheimer's disease hippocam-
pal sections demonstrated that "®F-THK523 bound to tau pathology
with no "8F-THK523 co-localization with immunodetected B-amyloid
plaques (Fig. 5).

As well as being of low molecular weight (282.31 g/mol) and
amenable to labelling with '8F at high specific radioactivity
[100 GBg/pmol (2.7 Ci/pmol)], a tau radiotracer should be

AD
HIPPOCAMPUS

HC
HIPPOCAMPUS

M. T. Fodero-Tavoletti et al.

adequately lipophilic to be able to cross the blood-brain barrier.
The octanol/water coefficient (logPo«) of '®F-THK523 as a meas-
ure of lipophilicity, was calculated to be 2.91 +0.13. Ex vivo
biodistribution studies of '®F-THK523 in ICR mice, measured at
2, 10, 30, 60 and 120min post injection, showed brain peak
uptake of 2.75 +0.25% ID/g at 2 min post-intravenous injection
(Fig. 6), indicating that '®F-THK523 has adequate lipophilicity to
cross the blood-brain barrier.

49

y retention of '°F-THK523 is
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1pared with control

To further characterize '®F-THK523 as a tau imaging radiotracer,
in vivo microPET studies were performed to compare the retention
of '8F-THK523 in tau transgenic mice (rTg4510), versus their
wild-type littermates (CamKIll). Four independent studies were
undertaken with 15 mice (n=8 rTg4510 and n=7 CamKll).
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Figure 4 Histofluorescence analysis indicates that THK523 binds specifically to tau tangles with no detectable binding to B-amyloid
plaques. Microscopy images of three serial sections (5 um) from the hippocampus of a patient with Alzheimer's disease (AD) (top and
middle) and a healthy control (HC) (bottom), immunostained with antibodies against tau (DAKO) and B-amyloid (1E8), to identify tau
tangles and B-amyloid (AB) plaques, respectively; or stained with 100 uM THK523. Arrows indicate the location of tau tangles, while
circles indicate the location of B-amyloid plaques. Positive THK523 staining appears to co-localize with tau immunostaining of neuro-
fibrillary tangles in the hippocampus sections examined, but not to plaques. Tissue sections were imaged using a Zeiss microscope and
Axiocam digital camera. Scale bars: 100 pm (top) and 200 pm (middle and bottom). These figures are representative of three subjects with
Alzheimer's disease (two females, one male, age range 75-83 years) and three healthy controls (all female, age range 72-85 years).
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Figure 5 Autoradiography analysis indicates that "*F-THK523 binds specifically to tau tangles with no detectable binding to B-amyloid
plaques. (Top) "®F-THK523 autoradiogram of Alzheimer's disease hippocampus (90-year-old female) serial section (low magnification).
Bottom: microscopy images and autoradiogram (higher magnification) images of three serial sections (5 um) from the hippocampus of the
same Alzheimer's disease brain, immunostained with antibodies to tau (AT8, Innogenetics) and B-amyloid (6F/3D, DAKO), to identify tau
tangles and B-amyloid (AB) plaques, respectively; or labelled with 2.2 MBqg/ml "8F-THK523. Positive '®FTHK523 labelling appears to
co-localize with tau immunostaining of neurofibrillary tangles in the hippocampus sections examined, but not to plaques. Scale bars:
500 um. Autoradiographic images were obtained using a BAS-5000 phosphor imaging instrument (Fuji Film).

Representative microPET images are depicted in Fig. 7A and
"®F-THK523 time activity curves are depicted in Fig. 7C. Brain
retention at ~30min post injection of '®F-THK523 was signifi-
cantly higher (48%; P < 0.007) in the rTg4510 mice compared
with their wild-type littermates (Fig. 7B). Analysis of bone, liver
and intestine showed no significant differences in '®F-THK523 re-
tention (Fig. 7B), indicating a specific difference in brain uptake.
Following microPET scanning, each mouse was euthanized
and brains were harvested for biochemical and histofluore-
scence analysis. All rTg4510 mice brains examined were positive
for tau overexpression as determined by western blot and immu-
nohistochemical analysis (data not shown). Histofluorescence ana-
lysis of the same rTg4510 mice assessed by microPET identified
positive THK523 staining that co-localized with immunopositive
tau deposits (Fig. 8).

To further characterize the in vivo selectivity of '®F-THK523 for
tau pathology, microPET studies were conducted using the same
experimental procedure in APP/PS1 transgenic mice (n=3), ex-
hibiting cerebral B-amyloid pathology but no tau deposits
(Holcomb et al., 1999). MicroPET analysis demonstrated that
there was significantly lower retention of '®F-THK523 in the

7§

brains of APP/PS1 mice, no different from the retention in their
wild-type littermates (n =3; Fig. 7B). Importantly, histofluores-
cence evaluation of rTg4510 and APP/PS1 brain tissue with
10nM THK523 (a concentration that is achieved in the brain
during PET studies), showed binding of THK523 to tau deposits
in rTg4510 mice brains with negligible binding to B-amyloid pla-
ques in the brain of APP/PS1 mice (Fig. 8).

Discussion

With the recent advances in instrumentation, image analysis and
the development of new brain radiotracers, molecular neuroima-
ging with PET is rapidly expanding our knowledge base of neuro-
degenerative disease progression, improving early and accurate
diagnosis, while promising to be effective in therapeutic monitor-
ing and aiding in drug discovery and development. To date, much
success has been achieved with B-amyloid radiotracers, in particu-
lar PiB being the best characterized radiotracer both in vitro and
in vivo; showing selectivity for B-amyloid pathology resulting in a
robust difference in "'C-PiB brain retention in Alzheimer's disease
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Figure 6 Ex vivo biodistribution studies of '8F-THK523 in ICR
mice. Initial uptake was highest (~6.2%ID/g) in the heart and
kidney followed by a fast clearance. Liver radioactivity peaked
(~5.0%1D/g) at 10 min after injection and was followed by a
slow clearance, which mirrored a steady and substantial rise in
radioactivity in the intestine (11%I1D/g at 120 min after injec-
tion), suggesting that most of the tracer and/or its metabolites
are eliminated through biliary excretion. There was a slow but
steady increase in bone radioactivity, reaching a 2.1%ID/g at
120 min after injection, probably indicative of some degree of
defluorination. The insert shows in better detail the brain and
blood curves. Maximal "#F-THK523 brain uptake (2.75%ID/g)
was observed at 2 min after injection of the radiotracer, followed
by a rapid clearance from the brain. Radioactivity in blood
showed a different kinetic behaviour than the one observed in
the brain, with a steady rise in radioactivity reaching an apparent
plateau at about 60 min after injection. Uptake at each time
point is expressed as percentage of injected dose per body
weight (%ID/g) of '#F-THK523. Curve represents the

mean =+ SD from four independent experiments. A total of 20
mice were examined.

compared with healthy aged-matched individuals in PET studies
(Klunk et al., 2004, 2005; Fodero-Tavoletti et al., 2007, 2009).
In addition to B-amyloid plaques, Alzheimer's disease brains are
also pathologically characterized by the presence of tau pathology.
Therefore, tau imaging may improve the specificity of diagnosis,
allowing early detection of Alzheimer's disease and Pick’s disease,
where tau plays a role.

The identification and development of suitable PET radiotra-
cer(s) is a demanding task especially given the considerable number
of requirements that a radiotracer should fulfil to be deemed suit-
able for in vivo quantitative brain imaging. This study is the first to
report a tau imaging radiotracer ('®F-THK523), that satisfies a
number of criteria required for quantitative imaging of tau path-
ology in the human brain (Laruelle et al., 2003; Nordberg, 2004;
Pike, 2009). This study has shown that "®F-THK523 has high af-
finity for recombinant tau fibrils and selectivity for tau fibrils/
pathology over B-amyloid fibrils/pathology in vitro. Furthermore,
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it penetrates the blood-brain barrier, selectively highlighting tau
pathology in the brains of rTg4510 tau transgenic mice in vivo.

In vitro saturation binding studies demonstrated that
8E-THK523 binds to recombinant tau fibrils with high affinity in
the low nanomole range. Typically ligands displaying affinities be-
tween 0.01-1.00 nM are deemed useful for in vivo quantitative PET
studies. The high affinity '®F-THK523-binding site (Kpq; 1.7nM)
exhibited >10-fold higher affinity compared with B-amyloid;_s;
fibrils  (20.7nM). Moreover, the number of high affinity
"BF-THK523-binding sites (Kpq) was almost 2-fold higher than the
number of sites on B-amyloid, 4, fibrils. In comparison to previous
*H-PiB studies (Klunk et al., 2005; Fodero-Tavoletti et al., 2007), the
affinity of H-PiB for B-amyloidi_, (Kps, 0.71-0.91 nM) is similar to
the affinity of '®F-THK523 for tau fibrils (Kos, 1.7 nM). However,
tau fibrils exhibit a larger number of '®F-THK523 binding sites
(Binax1, 2.20 pmol "8E.THK523/nmol K18A280K-tau), compared
with what has previously been reported for *H-PiB and
B-amyloid,, (1.01 pmol PiB/nmol B-amyloid;_4;) (Fodero-
Tavoletti et al., 2007). As the concentration of imaging radiotra-
cers typically achieved during PET studies is in the low nanomole
range, these findings strongly suggest that '8F-THK523 will bind
with high affinity and selectively to tau pathology under PET ima-
ging conditions. Furthermore, as the brain area occupied by pla-
ques is larger in comparison to neurofibrillary tangles, a >10-fold
higher affinity and a larger number of '®F-THK523-binding sites
on tau/neurofibrillary tangles over B-amyloid plaques may prove
essential in ascertaining a high tau signal over background in
human PET studies (Laruelle et al., 2003).

Further evidence of '®F-THK523 selectivity for tau pathology
was demonstrated by autoradiography and histofluorescence
with positive THK523 staining, co-localizing with tau pathology
and not with B-amyloid plaques in human Alzheimer's disease
hippocampal sections. Importantly, even at THK523 concentra-
tions 10000-fold higher than those typically achieved under PET
studies, THK523 failed to bind to diffuse plaques in the histofluor-
escence studies. There was some inconsistent staining of cored/
compact plaques, suggesting that there might be some
'"®F-THK523 binding to cored B-amyloid plaques, but only under
non-PET radiotracer conditions. Similarly, variable staining of
neurofibrillary tangles at high concentrations of PiB, has been re-
ported by lkonomovic and colleagues (2008).

In addition to high affinity and selectivity, a suitable tau radio-
tracer must be able to cross the blood-brain barrier to reach its
target in vivo. The small size (molecular weight <450) (Laruelle
et al., 2003) and lipophilic nature of 18F.THK523 [log Poer value
of 2.9 +0.1; —logPocr values in the range of 0.9 and 3.0, show
optimal entry into the brain (Dishino et al., 1983)] indicates that
'®F-THK523 is able to penetrate the blood-brain barrier. This was
confirmed in both ex vivo biodistribution and in vivo microPET
imaging studies. Additionally, microPET imaging demonstrated
that '®F-THK523 retention was significantly higher (48%;
P =0.007) in the brains of rTg4510 tau transgenic mice compared
with their control littermates, devoid of tau pathology; in agree-
ment with the in vitro saturation and histofluorescence studies.
Moreover, selectivity of THK523 for tau pathology was further
supported by the "®F-THK523 microPET assessment of APP/PS1
mice. These mice possess substantial cerebral B-amyloid plaque

e woy

1102 's Ay uo Aysiamun mioyoy je Sie



Characterization of THK523 binding to tau

APP/PS1

Brain 2011: 134; 1089-1100 | 1097

brain
P<0.007 P < 0.0001

wildtype

C
40 \
\
351 \
‘.\l.
304 \
\
\\
251 \
2 \\
® 209 N

\ {\
T N

liver

wildtype {1Tg) 1Tg4510 wildtype (A/P) APPIPS1

5.00 intestine s.00 bone

1Tgds10 wildtype Tgas10 wildtype Mgas510

® Tg4510
* WT (rTg4510)
s APP/PS1
e WT (APP/PS1)

1.0 1 3. ‘.}\' """" g
N
0.5 1
0.0
0 5 10

15 20 25 30
Time (min)

Figure 7 In vivo "®F-THK523 microPET studies of tau and B-amyloid overexpressing transgenic mice. (A) Representative microPET scans
at 30-min post injection of "®F-THK523. rTg4510 mice (top, left) exhibited higher "®F-THK523 brain retention compared with their
wild-type (WT) littermate (bottom, left). Low "®F-THK523 retention was observed APP/PS1 (top, right) versus their wild-type littermates
(bottom, right). (B) Analysis of the "®F-THK523 brain microPET data (30-min post injection) in rTg4510, APP/PS1 mice and their
respective wild-type littermates revealed significantly higher (*) retention of "®F-THK523 in the brain (top) of rTg4510 mice compared
with APP/PS1 mice as well as their respective wild-type littermates. No significant differences in "8F-THK523 retention were observed in
the liver, intestine and bone (bottom). Data are presented as mean = SD. (C) Brain time-activity curves of 'F-THK523 microPET data
expressed as percentage of injected dose per body weight (%ID/g) of "®F-THK523 at each time point. Curve represents the mean = SD
of four independent studies employing n = 8 rTg4510 (four females, four males), n = 7 WT (four females, three males) mice and

n=3 APP/PS1 (all females) and three of the wild-type (all females) mice. Data are presented as mean + SD.

load; however, the retention of '®F-THK523 in these mice was
significantly lower than in rTg4510 tau transgenic mice and not
different from the retention in CamKIl mice or their own wild-type
littermates; suggesting that THK523 does not significantly bind to
B-amyloid plaques and is selective for tau pathology in vivo.
Analysis of "®F-THK523 biodistribution in the microPET studies
showed no significant differences in "®F-THK523 retention in the

(00

liver, intestine or bone between rTg4510 tau transgenic and
wild-type mice. '®F-THK523 retention in bone is indicative of
some degree of defluorination (Van Dort et al., 1995). In vitro
stability testing showed that "®F-THK523 was stable in vitro, sug-
gesting that defluorination most likely occurs post-injection (data
not shown). However, as the degree of free '®F-bone retention is
similar in both transgenic and control mice, the free '®F does not
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