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Wilson’s disease (WD) is an inherited disorder of copper meta-
bolism associated with mutations in ATP7B gene. We have
shown that the administration of an adeno-associated vector
(AAV) encoding a mini version of human ATP7B (VTX-801)
provides long-term correction of copper metabolism in a mu-
rine WD model. In preparation of a future clinical trial, we
have evaluated by positron emission tomography (PET) the
value of 64Cu biodistribution, excretion pattern, and blood ki-
netics as pharmacodynamic biomarkers of VTX-801 effects.
Six-week-old WD mice were injected intravenously with
increasing doses of VTX-801 and 3 weeks or 3 months later
with [64Cu]CuCl2. Untreated WD and wild-type (WT) mice
were included as controls. Control WD mice showed increased
hepatic 64Cu retention, reduced fecal excretion of the radio-
tracer, and altered 64Cu blood kinetics (BK) compared with
WT mice. VTX-801 treatment in WDmice resulted in a signif-
icant reduction of hepatic 64Cu accumulation, the restoration
of fecal 64Cu excretion, and the correction of 64Cu BK. This
study showed that VTX-801 restores physiological copper
metabolism in WD mice, confirming the mechanism of action
of VTX-801, and demonstrated the translational potential of
[64Cu]CuCl2-PET to explore VTX-801 pharmacodynamics in
a minimally invasive and sensitive manner in WD patients.

INTRODUCTION
Wilson’s disease (WD) is a rare autosomal recessive, debilitating, and
life-threatening disorder of copper homeostasis that affects approxi-
mately one in 30,000 individuals, with wide geographical variations.1

InWD, mutations of the copper transporter ATP7B lead to decreased
biliary copper excretion and a reduction in circulating holocerulo-
plasmin levels.1–3 As a result, toxic levels of copper accumulate,
primarily in the liver but also in the central nervous system; left un-
treated,WD is considered uniformly fatal. Current medicalWDman-
agement includes copper chelators and/or zinc salt treatment,
together with low-copper diet.2–5 Despite recognized benefits, current
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life-long management options have important limitations, including
poor compliance, incomplete resolution of symptoms, and various
side effects, among them severe and often not fully reversible neuro-
logical deterioration.2,3 As of today, liver transplantation, together
with life-long immunosuppression, remains the only therapeutic op-
tion that can permanently restore physiological copper metabolism
and is mostly limited to patients with acute liver failure or end-stage
liver disease.2–5 However, recent data suggest the potential for added
benefit of liver transplantation to newly diagnosed neurological WD
patients unresponsive to medical treatment.6

Liver-directed adeno-associated vector (AAV)-based gene therapy has
been recently shown to offer a non-surgical, permanent correction of
copper metabolism inWDmice.7–9 The administration of VTX-801, a
hepatotropic recombinant AAV carrying an ATP7B-minigene under
the transcriptional control of a liver-specific promoter, toWDmice re-
sulted in the reduction of copper concentration in liver and urine,
restoration of fecal copper excretion, and normalization of cerulo-
plasmin activity and transaminase levels in circulation.8,9 Further-
more, sustained therapeutic efficacy was demonstrated for at least 1
year with preserved liver histology and increased animal survival.8

In anticipation of a first-in-human clinical trial, we have explored the
possibility of using a non-invasive technique to demonstrate the
restoration of physiological copper metabolism in VTX-801-treated
patients. Pioneering studies performed in the 50s–60s showed
ber 2022 ª 2022 The Authors.
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Figure 1. 64Cu kinetics in blood and feces ofWT,Atp7b+/–, andAtp7b–/– mice

at 9 weeks of age

Blood samples were collected 1, 2, 4, 8, 24, 32, and 48 h post-64Cu administration.

Feces were harvested 24 and 48 h after 64Cu administration. (A) Radiocopper blood

kinetics (BK) and fold change ratios of 64Cu in blood relative to 1 h are shown. (B)

Forty-eight-hours-to-one-hour ratio of 64Cu in the serum is shown. (C) Cumulative

fecal excretion of 64Cu is shown. All data were presented as mean ± standard

deviation (SD). The statistical analysis was performed using the non-parametric

Kruskal-Wallis test followed by Dunn’s multiple comparison post hoc. *p < 0.05;

**p < 0.01; ***p < 0.001.
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abnormal copper metabolism (reduced fecal excretion and abnormal
plasma kinetics) in WD patients using radioactive copper isotopes,
including short-lived 64Cu.10–12 The excellent WD diagnostic accu-
racy of the 48-h-to-1-to-2-h 64Cu plasma ratio following intravenous
[64Cu]CuCl2 administration showed initially by Sternlieb and Schein-
berg13 was recently corroborated by Czlonkowska et al.14
Molecular Th
Here, we have investigated the biodistribution and excretion and
secretion pattern of Cu after VTX-801 treatment in a murine model
of WD using 64Cu. Its use makes possible to perform non-invasive
in vivo imaging studies for assessment of copper metabolism imbal-
ance with positron emission tomography (PET) technology. In addi-
tion, the presence of 64Cu in biological samples and tissues was
measured in a gamma counter, adding valuable information about
copper biodistribution and routes of elimination.

RESULTS
Distinctive biodistribution pattern of radiocopper in 9-week-old

Atp7b–/– and WT mice

To set up optimal experimental conditions for the evaluation of VTX-
801’s effect on copper metabolism, we first studied the biodistribution
of copper-64 in untreated 9-week-old Atp7b�/� (WD), Atp7b+/�

(heterozygous), and WT (Atp7b+/+) male (n = 3) and female
(n = 3) mice (total n = 6). Blood samples were harvested at different
time points, weighted, and measured in gamma counter. All animal
groups showed a rapid decrease of the radioactive signal in blood
shortly after injection, followed by a slight signal increase (starting
8 h post-injection) in WT and Atp7b+/� animals, and a distinctive
continuous decrease in Atp7b�/� mice (Figure 1A). The average
48-h-to-1-h ratio of radiocopper signal in blood was 0.87 for WT an-
imals, 0.79 for Atp7b+/�, and 0.4 for Atp7b�/�, being similar for WT
and Atp7b+/�, although statistically different between Atp7b�/�

versus WT (Figure 1B). These data are consistent with data reported
in humans.13 During the experiment, all animals were placed in indi-
vidual metabolic cages. Twenty-four-hour cumulative feces and urine
were harvested for 2 consecutive days, and the presence of radioactive
signal was determined (Figure 1C). Significant differences in the con-
centration of copper-64 in feces were observed between Atp7b�/� and
WT or Atp7b+/� mice. While fecal excretion of radiocopper was
observed in WT and Atp7b+/� mice, the signal was nearly undetect-
able in Atp7b�/� mice. Slightly lower levels of 64Cu excretion were
observed in Atp7b+/� mice during the first 24 h in comparison to
WT, but no differences were observed at 48 h. Regarding urinary ra-
diocopper excretion, levels were very low and highly variable in all
three groups, and no significant differences were observed among
them; surprisingly, Atp7b�/� showed the lowest levels (Figure S1).
Thus, radiocopper blood kinetics (BK) and fecal excretion, but not
urinary excretion, represent useful biomarkers to determine copper
metabolism.

Radiocopper biodistribution was analyzed by full-body in vivo PET,
24 and 48 h after 64Cu injection. PET images inWT and Atp7b+/� an-
imals showed the presence of radioactive signal in liver as well as in
the gut region. In untreated Atp7b�/� animals, a strong signal was de-
tected in the liver area, but no signal was detected in the gut area (Fig-
ure 2A). The quantification of the liver standardized uptake value
(SUV), i.e., the radiocopper uptake in liver, showed a significantly
higher hepatic retention of radiocopper in Atp7b�/� animals in com-
parison toWT and Atp7b+/� mice (Figure 2B). Seventy-two hours af-
ter radiocopper injection, animals were sacrificed, and the radioactive
signal was quantified in liver, brain, kidneys, lungs, and spleen
erapy: Methods & Clinical Development Vol. 26 September 2022 99
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Figure 2. In vivo and ex vivo biodistribution analysis of 64Cu by whole-body

PET imaging and gamma counter measurements in WT, Atp7b+/–, and

Atp7b–/– mice at 9 weeks of age

PET analysis was performed 24 and 48 h post-64Cu injection. Ex vivo biodistribution

analysis was performed at sacrifice, 48 h after 64Cu administration. (A) Represen-

tative PET coronal slices obtained 24 and 48 h after intravenous (i.v.) injection of the

radiotracer co-registered with a CT 3D image of other animal used as anatomical

reference. The volumes of interest (VOIs) containing the entire liver were used to

obtain quantitative data. (B) Graphical representation of the quantitative measures

obtained by PET data analysis is shown. (C) Ex vivo biodistribution data of selected

organs are shown. All data were presented as mean ± SD. The statistical analysis

was performed using the non-parametric Kruskal-Wallis test followed by Dunn’s

multiple comparison post hoc. *p < 0.05; **p < 0.01; ***p < 0.001. lv, liver; i, in-

testine; f, feces.
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(Figure 2C). As observed with PET data, significantly higher radioac-
tive signal was detected in liver of Atp7b�/� mice in comparison to
livers of WT and Atp7b+/� mice. Interestingly, radiocopper levels
100 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
were significantly lower in all other organs evaluated, brain, kidneys,
lungs, and spleen inAtp7b�/�mice in comparison toWT orAtp7b+/�

mice.

VTX-801 administration to 6-week-old Atp7b–/– mice signifi-

cantly modifies physiological radiocopper biodistribution

Six-week-old male and female Atp7b�/� mice (n = 6) received intra-
venously three different doses of VTX-801: 5 � 1011, 1.5 � 1012,
and 5 � 1012 viral genome copies (VG)/kg. The highest dose admin-
istered to animals corresponds to one previously shown to restore
copper metabolism and improve survival in Atp7b�/� mice.8 Three
weeks post-injection, VTX-801-treated animals received an intrave-
nous injection of 64Cu. Blood samples were harvested at different
time points, and radiocopper BK was analyzed (Figure 3A). As con-
trols, we used untreated WT and Atp7b�/� mice from Figures 1
and 2. In Atp7b�/� animals, VTX-801 treatment prevented the
continuous decrease of the radiocopper signal observed in untreated
WD mice. Moreover, all three doses of VTX-801 administered
showed an initial decrease in the 64Cu signal followed by stabiliza-
tion after 24 h. A direct dose relationship was also observed for ra-
diocopper 48 h/1 h ratio with average values of 0.61, 0.67, and 0.79
in WD animals receiving 5 � 1011 VG/kg, 1.5 � 1012 VG/kg, and
5 � 1012 VG/kg, respectively (Figure 3B). No differences were
observed depending on the gender.

Presence of radiocopper in feces also revealed a direct dose response
to VTX-801 (Figures 3C and 3D), indicating that gene therapy and
the expression of functional ATP7B protein restores physiological
excretion of copper through the biliary and fecal route.

Radiocopper biodistribution was analyzed by PET at 24 and 48 h
post [64Cu]CuCl2 injection. As previously described for untreated
Atp7b�/� mice, copper-64 was retained in the liver and no signal
was detected in the gut area; however, in animals treated with the
higher dose of VTX-801, the presence of radiocopper was clearly de-
tected in the gut region, same as in WT animals (Figure 3D).
Furthermore, when 64Cu activity was measured in whole organs
at sacrifice (Figure 3E), a dose-dependent reduction of radiocopper
activity in liver was observed for WD mice treated with VTX-801.
Levels of 64Cu in brain, kidneys, and lungs of untreated Atp7b�/�

mice were lower than in WT animals; VTX-801 treatment at the
highest dose resulted in a significant increase of 64Cu in brain
and lungs (Figure 3E).

Long-lasting VTX-801 restorationof fecal excretion ofCu andBK

in WD mice

Six-week-old Atp7b�/� male mice (n = 3) were treated with either of
four doses (5E11, 1.5E12, 5E12, and 1.5E13 VG/kg) of VTX-801 and
3 months later received an intravenous injection of [64Cu]CuCl2.
Blood samples were harvested at different time points as previously
described. The radiocopper BK of untreated WT and WD animals
of matching age (18 weeks old) was different from that observed at
9 weeks of age. In WT mice, radiocopper levels remained stable
from 1 to 4 h post-injection and slightly increased thereafter up to
mber 2022



Figure 3. Copper-64 kinetics in blood and feces and

in vivo and ex vivo biodistribution analysis of the

radiotracer bywhole-body PET imaging and gamma

counter measurements in Atp7b–/–, WT, and VTX-

801-treated Atp7b–/– at 9 weeks of age

Atp7b�/� and WT mice data are the ones shown in Fig-

ures 1 and 2. Blood samples were collected 1, 4, 8, 24,

and 48 h post-[64Cu]CuCl2 administration. Feces were

harvested 24 and 48 h after 64Cu injection. PET analysis

was performed 24 and 48 h post-administration of the

radiotracer. Ex vivo biodistribution analysis was performed

at sacrifice, 72 h after 64Cu administration. (A) Radiocop-

per plasma kinetics (BK), fold-change ratios of 64Cu in

blood at different time points relative to 1 h have been rep-

resented. (B) Forty-eight-hours-to-1-hour ratio of 64Cu in

the serum 1 h is shown. (C) Cumulative fecal excretion

of 64Cu is shown. (D) Representative PET coronal slices

obtained 24 h after 64Cu administration are shown. (E)

Ex vivo biodistribution data of selected organs are shown.

All data were presented as mean ± SD. The statistical

analysis was performed using the non-parametric Krus-

kal-Wallis test followed by Dunn’s multiple comparison

post hoc. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.
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48 h. In WD mice, an initial drop of signal was observed during the
first 8 h, followed by a sharp increase in activity levels, higher than
those observed in WT animals at 48 h post-injection (Figure 4A).
The average 48 h/1 h ratio of radiocopper concentration in serum
Molecular Therapy: Methods & Clinic
was 1.32 in WT and 1.59 in WD mice (Fig-
ure 4B). Interestingly, Atp7b�/� mice treated
with the two higher doses of VTX-801 (5E12
and 1.5E13 VG/kg) showed a profile similar to
that observed in WT mice. At lower doses, cop-
per-64 levels in blood either remained stable
(1.5E12 VG/kg) or exhibited a continuous
decrease (5E11 VG/kg) (Figure 4A), however,
not as dramatic to that observed in untreated
9-week-old Atp7b�/� mice (Figure 1A). The ra-
diocopper 48 h/1 h ratio in blood increased in a
dose-dependent manner with average values of
0.6, 0.86, 1.05, and 1.06 after treatment with
5E11, 1.5E12, 5E12, and 1.5E13 VG/kg, respec-
tively (Figure 4B).

Twenty-four-hour feces were harvested for 3
consecutive days, and the presence of radioac-
tivity was represented as cumulative values
(Figure 4C). WD animals treated with VTX-
801 showed a direct dose dependency for levels
of copper excreted in feces, with those that
received the highest dose of VTX-801 reaching
levels not significantly different from WT ani-
mals. The analysis of urinary copper-64 excre-
tion revealed no significant differences among
the different groups, although once again, levels in WT animal
were slightly higher that in WD mice and WD animals treated
with the highest dose of VTX-801 showed the highest levels
(Figure S2).
al Development Vol. 26 September 2022 101
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Figure 4. Copper-64 kinetics in blood and feces of

Atp7b–/–, WT, and VTX-801-treated Atp7b–/– mice at

18 weeks of age

Blood samples were collected 1, 4, 8, 24, 48, and 72 h

post-64Cu administration. Feces were harvested 24, 48,

and 72 h after 64Cu injection. (A) Fold change ratio of 64Cu

in blood relative to 1 h is shown. (B) Forty-eight-hours-to-

1-hour ratio of 64Cu in the serum is shown. (C) Cumulative

fecal excretion of 64Cu is shown. All data were presented

as mean ± SD. The statistical analysis was performed

using the non-parametric Kruskal-Wallis test followed by

Dunn’s multiple comparison post hoc. *p < 0.05;

**p < 0.01.
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PET images revealed retention of radiocopper in liver of untreated
Atp7b�/� mice. VTX-801 treatment induced a dose-dependent
reduction of 64Cu signal in the liver area as well as a dose-dependent
increase of radiocopper signal in the gut area (Figure 5A). Further-
more, radiocopper signal was also quantified by drawing volumes
of interest (VOIs) in liver at 90 min (min), 24 h, and 48 h after
64Cu injection and 24 h/90 min or 48 h/90 min ratios were calculated
(Figure 5B). In WT animals, both ratios were below 1, indicating a
reduction of radiocopper in liver over time. In contrast, untreated
Atp7b�/� mice exhibited ratios above 1, suggesting retention of the
radiotracer in the organ. WD mice treated with VTX-801 showed a
dose-dependent reduction of 64Cu signal in liver as well as a reduction
102 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
in the 24 h/90 min or 48 h/90 min ratios in com-
parison to WD untreated mice.

At sacrifice, radioactive signal was quantified in
liver, brain, kidneys, lungs, and spleen. A VTX-
801 dose-dependent reduction in hepatic 64Cu
concentration was observed (Figure 5C). The
radioactive signal was increased in kidneys and
lungs at higher doses of vector at similar levels
toWT (no significant differences). Interestingly,
high levels of radiocopper were found in the
spleen of 18-week-old untreated Atp7b�/� ani-
mals (not observed in 9-week-old animal) that
were significantly reduced by VTX-801 treat-
ment (Figure 5C).

DISCUSSION
The Atp7b knockout (Atp7b�/�) mouse is a
good model of WD, allowing proof-of-concept
and pharmacology studies of AAV-mediated
gene therapy. It exhibits the typical biochemical
and pathophysiological alterations found inWD
patients, including progressive liver involve-
ment and lack of biliary elimination of copper.
The advantages of the Atp7b�/� mouse model
to test the therapeutic efficacy of gene therapy
approaches include a well-defined genetic back-
ground, good survival with disease progression,
good AAV-transduction efficiency, and availability of the original
strain to serve as a control in comparative analyses.15 We demon-
strated that an AAV vector carrying an ATP7B-minigene (named
VTX-801) was able to restore copper metabolism and physiological
copper excretion in WD mice in a safe and very efficient manner.8

Next, and in anticipation of a future clinical study, we worked on
the development of a clinically compatible and minimally invasive
method to demonstrate the efficacy of gene therapy in restoring cop-
per metabolism in WD patients.

Copper-64 is a radionuclide that exhibits physical properties
that are complementary for diagnosis, therapeutic purposes, and



Figure 5. In vivo and ex vivo biodistribution analysis

of 64Cu by whole-body PET imaging and gamma

counter measurements in Atp7b–/–, WT, and VTX-

801-treated Atp7b–/– mice at 18 weeks of age

PET analysis was performed 90 min and 24 and 48 h

post-64Cu injection. Ex vivo biodistribution analysis was

performed at sacrifice, 72 h after 64Cu administration. (A)

Representative PET coronal slices obtained 48 h after the

injection of the radiotracer are shown. The VOIs)contain-

ing the entire liver (dashed line) were used to obtain

quantitative data. (B) Graphical representation of hepatic

concentration of 64Cu (SUV) at 90 min and 24 and 48 h

post-injection and ratio of 24 h/90 min and 48 h/90 min

hepatic SUV values derived from PET data analysis is

shown. (C) Ex vivo biodistribution data of selected organs

are shown. All data were presented as mean ± SD. The

statistical analysis was performed using the non-para-

metric Kruskal-Wallis test followed by Dunn’s multiple

comparison post hoc. *p < 0.05; **p < 0.01.
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biodistribution studies. In different types of cancers, copper-64 is be-
ing used both as a theranostic agent and to monitor the efficacy of
antitumoral agents.16,17 Furthermore, copper-64 labeling of anti-
bodies, small molecules, nanoparticles, or cells followed by PET imag-
ing represent a highly sensitive and non-invasive method for bio-
distribution and pharmacokinetic studies.18–20 Although clinical
experience is still relatively limited, so far, no adverse effects have
Molecular Therapy: Methods & Clinic
been described associated with the use of cop-
per-64 at the doses administered.

Starting from the 50s–60s, copper-64 has been
used to explore the copper metabolism in
healthy volunteers and WD patients, as a diag-
nostic tool for WD and as a highly sensitive
technique to determine copper uptake by the
liver, fecal copper excretion, and incorporation
of copper into ceruloplasmin.10–13 In animal
models, the use of copper-64 biodistribution
analysis has been shown to differentiate be-
tween WD and WT animals.21–23 Interestingly,
Sternlieb and Scheinberg13 used the 48 h/1 h or
48 h/2 h 64Cu ratio of radiocopper signal in the
serum as an index of copper incorporation into
ceruloplasmin that distinguishes homozygote
from heterozygote ATP7B mutation carriers.
This parameter has been recently used by
Członkowska et al.,14 confirming the excellent
diagnostic accuracy of the 48 h/2 h copper-64
ratio. In our study, we found that the param-
eter used by Sternlieb (48 h/1 h radiocopper
ratio in blood) allowed us to distinguish
WT from WD animals at 9 weeks of age.
But more importantly, the administration of
VTX-801 normalized this ratio in WD mice
in a dose-dependent manner. However, at 18 weeks of age, we
observed a very different pattern; while 9-week-old WD mice pre-
sented a progressive reduction of radiocopper in blood, 18-week-
old WD animals showed, after an initial decay, a sharp increase
of 64Cu activity in blood, reaching at 24 h and 48 h levels that
were even higher than those of age-matched WT animals. In WT
animals, the increase of radiocopper in circulation is due to the
al Development Vol. 26 September 2022 103
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ATP7B-mediated radiocopper loading into ceruloplasmin. In WD,
due to the absence of ATP7B, this should not be possible; however,
we have previously shown that, in WD animals, ceruloplasmin
activity spontaneously increases with disease progression and devel-
opment of liver damage.7 In fact, we further demonstrated that the
induction of liver injury in WD mice by the administration of an
adenovirus resulted in an increase in ceruloplasmin activity in circu-
lation. Thus, in 18-week-old WD mice, ceruloplasmin is acting as an
acute phase reactant, as has been also shown in WD patients during
acute liver injury.24 Interestingly, VTX-801 administration changed
significantly copper-64 blood BK in 18-week-old WD mice. Even at
the lowest dose of VTX-801, which has a very minor effect over the
reduction of hepatic copper-64 retention, we observed a significant
change in the radiocopper BK in comparison to untreated WD
mice, which is more similar to the one shown by asymptomatic un-
treated 9-week-old WD mice. This observation could be explained
by the fact that very low doses of VTX-801 are capable of control-
ling liver damage in WD mice but are not enough to increase the
levels of ceruloplasmin in circulation.7,8 Importantly, the adminis-
tration of higher VTX-801 doses normalized copper-64 48 h/1 h
ratios in a dose-dependent manner in blood. Thus, the analysis of
copper-64 BK in conjunction to acute injury biomarkers to discard
spontaneous ceruloplasmin secretion might represent a reliable
biomarker to determine the effect of VTX-801 over the restoration
of ceruloplasmin levels in blood. Furthermore, in our study, we
observed that, due to the absence of ATP7B, WD mice retained
close to 80% of the radiocopper injected in the liver and showed
a clear impairment for biliary copper excretion as determined by
PET imaging and analysis of radiocopper in feces. Similar results
were obtained in patients and WD animal models.21–23,25–27 In
WT animals, excess of copper is excreted via the biliary and fecal
route, while in WD mice, copper is accumulated in the liver and
eliminated through the urine; however, this is insufficient to restore
an appropriate balance with dietary intake, as toxic copper levels
accumulate in tissues, primarily in the liver. VTX-801 administra-
tion significantly reduced hepatic copper-64 retention and increased
biliary and fecal excretion in a dose-dependent manner at 9 and
18 weeks of age. At the higher dose of VTX-801, most parameters
associated with copper metabolism and excretion were very similar
to WT animals. Interestingly, in Atp7b�/� mice, copper is mainly
excreted throughout the urine, showing significantly higher levels
than WT animals. Shortly after VTX-801 administration, we
observed a highly efficient reduction in Cu concentration in urine,
even at the lowest dose of vector. However, the analysis of cop-
per-64 concentration in the urine of WD and WT animals revealed
no significant differences but a tendency to lower levels in WD an-
imals than in WT, which is contrary to what we were expecting and
can be explained by the strong radiocopper retention in liver of WD
animals.

Recently, Sandahl et al.28 showed that, using a simple 20-h-to-
90-min mean SUV ratio of the liver, copper-64 PET and computed
tomography (CT) diagnosed WD patients with 100% accuracy.
Here, we have used this ratio to estimate the effect of VTX-801 treat-
104 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
ment over copper-64 liver retention in Atp7B�/� mice (Figure 5B).
At 48 h, the SUV ratio value was below 1 in WT animals and above
1 in WD mice, indicating that copper-64 was being removed from
the liver in WT animals and was retained and accumulated in WD
mice liver. VTX-801 reduced this ratio in a dose-dependent manner.
These results are in agreement with Sandahl et al.28 observations and
suggest that this parameter, apart from being of high value for WD
diagnosis, is also an attractive tool to evaluate the pharmacody-
namics of a gene-therapy product aiming at the restoration of phys-
iological copper metabolism. However, it should be noted that
Sandahl’s study,28 contrary to our work or that of Osborn and
Walshe,11 showed that, at early time points (i.e., 90 min after
64CuCl2 injection), hepatic copper-64 uptake was lower in WD
patients than in healthy and heterozygotes subjects. The difference
between the studies of Sandahl et al. and Osborn and Walshe could
be due to the different characteristics of the patients with WD
included. Although limited information is available, most likely in
the recent study by Sandahl et al., the patients are being controlled
by copper chelation or Zn salts, while in Osborn and Walshe, the
patients remain untreated like our control WD mice.

Regarding copper-64 biodistribution, we observed lower levels in
the brain, kidneys, and lungs of WD mice than of WT animals,
both at 9 and 18 weeks of age. As suggested before to explain the
unexpected results obtained in the urine, this could be related to
the retention of the copper-64 in the liver. Interestingly, after
VTX-801 treatment, we observed a tendency to increase the cop-
per-64 levels in those organs in a dose-dependent manner. In the
case of the brain, a relevant organ in WD due to the neurological
aspects of the disease, our results correlated with those reported
by Peng et al.22 and Xie et al.,29 showing lower levels of radiocopper
in the brain of WD in young animals in comparison to WT animals.
However, Xie et al. showed that this pattern changed in older ani-
mals that showed more radiocopper in the brain of WD mice
than in WT animals.29 Experiments in older animals will be of in-
terest to determine whether VTX-801 prevents radiocopper accu-
mulation in the brain of WD animals.

An observation that is of interest but that also required additional
experimentation to understand the mechanism is the high levels of
radiocopper observed in the spleen of Atp7b�/� at 18 weeks of age,
but not at 9 weeks. Those levels were reduced in VTX-801-treated
mice, even at the lowest dose of vector, correlating with the presence
of lower copper-64 in the blood circulation.

Currently available treatments for WD patients are based on daily
administration of copper chelators (D-penicillamine and trientine)
or zinc salts. Copper chelators work by inducing urinary copper
excretion, while zinc salts act mainly by inhibiting intestinal copper
absorption.5 As opposed to VTX-801, none of these medical treat-
ments restore fecal copper-64 elimination and holo-ceruloplasmin
production. Therefore, the use of radiocopper might provide a
unique opportunity to differentiate the pharmacodynamic effects
of VTX-801 in patients under chelator or Zn treatment.
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MATERIALS AND METHODS
Animals and radiopharmaceuticals

All animal procedures were performed according to an ethic protocol
specifically drafted for this project. The protocol was evaluated and
approved by the University of Navarra’s Ethics Committee for Animal
Experimentation (protocol code number: CEEA/019-18) and further
approved by the Department of Health of the Navarra Government
on 13/03/2018. WD animal model Atp7b�/� and heterozygous mice
Atp7b+/� were generated at CIMA by backcrossing Atp7b�/�

C57BL/6 � 129S6/SvEv (15) obtained from Jackson Laboratories
with WT C57BL/6 purchased from Janvier. Mice were socially housed
in ventilated cages in an air-conditioned room at 22�C under a 12 h
light/dark cycle with access to food and tap water ad libitum.

Mice (n = 3–6) were injected with [64Cu]CuCl2 intravenously via the
tail vein (final volume: 100 mL; dose: 12.1 ± 2.1 MBq). [64Cu]CuCl2
was purchased from CIC biomaGUNE (San Sebastián, Spain), and
it was produced via 64Ni(p,n)64Cu nuclear reaction on an IBA
Cyclone 18/9 cyclotron and immediately purified to obtain [64Cu]
CuCl2 in a 0.1 M HCl solution. The specific activity of the radiotracer
was 40 ± 16 GBq/mmol. During the experimental procedure, mice
were housed individually in metabolic cages separated by gender.
VTX-801 production

The recombinant AAV (rAAV) genome carrying a therapeutic
expression cassette containing a shortened version of the human
ATP7B gene (ATP7B-minigene) under the transcriptional control
of the liver-specific a1-antitrypsin promoter (AATp) has been
described previously.8 The main characteristics of the vector prepara-
tion are shown in Figure S3. For virus titration, viral DNA was
isolated using the High Pure Viral Nucleic Acid kit (Roche Applied
Science. Mannheim, Germany). Viral titer, measured as VG/mL,
was determined by qPCR (Applied Biosystems, Foster City, CA) us-
ing the following primers: AATp forward primer 50-TTGCTCCTC
CGATAACTGGG-30 and AATp reverse primer 50-CCCTGTCCTC
GTCCGTATTT-30.
Biological sampling

After [64Cu]CuCl2 injection, several biological samples were collected
and radioactivity (Bq) was counted on a gamma counter (Hidex
Automatic Gamma Counter). Blood samples were collected and
weighted. The % injected dose (ID)/g of blood was calculated consid-
ering the decay of copper-64, and data were represented in the graph
as the fold change ratio relative to 1 h. Urine and feces were harvested
throughout 24 h from individual animals using metabolic cages, and
data were expressed as the % ID correcting the radioactive decay of
copper-64.
In vivo PET imaging and ex vivo copper-64 biodistribution

All PET scans were obtained in a dedicated small-animal imaging to-
mograph (Mosaic, Philips), with an axial and transaxial field of view
of 11.9 and 12.8 cm, respectively, and a full width at half maximum
resolution of 2.1 mm. At 1.5, 24 and 48 h post-injection, mice were
Molecular The
placed prone on the PET scanner under continuous anesthesia with
isoflurane (2% in 100% O2 gas) to acquire a static image (sinogram)
within 15 min. All the images were reconstructed in a 128 � 128 ma-
trix with a 1 � 1 � 1 mm3 voxel size using the 3D Ramla algorithm
with two iterations and a relaxation parameter of 0.024. Dead time,
decay, random, and scattering corrections were applied during the
reconstruction process. All the studies were exported and analyzed
using the PMOD software (PMOD Technologies, Adliswil,
Switzerland). Images were expressed in SUV units, using the formula

SUV =
h
tissue activity concentrationðBq=cm3Þ

injected dose ðBqÞ
i
� body weightðgÞ. A spherical

VOI containing the entire liver was drawn over PET images to obtain
semi-quantitative data. Then, a semiautomatic delineation tool was
used (applying a predefined threshold of 40% of the maximum voxel
value) to obtain a newVOI that delimited the liver with copper-64 up-
take. Finally, SUVmean, which was defined as the average SUV of
voxels within the VOI, was calculated. To determine the kinetics of
copper-64 elimination from the liver, we calculated the ratio between
the liver mean SUV values obtained at 24 and 48 h and those obtained
at 90 min.

For ex vivo analysis 72 h post-64Cu administration, liver, brain, kid-
neys, lungs, and spleen were dissected as a whole at sacrifice. All tis-
sues were weighed and subjected to radioactivity (Bq) measurement
with a gamma counter (Hidex Automatic Gamma Counter). Cop-
per-64 biodistribution was expressed as % of ID per organ, correcting
the measurement with the calculated radioactive decay at any given
time point.

Properly calibrated radioactivity measurement systems were used.
Particularly, daily stability measurements are done both for the mi-
croPET and the gamma counter, and the accuracy of both systems
is routinely verified on a monthly basis to ensure that quantitative
values deviate less than 10% from the true value.

Statistical analysis

Data are presented as mean values ± standard deviation and were
analyzed for significance by the non-parametric Kruskal-Wallis test
followed by the Dunn’s multiple comparison post hoc using
GraphPad Prism 8.00 software (GraphPad Software, CA, USA).
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