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ABSTRACT: Copper-64 (*Cu)-labeled antibody fragments such % - o o

o [% s W oYM o $ f"/ s 3 /CP/ § (Fa)
as Fab are useful for molecular imaging (immuno-PET) and “M{QN*HJ{L\»&Q&W&\{\@H% “Jx\{\@u*u’ '
radioimmunotherapy. However, these fragments cause high and T e ° o o

CuNOTAMVK-Fab, Ga-NOTAMVK-Fab GuNOTA-Met, Ga:NOTA-Met CuNOTAFab

persistent localization of radioactivity in the kidneys after injection. Kidneys
To solve this problem, this study assessed the applicability of a T, m& ’ o o oo
molecular design to %4Cu, which reduces renal radioactivity levels 2 {“‘T\i } ?Z”ggl% B CaloaNOTAMK e

by liberating a urinary excretory radiometabolite from antibody Aot Osfoumonem
fragments at the renal brush border membrane (BBM). Since 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA) forms a stable complex with Cu, NOTA-conjugated Met-Val-Lys-maleimide
(NOTA-MVK-Mal), which is a radio-gallium labeling agent for antibody fragments, was evaluated for applicability to **Cu. The
MUVK linkage was recognized by the BBM enzymes to liberate [**Cu]Cu-NOTA-Met although the recognition of the MVK sequence
for the [**Cu]Cu-NOTA-MVK derivative was reduced compared with that of its [*Ga]Ga-counterpart, probably due to the
difference in the charge of the metal-NOTA complexes. When injected into mice, [**Cu]Cu-NOTA-MVK-Fab resulted in similar
renal radioactivity levels to the “’Ga-labeled counterpart. In addition, [**Cu]Cu-NOTA-MVK-Fab resulted in lower renal
radioactivity levels than those from **Cu-labeled Fab using a conventional method, without a reduction in the tumor radioactivity
levels. These findings indicate that our approach to reducing renal radioactivity levels by liberating a radiolabeled compound from
antibody fragments at the renal BBM for urinary excretion is applicable to ®*Cu-labeled antibody fragments and useful for immuno-
PET and radioimmunotherapy.

B INTRODUCTION low-molecular-weight antibodies are incorporated into renal
6-12 17 .
Antibodies and constructs labeled with radionuclides such as cells (renal brush border strategy). Using this strategy, we
indium-111, zirconium-89, and copper-64 (64Cu) are used to recently constructed an S-2-(4-isothiocyanatobenzyl)-1,4,7-
visualize target expression and study their pharmacokinetics in triazacyclononane-1,4,7-triacetic acid (SCN-Bn-NOTA)-con-
living subjects.1_4 Because positron emission tomography jugated antibody Fab fragment with a Met-Val-Lys linkage
(PET) provides more quantitative and higher-resolution (NOTA-MVK-Fab) and gallium-67 (/Ga)-labeled NOTA-
images than single-photon emission computed tomography, MVK-Fab ([¥Ga]Ga-NOTA-MVK-Fab). This construct re-

antibodies and constructs labeled with positron-emitting

radionuclides have recently been developed (immuno- ] ) - ) o ]
PET).'~ Although intact antibodies have been widely used without impairing the radioactivity levels in the tumor due to

for immuno-PET, constructs such as Fab and single-chain Fv the release of [Ga]Ga-NOTA-Met from [Ga]Ga-NOTA-
fragments (low-molecular-weight antibodies that can pass MVK-Fab by BBM enzymes (Figure 1A).” This approach can
through the glomerulus) are more useful for molecular also be applied to gallium-68 (**Ga), a positron emitter.
imaging due to their faster clearance from circulation and However, the halflife of **Ga is short (68 min), and
more homogeneous tissue distribution.”” They can also reduce
radiation exposure for the subject. However, radiolabeled
antibody constructs cause high and persistent localization of
radioactivity in the kidney, hindering target visualization in that
area.”’

To reduce renal radioactivity levels, we conceived a
molecular design that liberates a radiolabeled compound via
urinary excretion using enzymes present on the brush border
membrane (BBM) lining the proximal renal tubule, while the

sulted in limited renal radioactivity levels shortly after injection

radionuclides with a longer half-life would be more useful for
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Figure 1. (A) Chemical structures of M-NOTA-MVK-Fab and M-
NOTA-Met (M = Ga or Cu). Ga-NOTA-MVK-Fab liberates Ga-
NOTA-Met following the action of renal BBM enzymes. (B)
Chemical structures of Ga-NOTA and Cu-NOTA. Ga-NOTA is
neutral, but Cu-NOTA is negatively charged.

immuno-PET.>® Therefore, another positron emitter with a
longer half-life must be investigated.

Copper-64 (**Cu) undergoes #* decay with a 12.7 h half ife,
longer than that of ®Ga, and can provide quality PET images
for up to 48 h. Moreover, copper forms a stable metal complex
with NOTA.'*'* Therefore, NOTA-MVK-Fab could be
applied to ®Cu to produce [**Cu]Cu-NOTA-MVK-Fab as
an immuno-PET agent. However, the gallium ion has an
oxidation state of +3, while that of the copper ion used in
nuclear medicine is +2."* Therefore, the net charge of the Cu-
NOTA complex is negative while that of the Ga-NOTA
complex is neutral (Figure 1B)."""> Because the molecular
charge might affect enzymatic recognition,16 it is necessary to
investigate the applicability of NOTA-MVK-Fab to %Cu.
Thus, this study evaluated the recognition of the MVK
sequence in [**Cu]Cu-NOTA-MVK-Fab by renal BBM
enzymes. A low-molecular-weight model compound,
[**Cu]Cu-NOTA-MVK (benzoyl)-OH ([**Cu]Cu-NOTA-
MVK-Bzo), was synthesized in which the maleimide group
in NOTA-MVK-Mal was substituted with a benzoyl group to
prevent maleimide-mediated reactions with enzymes. The
applicability of NOTA-MVK-Fab to **Cu was assessed through
comparative biodistribution studies of [®*Cu]Cu-NOTA-
MVK-Fab in normal and tumor-bearing mice using
[#*Cu]Cu-NOTA-conjugated Fab fragments with a conven-
tional thiourea linkage and [¥’Ga]Ga-NOTA-MVK-Fab.

B RESULTS AND DISCUSSION

%*Cu undergoes #* decay with a 12.7 h half-life and can provide
quality PET images for up to 48 h. Thus, the development of
%*Cu-labeling agents for antibody fragments based on the brush
border strategy would be useful for providing clear tumor
images. On the other hand, we have developed radiolabeling
agents for antibody fragments based on the brush border
strate usin% various radionuclides such as **™Tc and
Ga. T2 1y these studies, altering the radiolabeling

moiety changed the enzymatic recognition for the linker
structure, which required a modification of the linker structure.
The charges of Cu-NOTA and Ga-NOTA were different,' ">
and the molecular charge can affect enzyme recognition.
Therefore, we investigated the applicability of NOTA-MVK-
Fab to %Cu.

Enzymatic Recognition of the MVK Linkage. Gallium is
found primarily in the +3 oxidation state, while copper forms a
wide variety of compounds usually in the +1 and +2 oxidation
states. In the field of nuclear medicine, Cu?* is used; Cu-
NOTA has a molecular charge of —1 while Ga-NOTA is
neutral (Figure 1B)."”'* Indeed, Cu-NOTA-Met was detected
as [M]~ in the electrospray ionization (ESI) mass spectrum,
while Ga-NOTA-Met was detected as [M + H]". Electrostatic
forces are involved in a wide variety of molecular interactions,
including the interactions between enzymes and their
substrates.'® Therefore, the recognition of the MVK sequence
in [**Cu]Cu-NOTA-MVK-Bzo by the BBM enzymes was
investigated first. After removing free NOTA-MVK-Bzo by
reversed-phase high-performance liquid chromatography (RP-
HPLC), [**Cu]Cu-NOTA-MVK-Bzo was incubated with
brush border membrane vesicles (BBMVs) to estimate the
release of [**Cu]Cu-NOTA-Met. However, [**Cu]Cu-NOTA-
MVK-Bzo barely released [**Cu]Cu-NOTA-Met after incuba-
tion with BBMVs (Figure 2), while [’ Ga]Ga-NOTA-Met was

4 [**Cu]Cu-NOTA-MVK(Bzo0)

L

BBMV 2 h
>
2 L
§ BBMV+Co®* 2 h
ke
©
o
] L
[**Cu]Cu-NOTA-Met
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Figure 2. Radioactivity profiles of [**Cu]Cu-NOTA-MVK-Bzo after
incubation in BBMVs for 2 h without (second from top) and with 1
mM Co** (third from top). [**Cu]Cu-NOTA-MVK-Bzo (top) and
[#*Cu]Cu-NOTA-Met (bottom) are standard samples.

released from [“’Ga]Ga-NOTA-MVK-Bzo.” The negative
charge of [**Cu]Cu-NOTA-MVK-Bzo might have inhibited
the number of contacts with BBMVs because they were
negatively charged.'® Therefore, we re-evaluated the BBM
enzyme recognition of the MVK sequence in [**Cu]Cu-
NOTA-MVK-Bzo in the Ipresence of Co?*, which is a well-
known enzyme activator. >’ The incubation of [**Cu]Cu-
NOTA-MVK-Bzo with BBMVs in the presence of Co*"
resulted in the cleavage and release of [**Cu]Cu-NOTA-Met
(Figure 2). Therefore, there was a slight recognition of the
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MVK sequence in [**Cu]Cu-NOTA-MVK-Bzo by BBM
enzymes. The release of [**Cu]Cu-NOTA-Met from
[**Cu]Cu-NOTA-MVK-Bzo in the presence of Co®* was
inhibited by phosphoramidon, an inhibitor of neutral
endopeptidase (NEP) (Figure 3).>! Because the BBM enzymes

Control

MGTA

Captopril

Cilastatin
Phosphoramidon | n d.

0 25 50 75 100
% of control

Figure 3. Formation of [**Cu]Cu-NOTA-Met metabolites from
[%*Cu]Cu-NOTA-MVK-Bzo after incubation with BBMVs and 1 mM
Co*" at 37 °C for 2 h in the absence (control) or presence of an
inhibitor of carboxypeptidase (MGTA), angiotensin-converting
enzyme (captopril), dipeptidase (cilastatin), or neutral endopeptidase
(phosphoramidon). The bars show the means =+ SD of three
experiments.

were activated by Co®" even in the presence of phosphor-
amidon (data not shown), these results suggest that NEP was
involved in the cleavage of the MVK sequence in [**Cu]Cu-
NOTA-MVK-Bzo. Conversely, in vivo, the MVK sequence in
[**Cu]Cu-NOTA-MVK-Fab might have gained access to
enzymes on the BBM during the uptake of antibody fragments
by renal cells, facilitating the cleavage of the MVK sequence.
From these hypotheses, although the change of radiometal
from Ga** to Cu®*" might reduce recognition by NEP, we
investigated the applicability of NOTA-MVK-Fab to Cu in
vivo.

Preparation of ®*Cu-Labeled Fab Fragments. NOTA-
MVK-Mal was conjugated with thiolated Fab fragments using a
standard 2-iminothiolane method. The number of NOTA-
MVK linkages introduced per molecule of Fab fragments was
estimated to be 1.50—2.32 by calculating the number of thiol
groups in the Fab fragment before and after the conjugation
reaction. NOTA-Fab was also prepared as a reference, and the
number of the chelating groups introduced in the Fab
fragments was determined to be 2.5. All NOTA-conjugated
Fab fragments were labeled with ®*Cu in the presence of
acetate, and the resulting radiolabeled Fab fragments were
analyzed by thin-layer chromatography (TLC) and size-
exclusion high-pressure liquid chromatography (SE-HPLC)
(Figure S1). The radiochemical yields and purities of all **Cu-
labeled Fab fragments were over 95%.

Biodistribution Studies in Normal and Tumor-
Bearing Mice. The biodistribution of radioactivity after
injection of the ®*Cu/“Ga-labeled Fab fragments in normal
mice is summarized in Figure 4 and Table S1. When injected
into normal mice, both *Cu-labeled Fab fragments and
[Ga]Ga-NOTA-MVK-Fab showed similar elimination rates
of radioactivity from circulation. Thus, similar portions of the
three radiolabeled Fab fragments were filtered through the
glomerulus and transported to the proximal renal tubules after
administration. Indeed, the renal radioactivity levels at 10 min
postinjection were similar (Figure 4B). Conversely, the
radioactivity levels for [%*Cu]Cu-NOTA-MVK-Fab in the
kidneys were significantly lower than those for [**Cu]Cu-
NOTA-Fab and similar to those for [*’Ga]Ga-NOTA-MVK-
Fab from 1 to 6 h postinjection. According to the RP-HPLC
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Figure 4. Time—activity curves of radioactivity in the blood (A) and
kidneys (B) and the kidney/blood ratio (C) after injection of
[%*Cu]Cu-NOTA-MVK-Fab (solid circle), [**Cu]Cu-NOTA-Fab
(open circle), and [¥Ga]Ga-NOTA-MVK-Fab (solid square) in
normal mice.

analysis of the urine samples collected for 6 h postinjection of
[#*Cu]Cu-NOTA-MVK-Fab, the major radiometabolite had a
retention time of 19 min, identical to that of the [**Cu]Cu-
NOTA-Met standard (Figure S). These results suggest that

A

Urine sample

e

64Cu-NOTA-Met
(standard)

Radioactivity

0 40
Retention time (min)

Figure S. Radiochromatograms of urine samples collected for 6 h
after injection of [**Cu]Cu-NOTA-MVK-Fab analyzed by RP-HPLC.
The top graph is the urine sample after proteins were removed and
the bottom is the [**Cu]Cu-NOTA-Met standard sample.

[#*Cu]Cu-NOTA-MVK-Fab yielded lower renal radioactivity
levels due to the release of [**Cu]Cu-NOTA-Met by BBM
enzymes. Contrary to the results of the in vitro study using
BBMVs, the renal radioactivity levels for [**Cu]Cu-NOTA-
MVK-Fab were similar to those for [**Ga]Ga-NOTA-MVK-
Fab (Figure 4), indicating that the recognition of the MVK
sequence in [**Cu]Cu-NOTA-MVK-Fab in vivo is similar to
that of [’Ga]Ga-NOTA-MVK-Fab. Similar results were also
observed with ['®*Re]Re-CpTR-GK-Fab, which yielded low
renal radioactivity levels similar to those with ['**T]I-HML-
Fab, although the in vitro study using BBMVs showed different
recognition rates.'" As mentioned above, in the in vitro system
using BBMVs, the substrates contact the enzymes on the
BBMVs by physical contact (Figure 6). Therefore, it is
probable that the negatively charged compound, [**Cu]Cu-
NOTA-MVK-Bzo, would be difficult to contact due to
electrostatic repulsion. Thus, it was considered that
[#*Cu]Cu-NOTA-Met could be released efficiently even if
the contact time was short because the BBM enzymes were
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Figure 6. Proposed differences in the enzymatic recognition for
substrates between the in vitro (upper) and in vivo (lower)
experiments. In the in vitro system using BBMVs, the substrates
contact the enzymes on the BBMVs by physical contact (upper).
Therefore, it is probable that the negatively charged compound would
be difficult to contact due to electrostatic repulsion. On the other
hand, in the in vivo experiments, substrates would not only be cleaved
by simple physical contact (i) but also by contact enhanced by the
internalizing process such as the formation of coated pits (ii) and
coated vesicles (iii) (lower).

activated by the addition of Co**. On the other hand, in the
analysis using radioiodinated Fab fragment synthesized based
on the brush border strategy, radiometabolites were observed
in the kidneys even when 10 min after injection, while in the in
vitro study, the radiometabolite was analyzed after 2 or 3 h of
incubation.”””** Therefore, metabolism by the BBM enzymes
in the body would be faster than that of those in the in vitro
study. On the other hand, in the analysis using **™Tc-labeling
agent based on the brush border strategy, the radiometabolite
was released also while internalization.” From these consid-
erations, [**Cu]Cu-NOTA-MVK-Fab appears to liberate
[#*Cu]Cu-NOTA-Met during uptake into renal cells, suggest-
ing [**Cu]Cu-NOTA-MVK-Fab might gain better access in
vivo to the BBM enzymes. Therefore, the differences in
accessibility of substrates to the enzymes between the two
experiments might affect enzymatic recognition (Figure 6).
These results also suggested that although an in vitro system
using BBMVs would be useful to estimate radiolabeling
reagents of antibody fragments designed to reduce renal
radioactivity levels, the recognition rates of them by the BBM
enzymes might be important, but whether they are recognized
by the BBM enzymes or not might be more important.

In the brush border strategy, the radiometabolite character-
istics are also important.é’lz’2 Indeed, when [*™Tc]Tc-MAG;-
Gly was used as a radiometabolite based on the brush border
strategy, it was redistributed from the kidneys to the liver and
intestine.® As a result, high radioactivity levels were observed in
the liver and intestine although renal radioactivity levels were
reduced. In this study, the tissue radioactivity levels after
injection of [**Cu]Cu-NOTA-MVK-Fab were similar to those
with [“’Ga]Ga-NOTA-MVK-Fab (Figure 4 and Table S1). In
addition, the radiochromatograms of urine samples with
[#*Cu]Cu-NOTA-MVK-Fab were similar to those reported
previously with [“Ga]Ga-NOTA-MVK-Fab.” These results

suggest that the function of [**Cu]Cu-NOTA-Met was similar
to that of [“’Ga]Ga-NOTA-Met, with rapid excretion from the
kidneys to urine.”® Therefore, [**Cu]Cu-NOTA-Met would be
suitable as a radiometabolite based on the brush border
strategy.

The ability of [**Cu]Cu-NOTA-MVK-Fab to reduce renal
radioactivity levels without impairing the radioactivity levels in
the tumor was demonstrated in a biodistribution study in
tumor-bearing mice (Figure 7). While no significant differ-

Tumor Kidneys
7. 80 ; *
6
60 |

5 4
D (2]
S 41 S 40
X 3 B

2 20
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Figure 7. Bar graphs showing ID/g of the tumor and kidneys at 3 h
postinjection of [**Cu]Cu-NOTA-MVK-Fab (MVK) and [**Cu]Cu-
NOTA-Fab (SCN) in tumor-bearing mice (n = S). The significance
was determined using an unpaired Student’s t-test (*: p < 0.0S,
significantly different from [**Cu]Cu-NOTA-Fab).

ences were observed in tumor uptake between the two $*Cu-
labeled Fab fragments at 3 h postinjection, [**Cu]Cu-NOTA-
MVK-Fab resulted in significantly lower radioactivity levels in
the kidneys than [**Cu]Cu-NOTA-Fab did. In this study, the
antibody Fab fragment was a{:gainst CD2S, which is expressed
on T cells such as T, cells.”® Therefore, some Fab fragments
would bind to circulating T cells that expressed CD2S5 in the
blood as indicated by the previous report.”” As a result, both
'Cu-labeled Fab fragments showed slightly higher blood
radioactivity levels compared with previously reported results
using other Fab fragments.9 Therefore, the tumor/blood ratio
was less than 1 (Table S2). Since this depends on the nature of
the antibody fragment used in this study, the tumor/blood
ratio could improve if appropriate antibody fragments were
used. On the other hand, **Cu undergoes not onlgr " but also
B~ decay, which can be used for radiotherapy.”* > Therefore,
[**Cu]Cu-NOTA-MVK-Fab could be used as a radio-
theranostic agent. Although the antibody Fab fragment used
in this study would not be suitable for radioimmunotherapy
due to high hematological toxicity, this labeling procedure
could be applied to a variety of antibody constructs of interest.
Therefore, other Fab fragments that do not bind to circulating
components in the blood would be suitable for radio-
immunotherapy.

B CONCLUSIONS

This study indicates that the molecular design of NOTA-
MVK-Mal developed for a radio-gallium labeling agent can be
applied to radio-copper. Because ®*Cu undergoes not only *
but also #~ decay, it is used for radiotherapy. This is the first
application of a radionuclide that can be used for PET and
radiotherapy based on the renal brush border strategy. In
addition, copper-67 (’Cu) undergoes = decay with a half-life
of 61.8 h, which is suitable for radiotherapy.”® > Therefore,
[¢4/67Cu]Cu-NOTA-MVK-Fab could be used in radiothera-
nostics. This labeling procedure may be applied to a variety of

https://doi.org/10.1021/acsomega.1c02516
ACS Omega 2021, 6, 21556—21562


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02516/suppl_file/ao1c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02516/suppl_file/ao1c02516_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02516?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

antibody constructs of interest and used for immuno-PET and
radioimmunotherapy.

B EXPERIMENTAL PROCEDURES

General. [“Ga]GaCl; and [**Cu]CuCl, were purchased
from FUJIFILM Toyama Chemical Co., Ltd. (Tokyo, Japan).
NOTA-MVK-Bzo, NOTA-MVK-Mal, and the renal BBMVs
were prepared as described previously.”'” The analytical
methods are described in the Supporting Information. All
commercial chemicals were of analytical grade and used
without further purification.

Synthesis of Cu-NOTA-Met. NOTA-Met (3.0 mg, S
umol) was added to a solution of nonradioactive CuCl, (1.0
mg, 7.44 ymol) in 0.25 M acetate buffer (pH 5.5, S0 uL). After
stirring for 1 h, Cu-NOTA-MVK-Bzo was purified by analytical
RP-HPLC as a blue solid (0.4 mg, 0.61 ymol, 12.2%). ESI-MS
m/z [M]~ 659, 661; found 659, 661.

Synthesis of Cu-NOTA-MVK-Bzo. NOTA-MVK-Bzo (4.0
mg, 4.3 pmol) was added to a solution of nonradioactive
CuCl, (1.0 mg, 7.44 umol) in 0.25 M acetate buffer (pH 5.5,
S0 uL). After stirring for 1 h, Cu-NOTA-MVK-Bzo was
purified by analytical RP-HPLC as a blue solid (0.5 mg, 0.50
umol, 11.6%). ESI-MS m/z [M]~ 990, 992; found 990, 992.

Preparation of [®*CulCu-NOTA-MVK-Bzo. A 1.0 uL
solution of [**Cu]CuCl, was mixed with 0.1 M ammonium
acetate buffer (pH 5.5, 10 uL). After 5 min, a solution of
NOTA-MVK-Bzo (2 X 107* M, 10 L) in 0.1 M ammonium
acetate buffer (pH 5.5) was added, and the mixture was
incubated at 37 °C for 1 h. The radiochemical yield was
analyzed by RP-HPLC equipped with an on-line UV/vis
detector and a radioactivity detector.

Monoclonal Antibody and Cells. The monoclonal
antibody against CD2S (PC-61.53) was purchased from Bio
X Cell (Lebanon, NH, USA). The Fab fragments of the anti-
CD25 antibody were prepared using a standard procedure
using immobilized ficine (Thermo Fisher Scientific, Yokoha-
ma, Japan). MC38 cells were cultivated in DMEM (Nacalai
Tesque Inc, Kyoto, Japan) supplemented with 10% fetal
bovine serum (Nippon Bio-Supply Center, Tokyo, Japan), 2
mM L-glutamine (Sigma-Aldrich Japan, Tokyo, Japan), and 1%
penicillin—streptomycin (10,000 units/mL and 10,000 pg/mL,
Nacalai Tesque Inc.) in a humidified atmosphere containing
5% CO, at 37 °C.

Preparation of ®’Ga-Labeled and %*Cu-Labeled Fab
Fragments. “Ga-labeled Fab fragments were prepared as
previously described.” For the ®*Cu-labeled Fab fragments, 1
uL of [%*Cu]CuCl, solution was added to 0.1 M ammonium
acetate buffer (pH S.5, 10 uL). After S min, each NOTA-Fab
conjugate (10 uL, 2 mg/mL, 0.1 M ammonium acetate buffer,
pH 5.5) was added to the solution, which was gently incubated
at 37 °C for 1 h. Then, 20 uL of 20 mM EDTA solution was
added, and each **Cu-labeled Fab fragment was purified by a
centrifuged column procedure using Sephadex G-50 Fine,
equilibrated, and eluted with Dulbecco’s phosphate-buffered
saline (D-PBS).

Enzymatic Recognition of [*Cu]Cu-NOTA-MVK-Bzo.
The enzymatic recognition of [**Cu]Cu-NOTA-MVK-Bzo was
determined as previously described.”> A solution of BBMVs
(10 uL, 10 mg/mL) was preincubated at 37 °C for 10 min
followed by the addition of RP-HPLC-purified [**Cu]Cu-
NOTA-MVK-Bzo (10 xL) in D-PBS. After 2 h of incubation at
37 °C, aliquots of the sample were taken from the solution and
analyzed immediately by RP-TLC (0.1 M ammonium acetate/

methanol = 1:1). The samples were also treated with ethanol
(40 uL) to precipitate proteins, centrifuged at 15,000 X g for 1
min, and analyzed by RP-HPLC. Similar experiments were
performed in the presence of an activator (CoCl,) and
inhibitors (D,L-mercaptomethyl-3-guanidino-ethylthiopropa-
noic acid, captopril, cilastatin, and phosphoramidon) of
brush border enzymes at a final concentration of 1 mM. All
experiments were carried out in triplicate.

In Vivo Study. Animal studies were approved by the Chiba
University Animal Care Committee. The number of animals in
each group was empirically determined based on prior
biodistribution and imaging studies. As such, 3—5 animals
were used in each group to allow for statistically significant
differences. Separate groups of six-week-old male C57BL/6 ]
mice (~25 g Japan SLC Inc., Shizuoka, Japan) were injected
via the tail vein with each of the “Ga/%Cu-labeled Fab
fragments (100 uL, 11.1 kBg, S ug). The animals were
sacrificed, and the organs were dissected at 10 min, 1 h, 3 h,
and 6 h postinjection. Each tissue of interest was excised and
weighed, and the radioactivity counts were determined with a
gamma well counter. Urine and feces were collected for 6 h
postinjection, and the radioactivity counts were determined
with a gamma well counter. Each value is expressed as the
mean percent injected dose/g of tissue + SD for a group of 3—
S animals, except for the stomach and intestine.

Five-week-old male C57BL/6 J mice were xenografted in
their right hind legs via subcutaneous injection of MC-38 cells
suspended in a BD Matrigel (3 X 10° cells). When the tumor
reached approximately 10 mm in diameter, these mice were
used for in vivo biodistribution studies (body weight ~ 25 g).
Biodistribution studies were conducted using male C57BL/6 ]
mice bearing MC-38 tumor xenografts at 3 h postinjection of
each %*Cu-labeled Fab fragment (100 uL, 11.1 kBq, S ug).
Tissues of interest were dissected and weighed, and the
radioactivity counts were determined using a gamma well
counter. Values are expressed as the mean percent injected
dose/g of tissue + SD for a group of five animals.

Analysis of Radiometabolites in Urine. The urine
samples were collected from six-week-old C57BL6/J mice for 6
h postinjection of [**Cu]Cu-NOTA-MVK-Fab (100 L, 222
kBq, S ug). The samples were then filtered using a
polycarbonate membrane (0.45 ym) and analyzed by SE-
HPLC. After the precipitation of proteins with ethanol, the
urine samples were analyzed by RP-HPLC using on-line
radioactivity detectors.

Statistics. Quantitative data are expressed as means + SD.
Statistical analysis was carried out by comparison using one-
way analysis of variance followed by Tukey’s multiple-
comparison test and Student’s t-test.
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