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ABSTRACT Sentinel lymph node (SLN) imaging plays an important role in surgery of patients with breast cancer and
melanoma. In this study, avidin (Av), a tetrameric protein glycosylated with mannose and N-acetylglucosamine
molecules, was labeled with #“Cu and then evaluated for LN imaging. 5Cu-Labeled NeutrAvidin™ (NAv), a non-
glycosylated form of Av, was used for comparison. 1,4,7,10-Tetraazacyclododecane-N,N',N",N"-tetraacetic
acid (DOTA)-conjugated Av and NAv were prepared from the corresponding proteins and DOTA-NHS
ester, which were then labeled with copper-64 and purified using PD-10 columns. The numbers of DOTA
molecules conjugated to Av and NAv were 4.9 and 3.3, respectively. [#*Cu]Cu-DOTA-conjugated Av and
NAv were prepared in 93% and 73% radiochemical yields, respectively. In vitro serum stability study showed
that copper-64 remained stable on all radiotracers for 24 h (>97%). MicroPET/CT images showed that high
radioactivity was accumulated in LNs within 15 min after footpad-injection of radiotracers. Tissue distribution
data of mice demonstrated significantly higher uptake in the popliteal (PO) LN than lumbar (LU) LN for ®*Cu-
labeled Av (relative % ID/g excluding the injection sites: 66.2% and 26.0%, respectively) compared with
those of ®Cu-labeled NAv (43.0% and 49.2%, respectively). The results of this study suggest that mannose
molecules on Av enabled the radiotracer to retain in the first LN after mouse footpad-injection.
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Introduction [*Tc]Tc-sulfur colloid having rather large particle size
(>100 nm) has shown slow radioactivity movement

SLN imaging has an important role in determining from the injection site (3). Considering the radioactivity
the surgery regions of patients with breast cancer and retention in the SLNs, radiopharmaceuticals specifically
melanoma, because of the involvement of SLN in targeting mannose receptors found on the surface
metastasis. For SLN imaging, radiopharmaceuticals of macrophages in LNs have been developed using
should have proper molecular sizes for efficient lymph mannose-conjugated dextran or human serum albumin
drainage but not into blood drainage, ranging from 5 (HSA) as a platform (4-9). Most notably, [*™Tc]
to 15 nm (1, 2). Of radiolabeled colloids, [**Tc]Tc- Tc-diethylenetriamine  pentaacetic acid (DTPA)-
antimony sulfide colloid has fit into this size range, but mannosyl-dextran (Lymphoseek®) was shown to be
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safe and effective for SLN imaging and was recently
approved from the Food and Drug Administration
(FDA) (4, 5). Since positron emission tomography
(PET) is proven useful for early and accurate diagnosis
of various diseases with high sensitivity and specificity,
PET radiopharmaceuticals for SLN imaging are also
on demand for development. ¥Ga- and *Cu-labeled
mannosylated HSA showed potential for SLN imaging
(8, 9). In addition, **Cu-labeled mannosylated HSA/
indocyanine green (ICG) was also developed for
preoperative PET/CT imaging and intraoperative near-
infrared fluorescence detection of SLNs (9), because
ICG, an FDA-approved dye, is easily adsorbed onto
HSA (10).

Av is a tetrameric protein glycosylated with four to
five mannose and three N-acetylglucosamine molecules
at the Asn 17 residue of each monomer, which exists
in more than three different oligosaccharide structural
types (11). It is obtained from egg white and binds
biotin with extremely high affinity (Kd ~ 10-15 nM)
(12). In this study, Av was used as a platform for
development of LN imaging agents, because it is
glycosylated with mannose molecules that could be
used for targeting mannose receptors in LNs. The non-
glycosylated protein version of Av, NAv was used for
comparison. NAv binds biotin as does Av, but it has low
non-specific binding due to its low pI (6.3) and does not
have mannose molecules (13). Therefore, we prepared
®Cu-labeled Av and NAv to evaluate the effect of
mannose molecules on Av in terms of LN imaging of
mice using PET/CT.

Materials

Av and NAv were purchased from Life Technologies
(Grand Island, NY, USA), and DOTA-NHS ester was
from Macrocyclics (Dallas, TX, USA). [**Cu]CuCl,
was kindly provided by KIRAMS (Seoul, Korea). BCA
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proteinassay kits were purchased from Pierce (Rockford,
IL, USA), PD-10 columns were from Amersham
Biosciences (Piscataway, NJ, USA), and Amicon filters
were from Millipore (Billerica, MA, USA). All buffers
used for synthesis and radiolabeling were pretreated
with Chelex 100 resin (Merck, Darmstadt, Germany)
to make metal-free conditions. Matrix-assisted laser
desorption ionization time of flight (MALDI-TOF)
mass spectrometry was performed on an AB SCIEX
TOF/TOFTM 5800 System (Framingham, MA, USA).

Radioactivity was measured using a dose calibrator
(Biodex Medical Systems, Shirley, NY, USA), and
tissue radioactivity was measured using an automatic
gamma counter (PerkinElmer, Waltham, MA,
USA). MicroPET/CT images of mice were acquired
using an Inveon microPET/CT scanner (Siemens
Medical Solutions, Malvern, PA, USA). All animal
experiments were performed in accordance with the
National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of

Samsung Medical Center.

Protocol

1. Preparation of DOTA-Av and DOTA-NAv

Av (1 mg, 16.6 nmol) was dissolved in 400 pL of
0.01 M sodium phosphate buffer (pH 7.4) and reacted
with DOTA-NHS ester (157.6 or 333.3 umol) in 100
uL of the same buffer. The reaction mixture was shaken
at room temperature for 20 h and purified using a PD-
10 column. The collected solution was concentrated
using an Amicon 10K centrifugal filter and lyophilized.
DOTA-NAv was synthesized by the same procedure
described for the synthesis of DOTA-Av. DOTA-
conjugated proteins were quantified using BCA protein
assay kits, and then analyzed by MALDI-TOF mass

spectrometry.
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2. Preparation of [*Cu]Cu-DOTA-

Av and [*Cu]Cu-DOTA-NAv

[#*Cu]CuCl, in 0.01 N HCI (50 pL, 157.44-210.16
MBq) was diluted with 200 uL of 0.1 M sodium acetate
buffer (pH 6) and added to DOTA-Av (0.2 mg) in a
1.5-mL tube. The reaction solution was then stirred at
40 oC for 30 min and purified using a PD-10 column
(saline). The aliquots (26.95-88.8 MBq/mL) of the
collected fraction were concentrated using an Amicon
10K centrifugal filter, and the filtrate was diluted with
saline and used for further experiments. [*Cu]Cu-
DOTA-NAv was synthesized by the same procedure
described for the synthesis of [**Cu]Cu-DOTA-Av.

3. In vitro serum stability

[**Cu]Cu-DOTA-Av (38.33-39.15 MBgq/500 puL) was
added to 50% fetal bovine serum and incubated at 37 °C
for 24 h. Aliquots were taken after 0, 1, 3, 16, and 24 h,
and loaded onto PD-10 columns. The product fractions
were eluted with 0.01 M PBS (pH 7.4) and counted
using a dose calibrator. Percent (%) radioactivity was
calculated relative to the radioactivity loaded onto
the columns. Serum stability experiment of [**Cu]Cu-
DOTA-NAv was performed by the same procedure
described for that of [**Cu]Cu-DOTA-Av.

4. MicroPET/CT and PET imaging

[**Cu]Cu-DOTA-Av and [*Cu]Cu-DOTA-NAv (8.11
+ 0.62 MBgq/50 pL) were injected into the left foot
pads of ICR mice (male, 5-week-old, 29.65 + 0.90
g, n = 3 per radiotracer). Dynamic PET images were
acquired at 1-min intervals for 10 min, and additional
computed tomography (CT) images were acquired for
20 min. Separately, PET images of ICR mice injected
with *Cu-labled Av and NAv were acquired at 1-min
intervals for 10 min. PET images were reconstructed
using 3-D ordered subset expectation maximization
and then processed using Siemens Inveon Research
Workplace 4.2 (IRW 4.2).
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5. Tissue distribution study

Immediately after microPET/CT imaging, mice were
sacrificed and LNs (PO and LU) as well as other major
organs were separated, weighed and counted. Data are

expressed as relative % ID/g.

6. Statistical analysis

Data were analyzed using unpaired two-tailed
Student’s t-tests. Differences at the 95% confidence
level (P < 0.05) were considered to be statistically

significant.

Results

1. Preparation of DOTA-Av and DOTA-NAv

DOTA molecules were conjugated to Av and NAv,
and the overall yields were 92.37% and 45.44%,
respectively based on BCA protein assays. MALDI-
TOF mass spectrometric analysis indicated that the
average numbers of DOTA molecules conjugated to Av

and NAv were 4.9 and 3.3, respectively.

2. Preparation of [*Cu]Cu-DOTA-
Av and [*Cu]Cu-DOTA-NAv
[**Cu]Cu-DOTA-Av and [**Cu]Cu-DOTA-NAv were
prepared in high non-decay corrected radiochemical
yields after purification using PD-10 columns (93%
and 73%, respectively).

3. In vitro serum stability

In vitro serum stability analysis using PD-10 columns
demonstrated that retention in percent radioactivity
was observed for [*#*Cu]Cu-DOTA-Av and [*Cu]Cu-
DOTA-NAv for 24 h. The remaining radiotracers were
97.01% and 98.76% at 0 h, 98.98% and 97.43% at 1 h,
99.16% and 98% at 3 h, 98.92% and 98.99% at 16 h
and 98.69% and 97.07% at 24 h for 64Cu-labeled Av
and NAv, respectively (Fig. 1). These results indicate



that copper-64 remained stable (>95% for 24 h) on the

radiotracers during the period of this study.
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Figure 1. In vitro serum stability of [*Cu]Cu-DOTA-Av (O) and [**Cu]Cu-
DOTA-NAv (A)

4. MicroPET/CT and PET imaging
MicroPET/CT images of LNs in ICR mice were
acquired for 30 min (10-min PET scan followed by
20-min CT scan) immediately after foot-pad injection
of [**Cu]Cu-DOTA-conjugated Av and NAv. Separate
PET images were also acquired for 10 min. The PET/
CT and PET maximum intensity projection (MIP)
images are shown in Figs. 2a and 2b, respectively.
High radioactivity uptakes were detected in the PO and
the injection sites (left foot pad) in both PET/CT MIP
images of mice (Fig. 2a). The radioactivity uptake in

LU was much lower than that in PO in mice injected

8% ID/g

0% ID/g
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with [*Cu]Cu-DOTA-Av, whereas other lymph nodes
including LU were clearly shown in mice injected with
[#*Cu]Cu-DOTA-NAv (Figs. 2a and 2b).

5. Tissue distribution

In tissue distribution study, high radioactivity was
accumulated in the PO for [**Cu]Cu-DOTA-Av. Data
were expressed as relative % ID/g, and most of the
radioactivity excluding that in the injection site was
detected in the PO (66.2+3.2%) and LU (26.0+£2.3%)
after injection of [**Cu]Cu-DOTA-Av (***P < 0.001)
(Fig. 3a), and lower radioactivity was detected in the
PO (43.042.4%) and LU (49.2+£2.8%) after injection
of [**Cu]Cu-DOTA-NAv (**P < 0.01) (Fig. 3b). There
was no radioactivity uptake in the contralateral PO and
LU (Figs. 3a and 3b). The uptake ratio of PO to LU
was 2.57+0.35 for [*Cu]Cu-DOTA-Av, while that was
0.88+0.1 for [*Cu]Cu-DOTA-NAv. The radioactivity
uptake of both radiotracers was not significant in other

tissues (liver, spleen, and kidneys).

Discussion

SLN imaging has been shown to be useful for the

surgical decision-making of patients with breast

cancer and

melanoma.

Radiopharmaceuticals

10% ID/g

Figure 2. PET/CT MIP (a) and PET MIP images (b) of ICR mice obtained after injection of [*Cu]Cu-DOTA-Av (let) and [“Cu]Cu-DOTA-NAv (right) (10-min PET

scan followed by 20-min CT scan (a); 10-min PET scan (b))
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Figure 3. Tissue distribution of [*Cu]Cu-DOTA-Av (a) and [*Cu]Cu-DOTA-NAv (b). PO: popliteal; LU: lumbar (**P < 0.01, ***P < 0.001)

for SLN imaging should have proper molecular
size and targeting efficiency. Proper sizes of
radiopharmaceuticals are reported to range from 5 to
15 nm (1, 2). Av falls within the proper size with 7.2 nm
(maximum cross-section) and 5.4 nm (hydrodynamic
diameter by dynamic light scattering measurement)
(14). The specific targeting of LNs can be efficiently
obtained using radiopharmaceuticals that can bind to
mannose receptors on the surface of macrophages in
LNs. Therefore, mannose-conjugated radiotracers
have been developed for SLN imaging. [*™Tc]
Tc-DTPA-mannosyl-dextran, the  FDA-approved
radiopharmaceutical for SLN detection, has 55
mannose molecules per dextran based on measurement
using the sulfuric acid method (4, 15). In the cases of
%Ga- and *“Cu-labeled mannosylated HSA, MALDI-
TOF mass spectrometry data showed that average
10.6 and 7.17 mannose molecules were conjugated
to HSA, respectively (8, 9). Av is a tetrameric protein
glycosylated with four to five mannose molecules per
monomer, although mannose molecules most likely
exist as oligosaccharide and hybrid forms (11). *Cu-
labeled Av was therefore considered as a radiotracer
for specific targeting of LNs, due to the presence
of mannose molecules glycosylated to Av. SPECT
radiopharmaceuticals specifically targeting mannose
receptors include Lymphoseek® and *™Tc-labeled
nanocoll, which demonstrated appropriate properties
for SLN imaging (4, 16). Recently, PET radiotracers
for SLN imaging have been also reported; *Ga- and
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#4Cu-labeled mannosylated HSA (8, 9).

In the present study, Av and NAv were labeled with
copper-64 via DOTA molecules, because copper-64
has been widely used for radiolabeling of proteins and
peptides. In order to prepare DOTA-conjugated Av and
NAv, 10 or 20 equivalents of DOTA-NHS ester were
added to Av and NAv, respectively. The numbers of
DOTA molecules conjugated to Lys residues of NAv
were 3.3, which were lower than those of Av (4.9) based
on analysis using MALDI-TOF mass spectrometry.
This difference may be attributed to different spatial
locations of Lys residues in Av and NAv. High
radiochemical yields were obtained for [**Cu]Cu-
DOTA-conjugated Av and NAv (73-93%). The in vitro
stability analysis demonstrated that both radiotracers
were stable in serum over 24 h (Fig. 1). Dynamic PET
imaging for the first 10 min was performed in ICR mice
after subcutaneous injection of radiotracer into the foot
pads (Fig. 2). [**Cu]Cu-DOTA-conjugated Av and NAv
were rapidly accumulated in the PO after the foot-
pad injection. In the tissue distribution study, higher
radioactivity uptake by the PO than by the LU was
observed for [*Cu]Cu-DOTA-Av (ratio, 2.57+0.35)
than for [*Cu]Cu-DOTA-NAv (ratio, 0.88+0.1),
which may be attributed to the presence of mannose
molecules in the former. As expected, [64Cu]Cu-
DOTA-Av showed higher retention of radioactivity in
the first lymph node after foot-pad injection than [*Cu]
Cu-DOTA-NAw.



Conclusion

We synthesized *Cu-labeled Av and NAv for PET/
CT imaging of LNs. In vivo results suggest that the
number of mannose molecules in Av may not be
sufficient to retain [**Cu]Cu-DOTA-Av longer in the
first LN after footpad-injection, although higher rate of
leakage from the LN was observed in [**Cu]Cu-DOTA-
NAv that does not contain mannose molecules. Further
studies to improve the retention of *Cu-labeled Av in
the first LN (PO) are underway to investigate the effect
of mannose molecules on uptake of LN using [*Cu]

Cu-DOTA-mannose-conjugated Av.
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