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ABSTRACT: A new tetraazamacrocyclic bifunctional chela-
tor, TE2A-Bn-NCS, was synthesized in high overall yield from
cyclam. An extra functional group (NCS) was introduced to
the N-atom of TE2A for specific conjugation with antibody.
The Cu complex of TE2A-Bn-NCS showed high kinetic
stability in acidic decomplexation and cyclic voltammetry
studies. X-ray structure determination of the Cu-TE2A-Bn-
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NH, complex confirmed octahedral geometry, in which copper atom is strongly coordinated by four macrocyclic nitrogens in
equatorial positions and two carboxylate oxygen atoms occupy the elongated axial positions. Trastuzumab was conjugated with
TE2A-Bn-NCS and then radiolabeled with ®*Cu quantitatively at room temperature within 10 min. Biodistribution studies
showed that the **Cu-labeled TE2A-Bn-NCS-trastuzumab conjugates maintain high stability in physiological conditions, and
NIH3T6.7 tumors were clearly visualized up to 3 days by **Cu-immuno-positron emission tomography imaging in animal

models.

B INTRODUCTION

Recent advances in antibody technologies has made it feasible
to develop antibodies having high specific binding for
essentially any molecular target of interest.”” To date several
dozen monoclonal antibodies (mAbs) have been approved by
U.S. Food and Drug Administration (FDA) for use as
diagnostics® and therapeutics* in various medical indications.>®
Furthermore, hundreds of new mAbs and engineered mAb
fragments (ie., diabody, minibody, single chain variable
fragment, and nanobody) are at stages of early clinical trial
and preclinical evaluation.

Immuno-positron emission tomography (immuno-PET) is
the most powerful imaging tool for the tracking and
quantification of antibodies in vivo because PET can provide
noninvasive, quantitative assessment of molecular events in the
whole body at high spatial resolution and sensitivity.”® The
information obtained by immuno-PET is crucial in most stages
of antibody-based drug development and ultimately for
personalized imaging and therapy.>®

For immuno-PET imaging, mAbs and engineered mAb
fragments need to be radiolabeled with radioisotopes emitting
positron (%) such as ®*Ga (t,,, = 68 min), "F (t,,, = 110
min), *Cu (t,, = 12.7 h), %Y (t,, = 14.7 h), "Br(t, ), = 16.2
h), ¥Zr (t,, = 78.4 h), and '*1 (¢,,, = 100.2 h).? Among these
isotopes, Cu-64 is of special interest because of its midlong half-
life as well as its attractive decay modes (8~ 39%, f* 17%).” In
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addition, Cu-64 can be routinely produced in large quantity and
high specific activity using a biomedical cyclotron."

However, the radiolabeling of antibody with Cu-64 is not
simple but needs more sophisticated considerations compared
to small biomolecules (e.g., peptide, aptamer). Due to intrinsic
fragility of antibody to heat and radiation, the radiolabeling step
should proceed at mild conditions: ambient temperature,
narrow pH range, and short labeling time.'"'? In most cases,
antibody is not radiolabeled directly with Cu-64, but instead is
conjugated with bifunctional chelator (BFC) first, and then the
BFC—antibody conjugate is radiolabeled with radioactive
copper ions via BFC.'>'* The ®Cu-radiolabeled antibody
should maintain high in vivo stability for accurate PET imaging
and the decomplexation of %*Cu ion from BFC should be
minimized until imaging time point. However, most antibodies
have much longer blood half-life compared to small molecules,
and usually 1-2 days are taken to reach optimal target-to-
background ratio for monoclonal antibody imaging. This is why
higher robustness of Cu-BFC complex is needed for successful
#Cu-immunoPET imaging.

So far, tetraazamacrocyclic BFCs such as DOTA (1,4,7,10-
tetraazacyclododecane-N,N’,N”,N" -tetraacetic acid) and TETA
(1,4,8,11-tetraazacyclotetradecane-N,N’,N”,N”-tetraacetic acid)
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have been commonly used to radiolabel antibodies with **Cu
ions because they have several advantages, i.e., easy availability,
high radiolabeling yield at reasonable temperature (<40 °C),
and higher Cu(II) complex stability than acyclic chelators such
as EDTA and DTPA.">™*® However, recent studies showed that
the Cu complexes of these BFCs slowly lose Cu(Il) ions in
vivo, which results in an increase in unnecessary radiation
exposure to nontargeting organs and background noise in
imaging.'*° For more specific conjugation with antibody, new
DOTA and TETA derivatives having an extra functional group
(e.g, NH,, NCS) on carbon backbone or N-atom of
macrocycles were synthesized (Figure 1).'7>* However, such
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Figure 1. Typical azamacrocyle-based bifunctional chelators for
antibody labeling.

sophisticated BFCs can only be obtained via multiple-step
synthesis leading to a very low overall yield. Furthermore,
because those BFCs are still based on DOTA or TETA
backbone, the complex stability issue was left unsolved.

In order to address the in vivo stability issue of Cu-BFC
complexes, new types of BFCs were developed. Anderson and
colleagues reported that cross-bridged TE2A formed extremely
stable Cu complexes and the release of free **Cu ions is
minimized in physiological condition.”®*® However, these
cross-bridged chelators can be radiolabeled at only high
temperature and cannot be used for radiolabeling of heat-
sensitive antibodies.”® Very recently, the same group reported
that phosphate analogs of cross-bridged TE2A can be
radiolabeled at milder conditions, but the radiolabeled antibody
using new chelators has not been reported yet.””>*

Recently, we reported that TE2A (1,8-N,N’-bis-(carbox-
ymethyl)-1,4,8,11-tetraazacyclotetradecane) is a potentially
better bifunctional chelator than widely used TETA in terms
of higher kinetic stability and quantitative radiolabeling at room
temperature.”” TE2A can be utilized as a BEC in the same way
as TETA by conjugating TE2A with antibody using one of two
acetic acid pendant arms.>® However, TE2A itself contain two
reactive secondary amine groups which can compete with the
amine group of the antibody in the conjugation reaction.
Furthermore, upon conjugation one of its acetic acid pendant
arms should be consumed for conjugation and will not be
available for strong coordination bonding to Cu(II) ion.*! In
addition to these conjugation problems, the overall charge of
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the formed Cu-TE2A conjugate is also changed from neutral to
+1. However, it is well-known that the positively charged Cu
complexes show higher uptake in clearance organs such as liver
and kidney and the body clearance is retarded compared to that
of neutral complexes.*”** Of course, the effect of charge change
of Cu-TE2A conjugate will be minimal when TE2A is
conjugated with large monoclonal antibody. However, the
same charge change may have significant influence on its
physiological behavior when conjugated with small antibody
fragments or even smaller peptides.

Trastuzumab, most commonly known as Herceptin
(Genetech, Inc.), is the first FDA-approved humanized
recombinant monoclonal antibody to target solid tumor.** It
binds to the extracellular domain of the HER2 receptor and
inhibits the proliferation and survival of HER2-dependent
tumors. Trastuzumab has been used more than 10 years for the
treatment of metastatic breast cancer showing high over-
expression of the HER2 protein.>® Fibroblast NIH3T6.7 cell,
which is a HER2 overexpressing NIH3T3 cell line, has been
widely used in HER2 targeting studies.**™>*

Here we present a new TE2A derivative (TE2A-Bn-NCS) in
which an extra isothiocyanate group is introduced on one of
two secondary amines for facile conjugation with antibody
while maintaining high kinetic stability of the neutral Cu-TE2A
complex. TE2A-Bn-NCS is conjugated with a monoclonal
antibody (trastuzumab) through the NCS functionality of BFC.
The in vivo stability and targeting affinity of **Cu-labeled
TE2A-Bn-NCS-trastuzumab are examined in Her2/neu positive
tumor models. New TE2A-Bn-NCS chelator shows very
promising properties as a BFC for **Cu-immuno-PET imaging.

B EXPERIMENTAL SECTION

Materials and Reagents. Cyclam and DOTA-Bn-NCS
were purchased from CheMatech (Dijon, France) and
Macrocyclics (Dallas, USA), respectively. All other reagents
and solvents were purchased from Sigma-Aldrich (St. Louis,
MO) and were used as received. Copper-64 was produced at
KIRAMS (Seoul, Korea) by the ®Ni(p,n)**Cu nuclear reaction
using an MCS0 Cyclotron (Scanditronix, Sweden).

Synthesis of 1,8-N,N’-Bis-(carbo-tert-butoxymethyl)-
1,4,8,11-tetraazacyclotetradecane (4). A 3 M NaOH
solution (200 mL) was added to 3 (9.15 g, 14.89 mmol).
After stirring for 3 h, the resultant solution was extracted with
CHCl; (3 X 100 mL), the combined organic phases were
washed by brine, dried over MgSO,, and solvent was
evaporated under reduced pressure to give an oil 4 (6.25 g,
98% yield) which solidified on standing. '"H NMR (500 MHz,
CDCl,, 25 °C): § = 1.37 (s, 18H; CHj;), 1.69—1.71 (m, 4H;
CH,), 2.72—2.59 (m, 16H; CH,), 325 (s, 4H; CH,); *C
NMR (125 MHz, CDCL, 25 °C): & = 25.78, 28.09, 47.59,
50.02, 52.47, 54.13, 54.74, 80.57, 170.43; HRMS (FAB)
calculated for C,,H,N,O,, 429.3441 [M+H]*, found:
429.3439 [M+H]".

Synthesis of 1,8-N,N’-Bis-(carbo-tert-butoxymethyl)-
4-N"-(4'-nitrophenethyl)-1,4,8,11-tetraazacyclotetrade-
cane (5). A mixture of 1,8-N,N’-bis-(carbo-tert-butoxymethyl)-
1,4, 8,11-tetraazacyclotetradecane 4 (3.28 g, 7.65 mmol), 4-
nitrophenethyl bromide (5.28 g, 22.96 mmol), anhydrous
K,CO; (529 g, 38.26 mmol), and KI (1.27 g, 7.65 mmol) in
anhydrous toluene (150 mL) was refluxed for 1 day. The
solvent was evaporated from reaction mixture under reduced
pressure and CH,Cl, (250 mL) was added. The resulting
brown slurry was filtered off through a Celite pad and washed
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with CH,Cl, (2 X 30 mL). The combined filtrate and washings
were evaporated under reduced pressure. The resulting residue
was purified via column chromatography on alumina (basic),
eluting with EtOAc/methanol (5:1) to afford a yellow oil §
(3.02 g, 68% yield). "H NMR (500 MHz, CDCL,, 25 °C): & =
138-140 (d, Y = 10 Hz, 18H; CHj), 1.62 (br s, 2H;
CH,), 1.88 (br s, 2H; CH,), 2.51-2.71 (m, 12H; CH,), 2.82—
2.88 (m, 4H; CH,), 2.97 (br s, 4H; CH,), 3.20-3.23 (d, Jp)
= 15 Hz, 4H; CH,), 7.33—7.35 (dd, Y4 = 10 Hz, 2H; CH),
8.06—8.08 (dd, *Jum) = 10 Hz, 2H, CH); *C NMR (125.8
MHz, CDCly, 25 °C): & = 23.24, 24.41, 28.13, 28.14, 31.98,
46.12, 48.37, 49.57, 50.02, 52.05, 52.51, 53.18, 55.02, 55.36,
55.67, 81.08, 81.36, 123.54, 129.57, 14633, 148.62, 170.49,
170.70; HRMS (FAB) calculated for CyH,N;O, 578.3918
[M+H]*, found: $78.3915 [M+H]".

Synthesis of 1,8-N,N’-Bis-(carboxymethyl)-4-N"-(4'-
nitrophenethyl)-1,4,8,11-tetraaza cyclotetradecane (6-
2TFA). Compound § (1.35 g, 2.34 mmol) was dissolved in a
1:1 (v/v) mixture of CF;CO,H (TFA) and CH,Cl, (72 mL).
The mixture was stirred at room temperature for 24 h. The
solvent was removed under reduced pressure to give an oily
residue which was triturated in Et,O to provide off-white solid
6 as a TFA salt (1.57 g, 97% yield). '"H NMR (500 MHz, D,0,
25 °C): § = 1.80-2.10 (m, 4H; CH,), 2.61-2.90 (m, 6H;
CH,), 2.92-3.81 (m, 18H; CH,), 7.46—7.48 (dd, ) = 10
Hz, 2H; CH), 8.10—8.12 (dd, *Ju) = 10 Hz, 2H; CH); °C
NMR (125.8 MHz, D,0, 25 °C): § = 21.34, 22.77, 28.16,
45.02, 47.60, 50.14, 50.38, 51.46, 51.67, 53.13, 54.23, 54.58,
5622, 11643 (q, Jcr = 293.1 Hz, CF,COOH), 124.07,
129.90, 144.35, 146.75, 162.8 (q, Jicr) = 352 Hz
CF,COOH), 176.06, 176.62; HRMS (FAB) calculated for
Cp,Hi(NO,, 4662666 [M+H]*, found: 4662661 [M+H]".

Synthesis of 1,8-N,N’-Bis-(carboxymethyl)-4-N"-(4’-
aminophenethyl)-1,4,8,11-tetraaza cyclotetradecane (7-
2TFA). To a solution of compound 6 (1.22 g, 1.76 mmol) in
water (40 mL) was added 10% Pd/C (0.31 g). The resulting
mixture was stirred under H, (g) at room temperature for 12 h.
The reaction mixture was filtered through a Celite pad which
was washed with water (2 X 20 mL). The combined filtrate was
evaporated under vacuum to give an oily residue which was
triturated with Et,O to provide an off-white solid 7 (1.15 g,
99% yield). '"H NMR (500 MHz, D,0, 25 °C): § = 1.82—2.04
(m, 4H; CH,), 2.58—2.85 (m, 6H; CH,), 2.88—3.78 (m, 18H;
CH,), 7.35—7.37 (dd, *Jam = 10 Hz, 2H; CH), 7.41-7.43
(dd, *Jum = 10 Hz, 2H; CH); "C NMR (125.8 MHz, D,0,
25 °C): 6 = 23.66, 25.06, 30.26, 47.37, 50.14, 51.33, 52.61,
53.14, 53.64, 53.96, 56.16, 56.4S, 56.71, 58.76, 118.79 (q, *J(cp)
2919 Hz, CF,COOH), 12592, 131.31, 132.90, 139.88,
165.30 (q, *Jcp = 352 Hz, CF;COOH), 178.04, 178.78;
HRMS (FAB) calculated for C,,H;sN(O,, 436.2924 [M+H]",
found: 436.2925 [M+H]".

Synthesis of 1,8-N,N’-Bis-(carboxymethyl)-4-N"-(4’-
isothiocyanatophenethyl)-1,4,8,11-tetraazacyclotetra-
decane (TE2A-Bn-NCS) (8). To a solution of compound 7
(1.05 g, 1.58 mmol) in water (20 mL) was carefully added
thiophosgene (CAUTION! CSCl, is considered highly toxic)
(3.64 mL, 546 g 4747 mmol) in CHCl; (20 mL). The
reaction mixture was stirred for 3 h at room temperature and
the layers were allowed to separate. The aqueous layer was
removed and the organic CHCI; layer was then washed with
water (2 X S0 mL). The combined aqueous layers were washed
with CHCl; (3 X S0 mL) to remove unreacted thiophosgene.
Finally, the aqueous layer was lyophilized to afford white solid 8
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(0.74 g, 98% yield). '"H NMR (500 MHz, D,0, 25 °C): & =
1.94 (s, 4H; CH,), 2.61-2.94 (m, 6H; CH,), 2.98—3.62 (m,
18H; CH,), 7.11-7.12 (dd, *Jum = S Hz, 2H; CH), 7.26—
7.27 (dd, *Jum = S Hz, 2H; CH); PC NMR (125 MHz, D,0,
25 °C): 6 = 23.57, 24.54, 30.72, 46.53, 49.75, 51.48, 52.18,
53.27, 56.64, 56.71, 56.80, 58.21, 128.65, 131.93, 132.69,
136.76, 138.23, 176.95, 177.193; HRMS (FAB) calculated for
C,3Hy N, O,S, 4782488 [M+H]*, found: 4782484 [M+H]".

Synthesis of Cu-TE2A-Bn-NH,. To a solution of TE2A-
Bn-NH, 7 (267 mg, 0.40 mmol) and Cu(ClO,),-6H,0 (149
mg, 0.40 mmol) in 20 mL of methanol was added 1 M aqueous
solution of NaOH (2.41 mL, 2.41 mmol). The resulting clear
blue solution was refluxed for 30 min, cooled, and filtered
through Celite bed. The filtrate was subjected to diethyl ether
diftusion. The deposited blue crystals were collected and dried
(178 mg, 89% vyield). HRMS (FAB) calculated for
C,H;CuN;O,, 497.2063 [M+H]*, Found: 497.2066 [M
+H]*; Elemental Analysis Caled For C,,H;CuN;0O,-3H,O:
C 47.94, H 7.50, N 12.71, Found: C 47.99, H 7.35, N 12.69.
Visible electronic spectrum: 4., (H,0)/592 nm (¢ = 141 M™!
em™); Anae (5 M HCI)/566 nm (e = 169 M™' ecm™). Crystals
suitable for X-ray structure determination were grown from a
methanol solution upon diethyl ether diffusion.

Acid Decomplexation Studies by Spectrophotometer.
Acid decomplexation studies were performed under pseudo
first-order conditions using sample concentrations of 3 mmol in
5 M HCI at 50 or 90 °C. Changes in the absorption maxima
with time were monitored using a Shimadzu UV-vis
spectrophotometer (UV-1650PC) in thermostatted cells. The
decreasing absorbance at the 4,,,,, of each spectrum (Cu-TE2A-
Bn-NH, 566 nm) was used to monitor the progress of the
decomplexation reaction. Half-lives were calculated from the
slopes of linear In(absorbance) vs time plots. Each experiment
was repeated two to three times and mean values of half-lives
are reported.

Acid Decomplexation Studies by HPLC. Sample
concentration of copper complexes (Cu-TE2A-Bn-NH,, and
Cu-TE2A) studied were 3 mmol in 12 M HCl. UV-HPLC
spectrum in 12 M HCI at 90 °C was recorded at specific time
points by injecting an aliquot (20 yL) onto a reverse phase
Xbridge C18 column (4.6 X 150 mm, S ym) with an isocratic
flow (Cu-TE2A-Bn-NH,, 0.1% TFA/H,0:MeOH 94:6, and
Cu-TE2A, 30 mM citric acid, 1 mL/min flow rate). The
decreasing absorbance at UV region (280 nm) was used to
monitor the progress of the decomplexation reaction. The
stability of TE2A-Bn-NH, itself was also monitored under the
same condition (12 M HCI, 90 °C). UV-HPLC spectra were
serially recorded by injecting 30 uL aliquot of the chelator into
a reverse phase Xbridge C18 column with an isocratic flow
(H,O:acetonitrile (94:6), 1 mL/min flow rate) and the
progress of reaction was monitored at UV region (254 nm).
UV spectra of TE2A-Bn-NH, and Cu-TE2A-Bn-NH, (0.3
mM) were measured in S M HCL

Electrochemical Studies. Cyclic voltammetry was con-
ducted with a Biologic model SP-150 with three-electrode
configuration. The working electrode was a glassy carbon
(diameter = 3 mm), Ag/AgCl (sat. KCl) reference electrode,
and Pt wire counter electrode. Samples (1 mM) were run in 0.2
M phosphate buffer adjusted to pH 7.0 with glacial acetic acid
at scan rate 100 mV/s. The solutions were deoxygenated for 15
min with Ar prior to use and kept under Ar atmosphere during
measurement.
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X-ray Crystallography of Cu-TE2A-Bn-NH,. Single
crystal X-ray diffraction data were collected using an Bruker
SMART APEX2 ULTRA and a APEX II CCD area detector
with a multilayer-monochromated Mo Ka radiation (4 =
0.71073 A) generated by a rotating anode. Data collection, data
reduction, and semiempirical absorption correction were
carried out using the software package APEX2. All of the
calculations for the structure determination were carried out
using the SHELXTL package. All non-H atoms were refined
anisotropically. All hydrogen atoms were included in calculated
positions with isotropic thermal parameters 1.2 times those of
attached atoms.

Radiolabeling of TE2A-Bn-NH,. Complexation of *Cu
with TE2A-Bn-NH, was achieved by a 30-min preincubation of
TE2A-Bn-NH, (100 ug) in EtOH with an excess of Cs,COj at
90 °C with constant stirring. Following centrifugation, **CuCl,
was added to the isolated supernatant. The mixture was
vortexed and incubated at 90 °C for 30 min. The mixture was
centrifuged, and the isolated supernatant was evaporated. The
dried mixture was dissolved in water, and passed through the
0.2 um Nylon Acrodisk 13 filter. Formation of **Cu-TE2A-Bn-
NH, complexes was verified by radio-TLC using a mobile
phase consisting of MeOH:10% ammonium acetate (1:1) on
silica plates. Radio-HPLC analysis of **Cu-TE2A-Bn-NH, was
accomplished using Xbridge C18 column (4.6 X 150 mm, S
um) with an isocratic method (0.1% TFA in water:MeOH
(96:4), 1 mL/min flow rate).

In Vitro Serum Stability of **Cu-TE2A-Bn-NH,. In vitro
serum stability of “*Cu-TE2A-Bn-NH, was carried out by
adding 50 uL of %*Cu-TE2A-Bn-NH, (1—2 mCi) to 500 uL of
FBS (Fetal Bovine Serum). The solution was incubated at 37
°C, and samples were analyzed by radio-TLC at 0, 10, 30, 60
min, and 2, 4, 10, 24, 48, and 72 h postadministration to FBS.
Serum stability studies were carried out in duplicate.

Conjugation of TE2A-Bn-NCS to Trastuzumab. Trastu-
zumab (4 mg) was added to a solution of TE2A-Bn-NCS (0.53
mg) in 0.1 M Na,CO; (pH 9.0, 100 yL). The resulting solution
was gently agitated at room temperature overnight. The
following day, this solution was placed on a centricon YM-50
(Millipore), and spun down to reduce the volume and washed
with PBS (pH 7.4, 2 mL) three times to remove unreacted
TE2A-Bn-NCS chelator. The purified TE2A-Bn-NCS-trastuzu-
mab conjugate was collected in 2 mL of PBS and stored at —20
°C.

The conjugation of DOTA-Bn-NCS with trastuzumab was
carried out using DOTA-Bn-NCS (0.74 mg) instead of TE2A-
Bn-NCS in a similar way to that above.

MALDI-TOF Analysis of Trastuzumab, TE2A-Bn-NCS-
Trastuzumab, and DOTA-Bn-NCS-Trastuzumab. Measure-
ment of the level of chelator conjugated to trastuzumab
followed the method using the matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
method (TOF/TOF 5800 System, AB SCIEX). TE2A-Bn-
NCS-trastuzumab and DOTA-Bn-NCS-trastuzumab were
adjusted to approximately 10—20 picomol/uL of antibody by
addition of Q water. A solution of 20 mg/mL sinapinic acid
(SIGMA) in 50:50 acetonitrile/0.1% (v/v) trifluoroacetic acid—
water was used as the MALDI matrix. After mixing the sample
and matrix in 1:1 volume ratio, 2 yL of the mixture was spotted
on the target plate and allowed to air-dry prior to mass analysis.
The instrument was operated in linear mode for intact proteins.
In the experiments, external calibration was applied to the
instrument after data collection with data explorer software (AB
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SCIEX). BSA (SIGMA, M+H" = 66 431, 2M+H" = 132 861)
was used as external calibration for intact proteins. A spectrum
was obtained by averaging 600 laser shots using continuous
stage motion mode within the sample well. The laser power
was adjusted to 5800 fixed intensity. The mass range was
applied from 25 kDa to 180 kDa and focus to 150 kDa.

64Cu-Radiolabeling of TE2A-Bn-NCS-Trastuzumab.
6Cu (0.5-2 mCi) in 0.1 M NH,OAc buffer (pH 8.0, 100
uL) was added to 80 ug of TE2A-Bn-NCS-trastuzumab in 0.1
M NH,OAc buffer (pH 8.0, 100 uL) or simple distilled water.
The reaction mixture was incubated at 25 °C for 10 min, then
50 ug of DTPA was added and the reaction mixture was further
incubated for 20 min at 30 °C. The radiochemical yield was
checked with instant thin layer chromatography (ITLC-SG,
saline). The %Cu-labeled TE2A-Bn-NCS-trastuzumab was
purified by centrifugation using YM-S0 filter to remove any
$Cu-DTPA complexes. Radiochemical purity was determined
by size exclusion high-performance liquid chromatography (Bio
Silect SEC 250-5 300 X 7.8 mm; flow rate 1 mL/min, with the
isocratic mobile phase consisting of PBS, pH 7.4).

84Cu-Radiolabeling of DOTA-Bn-NCS-Trastuzumab.
#Cu (1.0-1.2 mCi) in 0.1 M NaOAc buffer (pH 5.5, 100
uL) was added to 80 pg of DOTA-Bn-NCS-trastuzumab in 0.1
M NaOAc buffer (pH $.5, 100 yL). The reaction mixture was
incubated at 40 °C for 60 min, then 50 ug DTPA was added
and the reaction mixture was further incubated for 20 min at 30
°C. The *Cu-labeled DOTA-Bn-NCS-trastuzumab was also
purified by centrifugation using YM-50 to remove any free **Cu
ions. The radiochemical yield and purity was determined as
above in TE2A-Bn-NCS-trastuzumab.

Specific Activity Determination of 4*Cu-TE2A-Bn-NCS-
Trastuzumab and ®*Cu-DOTA-Bn-NCS-Trastuzumab. The
fixed amount of **Cu (220 xCi) in 0.1 M NH,OAc buffer (pH
8.0, 100 yL) was added to various concentrations (1—80 ug) of
TE2A-Bn-NCS-trastuzumab in 0.1 M NH,OAc buffer (pH 8.0,
100 uL). The reaction mixture was incubated at 25 °C for 10
min, then 50 pug of DTPA was added and the reaction mixture
was further incubated for 20 min at 30 °C. The radiochemical
yield was checked with instant thin layer chromatography
(ITLC-SG, saline). Three concentrations of TE2A-Bn-NCS-
trastuzumab showing 40—90% radiolabeling yield was chosen
to calculate the specific activity of “Cu-labeled TE2A-Bn-NCS-
trastuzumab (9.0 + 0.39 uCi/ug). The specific activity of **Cu-
DOTA-Bn-NCS-trastuzumab (8.5 + 0.48 uCi/ug) was also
measured in the same way except using the radiolabeling
condition of DOTA-Bn-NCS-trastuzumab (0.1 M NaOAc
buffer (pH 5.5), 40 °C, 60 min).

Animal Models. All animal experiments were conducted in
compliance with the Animal Care and Use Committee
requirements of Kyungpook National University. Xenograft
tumor models of NIH3T6.7 cell lines were prepared using 6-
week-old BALB/c nu/nu female nude mice. 5$X106 NIH3T6.7
cells were inoculated subcutaneously into left shoulder and
right flank of mice. Tumors of appropriate size usually grew
within 15 d after the implantation.

Biodistribution of ®*Cu-TE2A-Bn-NCS-Trastuzumab
and ®'Cu-DOTA-Bn-NCS-Trastuzumab. The NIH3T6.7
tumor-bearing BALB/c nude mice (n = 4) were injected via
tail-vein with **Cu-TE2A-Bn-NCS-trastuzumab and **Cu-
DOTA-Bn-NCS-trastuzumab (ca. 20 uCi in 200 uL saline
per mouse) for comparison studies. Animals were sacrificed at 1
and 2 days postinjection. Organs and tissues of interest (blood,
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muscle, bone, spleen, kidney, intestine, liver, and tumor) were
removed, weighed, and counted using gamma-counter. The
percent of injected dose per gram (%ID/g) was calculated by
comparison to a weighted, counted standard.

MicroPET Imaging in NIH3T6.7 Tumor Bearing Nude
Mice. Small animal PET scans and image analysis were
performed using a microPET R4 rodent model scanner.
Imaging studies were carried out on female nude mice bearing
NIH3T6.7 tumors. The mice were injected via the tail vein with
$*Cu-TE2A-Bn-NCS-trastuzumab (200 uCi). At 1, 2, and 3
days after injection, the mice were anesthetized with 1% to 2%
isoflurane, positioned in prone position, and imaged. The
images were reconstructed by a two-dimensional ordered-
subsets expectation maximum (OSEM) algorithm, and no
correction was necessary for attenuation or scatter correction.

B RESULTS AND DISCUSSION

Synthesis of Bifunctional Chelator TE2A-Bn-NCS. New
TE2A-Bn-NCS was successfully synthesized in seven steps from
commercially available cyclam as shown in Scheme 1. First, two

Scheme 1. Seven-Step Synthesis of TE2A-Bn-NCS from
Cyclam
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acetate groups were regioselectively introduced at 1,8-
positioned amines of cyclam using the protectlon/ alkylation/
deprotection strategy as reported previously.” Briefly, four
amines of cyclam were protected by formaldehyde followed by
alkylation of tert-butyl bromoacetate, which give trans-
disubstituted cyclam compound (3). Only methylene bridges
on adjacent amines were deprotected by treatment of 3 M
NaOH at room temperature. The tert-butyl ester groups of 3
were not broken by strong base at this stage thanks to
insolubility of 4 in aqueous solution. Next, the second
functional group needed for easy conjugation with biomole-
cules was introduced on one of the two regenerated secondary
amine groups. A mixture of disubstituted cyclam (4) and 3
equiv of 4-nitro phenylethyl bromide was refluxed in the
presence of anhydrous K,CO; and KI. After workup, the
residue was purified via column chromatography to afford pure
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5 as an oil. Even though excess alkylating agent was used, only
trisubstituted cyclam compound (5) was obtained as the major
product. Deprotection of the tert-butyl ester groups of 5 was
carried out by the treatment of trifluoroacetic acid to give pure
white solid (6). For the reduction of NO, to NH, group,
compound 6 was treated with 10% Pd/C in water under H, (g)
at room temperature. The NH, group of 7 was converted to
NCS group by treating it with highly excess thiophosgene
(CAUTION! CSCl, is considered highly toxic) to afford the
final product TE2A-Bn-NCS (8). During NCS conversion
reaction, the TFA salts of intermediate 7 were gone and TFA
salt-free TE2A-Bn-NCS was obtained. When the reduction step
of nitro group proceeded before the deprotection of tert-butyl
groups, higher amounts of TFA salts were found in
intermediate 7 and the next NCS conversion reaction did not
proceed cleanly. Proton and carbon NMR spectra matched well
with the expected peak patterns of TE2A-Bn-NCS (Figure 2).
No TFA peaks were observed in *C NMR spectrum. All other
intermediates were also fully characterized by 'H and *C NMR
and HR-Mass spectroscopy (see Supporting Information).

By designing an efficient synthetic route, all of the
intermediates and products except 5 were isolated in
quantitative yield without tedious column purification. The
total reaction time was 4 days and the overall yield from
commercially available cyclam reached 57%. This synthesis time
and yield are far superior in comparison with previously
reported similar BFCs such as DOTA-Bn-NCS,*>*® TETA-Bn-
NCS,>>*'* and NOTA-Bn-NCS,'>*® in which an extra
functional group (NCS) is attached on macrocyclic ring carbon
atom. Their typical total reaction time and overall yield from
starting compounds were over 14 days and less than 5%,
respectively (Table 1). In the current synthesis, the extra
functional group was simply introduced on the secondary
amine group of cyclam, which could avoid low-yielding
cyclization steps in other BFC syntheses. Even though the
intra- and intercondensation between NCS group and
secondary amines of TE2A-Bn-NCS was worried before
synthesis, we did not observe any noticeable thiourea bond
formation during synthesis and storage of TE2A-Bn-NCS.

Synthesis of Cu-TE2A-Bn-NH, (Cu-7). To evaluate the
kinetic stability of copper(Il) complex, which is known to be
more important than their thermodynamic stabilities in
physiological conditions, we synthesized Cu(II) complex of
TE2A-Bn-NH, (7) as model compound because NCS group of
TE2A-Bn-NCS seemed to be involved in Cu(Il) complex
formation, and the expected Cu complex, in which Cu(II) ions
are hexa-coordinated with four nitrogens of tetraazamacrocycle
and two acetic acid groups, was not isolated. Cu complex of
TE2A-Bn-NH, was easily synthesized by treating TE2A-Bn-
NH, with Cu(ClO,),-6H,0 in 1 M NaOH in reflux condition.
The Cu-TE2A-Bn-NH, complex was recrystallized from
methanol layer by slow diffusion of diethyl ether in 89% yield.

Acid Decomplexation and Electrochemical Studies.
Even though we had proven previously that TE2A could form
much more stable Cu(Il) complex compared to TETA, the
effect of introduction of an extra functional group on one of
two secondary amines was evaluated by acid decomplexation
and electrochemical study. The half-lives for the acid-assisted
decomplexation of Cu-TE2A-Bn-NH, and Cu-TE2A com-
plexes and the reduction potentials of copper(Il) complexes are
summarized in Table 2. Acid-assisted decomplexation of the
Cu(II) complex is a good barometer in estimating the in vivo
stability of complexes.** The half-life of Cu-TE2A-Bn-NH,
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Figure 2. 'H (a) and *C (b) NMR spectra of TE2A-Bn-NCS with several peak assignments.

Table 1. Comparison of Total Synthesis Time and Overall
Yield from Starting Compounds

bifunctional total number of total reaction time for  overall
chelator synthesis steps synthesis yield
TE2A-Bn- 7 4 days 57%
NCS
NOTA-Bn- 12 14 days 2.9%
NCS
DOTA-Bn- 10 21 days 3.6%
NCS
TETA-Bn- 10 30 days 3.3%
NCS

Table 2. Half-Lives” for Acid Decomplexation under Pseudo
First Order Conditions at 5 M HCl Concentration and
Reduction Potentials of Cu(II) Complexes

SMHC, SMHCL E. (V) vs Ag/AgCl (02 M
complex 50 °C 90 °C phosphate)
Cu-TE2A-Bn- 261.9(7) h 84.7(4) m —1.02 (irrev)
NH,
Cu-TE2A 926(2) h  462(8) m —1.04 (irrev)

“Half-lives are mean values of 2—3 experiments.

complex in 5 M HCl at 50 °C was 261.9 h, which was almost 3
times higher than the value of 92.6 h for Cu-TE2A in the same
condition. In 5 M HCI at 90 °C, the half-life of Cu-TE2A-Bn-
NH, complex was dramatically reduced to 84.7 min, but still it
was almost double compared to the value of 46.2 min for Cu-
TE2A.

To check the Cu complex stability in harsher conditions and
to monitor degradation patterns, Cu-TE2A-Bn-NH, and Cu-
TE2A complexes were tested in 12 M HCI at 90 °C and
degradation pattern was monitored by HPLC (Figure 3a and
b). More than 60% of intact Cu-TE2A-Bn-NH, remained after
30 min heating and took 4 h to reduce to 1%, whereas about
90% of Cu-TE2A was decomposed at 30 min and only 1% of
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intact Cu-TE2A remained at 50 min postheating. All these acid
decomplexation studies showed that Cu-TE2A-Bn-NH, is more
kinetically stable than Cu-TE2A in at least as strong acidic
conditions. Higher stability of Cu-TE2A-Bn-NH, could be
attributed to the extra one alkylation on secondary amine of
cyclam.*® As a control experiment, the stability of TE2A-Bn-
NH, itself was also monitored in the same harsh acidic
conditions (12 M HCI, 90 °C). It did not show any sign of
decomposition up to 4 h (see Supporting Information, Figure
S3). However, because the UV absorbance of TE2A-Bn-NH, in
the absence of Cu was 70 times lower than that of Cu-TE2A-
Bn-NH, at 280 nm (Figure S1), the contribution of UV
absorbance of Cu-released chelator to overall UV absorbance at
monitoring wavelength should be minimal.

Owing to the different preferences of coordination pattern of
Cu(I) ion from Cu(IL), the reduction of the Cu(Il) complex to
Cu(I) leads to the breakdown of the Cu(Il) complex.** The
electrochemical behaviors of Cu-TE2A-Bn-NH, and Cu-TE2A
were examined by cyclic voltammetry studies (Figure 3c and d).
The two cyclic voltammograms were almost undistinguishable.
Both the Cu-TE2A-Bn-NH, and Cu-TE2A complexes showed
irreversible reduction voltammograms with reduction potential
of —1.02 V and —1.04 V (vs Ag/AgCl), respectively. These
cyclic voltammetry studies showed that the effect of one more
alkylation on the electrochemical behavior of Cu(II) complex is
minimal.*®

X-ray Crystallography of Cu-TE2A-Bn-NH,. Recrystalli-
zation of Cu-TE2A-Bn-NH, in methanol/ether solvent system
produced a single crystal suitable for X-ray analysis. The core
coordination sphere around the Cu(Il) ion adapts slightly
distorted octahedral geometry, in which the copper atom is
strongly coordinated by four macrocyclic nitrogens in
equatorial positions to attain a strong ligand field in the plane
of the ring [Cu—N 2.038(1), 2.055(1), 2.067(1), 2.101(1) A]
and the two carboxylate oxygen atoms occupy the elongated
axial positions [Cu—O 2.290(1), 2.326(1) A] (Figure 4). The
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Figure 3. Time-dependent UV-HPLC chromatograms of Cu-TE2A-Bn-NH, (a) and Cu-TE2A (b) during acidic decomplexation in 12 M HCI at 90
°C. Cyclic voltammograms (scan rate 100 mV/s, 0.2 M phosphate buffer, pH 7) of Cu-TE2A-Bn-NH, (c) and Cu-TE2A (d).

pendant CH,CH,PhNH, group in Cu-TE2A-Bn-NH, is
located far away from the copper coordination center. Except
for that, the core coordination geometry is virtually the same as
that of Cu-TE2A.*” The X-ray structure clearly showed that one
more N-substitution on TE2A does not disrupt the strong N,
in-plain ligand field, thus allowing Cu-TE2A-Bn-NH, to attain
high kinetic inertness and thermodynamic stability. Detailed X-
ray crystallographic data is available in Supporting Information.

Conjugation and ®Cu Radiolabeling. After confirming
the high in vitro stability of the Cu(II) complex of new BFC,
we tested its conjugation feasibility and radiolabeling efficiency
with #Cu. Trastuzumab, the first FDA approved monoclonal
antibody for immunotherapy, was chosen as a model antibody
for conjugation. Trastuzumab is known to selectively target the
HER2 protein and block its overexpression.*® TE2A-Bn-NCS
was conjugated smoothly with trastuzumab by forming strong
thiourea bonds by the reaction of NCS group of TE2A-Bn-
NCS and lysine NH, group of antibody (Scheme 2). The

Figure 4. X-ray structure of the Cu-TE2A-Bn-NH, complex with
hydrogens omitted for clarity.

Scheme 2. Conjugation of TE2A-Bn-NCS with Trastuzumab and **Cu-Radiolabeling
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TE2A-Bn-NCS-trastuzumab conjugate was purified by simple
centrifugal filtration (Ultracel YM-50, Millipore) and collected
in PBS buffer. The purified TE2A-Bn-NCS-trastuzumab
conjugate was analyzed by size-exclusion HPLC [Bio Sil SEC
250 (Bio-Rad, USA), PBS (pH 7.4), 1 mL/min] (Figure S, top)
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Figure S. UV-HPLC chromatogram (280 nm) of TE2A-Bn-NCS-
trastuzumab (top) compared with radio-HPLC chromatogram of
*Cu-TE2A-Bn-NCS-trastuzumab (bottom).

and was characterized by MALTI-TOF mass spectroscopy
(Figure 6). The number of chelator, TE2A-Bn-NCS, on each
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Figure 6. MALDI-TOF characterization of trastuzumab (a), TE2A-
Bn-NCS-trastuzumab (b), and DOTA-Bn-NCS-trastuzumab (c).

trastuzumab was calculated by the mass difference observed in
mass analysis of trastuzumab and TE2A-Bn-NCS-trastuzumab
(147820 and 151232, respectively). A difference of 3412 mass
unit was observed, which corresponds to an average of 7.1
TE2A-Bn-NCS molecules per antibody.

The purified TE2A-Bn-NCS-trastuzumab conjugate was
radiolabeled quantitatively by incubation with **CuCl, in 0.1
M NH,OAc buffer (pH 8.0) or simple distilled water at 25 °C
for 10 min (Scheme 2). More than 90% of radiolabeling yield
was measured even after 1 min of incubation. After centrifugal
removal of trace amount of free **Cu(II) ions by excess DTPA
complexation, the radiochemical purity of **Cu-TE2A-Bn-NCS-
trastuzumab reached 100% (Figure S, bottom). Until now,
various antibodies have been radiolabeled via several DOTA
and TETA-based BFCs. However, their typical labeling
conditions require at least 30—60 min of incubation at 35—
43 °C to give 60—95% radiolabeling yield.""'>'>***% In
contrast, TE2A-Bn-NCS-conjugated antibody showed instant
quantitative radiolabeling yield at room temperature, which are
highly required conditions for the successful radiolabeling of
heat- and radiation-sensitive antibody.

For the comparison of in vivo stability and biodistribution
behavior, DOTA-Bn-NCS-trastuzumab was also prepared in a
similar manner as TE2A-Bn-NCS and the number of chelators,
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DOTA-Bn-NCS, per trastuzumab was calculated to be 6.7 by
MALDI-TOF analysis (Figure 6). About 90% radiolabeling
yield was achieved after 1 h incubation of DOTA-Bn-NCS-
trastuzumab with ®*Cu ions at 40 °C,** and unlabeled free **Cu
ions were removed by the competitive DTPA complexation
followed by centrifugal purification, resulting in 100% pure
#Cu-DOTA-Bn-NCS-trastuzumab. When exactly the same
radiolabeling condition of TE2A-Bn-NCS-trastuzumab was
used, the labeling yield of DOTA-Bn-NCS-trastuzumab with
%Cu was less than 10%. After purification, the specific activity
of **Cu-labeled TE2A-Bn-NCS-trastuzumab and DOTA-Bn-
NCS-trastuzumab was calculated to be 9.0 & 0.39 uCi/ug and
8.5 + 0.48 uCi/ug, respectively.

Radiolabeling of TE2A-Bn-NH, and in Vitro Serum
Stability of ®*Cu-TE2A-Bn-NH,. Radiolabeling of TE2A-Bn-
NH, was carried out by using the Cs,CO; method to achieve
quantitative radiolabeling yield and the desired radio complex
was obtained in 100% radiochemical purity by HPLC
separation. The radiolabeled ®*Cu-TE2A-Bn-NH, did not
show any noticeable degradation at 37 °C in fetal bovine
serum up to 3 days (see Supporting Information, Figure S4).

Biodistribution Studies. The in vivo stability and targeting
affinity of prepared ®*Cu-TE2A-Bn-NCS-trastuzumab were
examined by biodistribution studies in Her2/neu positive
tumor models and compared with **Cu-DOTA-Bn-NCS-
trastuzumab (Figure 7). The highest uptake of **Cu-TE2A-

45
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Figure 7. Biodistribution data of ®Cu-TE2A-Bn-NCS-trastuzumab
and **Cu-DOTA-Bn-NCS-trastuzumab at 1 and 2 d postinjection in
NIH3T6.7 tumor bearing nude mice (n = 4).

Bn-NCS-trastuzumab was found in tumors at both 1 and 2 d.
The activity in tumor at 1 d (35.3 + 5.8%ID/g) was slightly
decreased at 2 d (31.1 + 7.1%ID/g). High activity retention
was also shown in blood at 1 d but slowly decreased until 2 d
(29.2 + 3.7 and 22.2 + 1.6, respectively), which reflects lon:

circulation behavior of trastuzumab antibody in the blood."

The liver, kidney, and spleen showed the next highest activity
uptakes. The biodistribution pattern of **Cu-DOTA-Bn-NCS-
trastuzumab was distinctively different from that of “Cu-TE2A-
Bn-NCS-trastuzumab even though only BECs were different in
two conjugates. First of all, *Cu-DOTA-Bn-NCS-trastuzumab
showed much faster blood clearance. The activity in blood was
less than 50% compared to the TE2A analog at both 1 and 2 d
(14.0 = 1.2 and 104 + 1.3%ID/g, respectively), which is still
comparable to the reported blood uptakes of DOTA-
conjugated trastuzumab.”**’ However, liver and kidney
activities of **Cu-DOTA-Bn-NCS-trastuzumab were even
higher than those of %*Cu-TE2A-Bn-NCS-trastuzumab at
both time points. Considering the long blood half-life of intact
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antibodies, all these data suggest that free %Cu ions are
dissociated from the trastuzumab-conjugated DOTA complex
and bind to the copper binding protein, then remained in these
organs with retarded clearance.'” Consequently, less tumor
uptake of **Cu-DOTA-Bn-NCS-trastuzumab was observed at
both 1d (20.1 + 2.0%ID/g) and 2 d (19.2 + 2.6%ID/g), which
is only 57% and 62% of the corresponding values of the TE2A
analog, respectively.

MicroPET Imaging Studies. Finally a **Cu-immuno-PET
imaging study was carried out to monitor the in vivo behavior
of ®*Cu-TE2A-Bn-NCS-trastuzumab noninvasively in real time
(Figure 8). By considering long blood circulation of intact

b) High

Low

Figure 8. MicroPET images of female nude mice bearing NIH3T6.7
tumors at 1 (a), 2 (b), and 3 d (c) after injection of *Cu-TE2A-Bn-
NCS-trastuzumab.

antibodies, NIH3T6.7 tumor-bearing mice were imaged on a
daily basis up to 3 days after tail vein injection of **Cu-TE2A-
Bn-NCS-trastuzumab (200 uCi). At 1 d postinjection, high
uptakes were found in both tumors and internal organs. Even
though one tumor in the left shoulder was easily recognized,
the other tumor in the right flank close to the internal organs
did not show a clear margin of the tumor because of high
activity in the liver and kidneys. However, the activity of
background, including blood and internal organs, decreased
gradually at 2 and 3 d, while tumor activity decreased in lower
amounts compared to others. As a result, both of the two
Her2/neu positive tumors could be unambiguously assigned at
2 d, and even more clearly visualized with a higher tumor-to-
background ratio at 3 d. These microPET studies clearly
demonstrated that ®*Cu-labeled antibody could be easily
monitored up to 3 days by immuno-PET imaging when
antibody was radiolabeled firmly using appropriate BFC such as
TE2A-Bn-NCS.

B CONCLUSION

In conclusion, a new tetraazamacrocyclic BFC, in which two
acetic acid group and an extra NCS pendant arm are substitued
on N-atoms of cyclam for strong Cu(II) complexation and easy
conjugation with antibody, respectively, was synthesized in high
yield. A newly synthesized TE2A-Bn-NCS showed many
promising physical properties as a BFC such as facile
conjugation with antibody, high stability of formed Cu(II)
complex, instant radiolabeling at room temperature, reduced
demetalation of free **Cu ions in physiological conditions, and
vivid tumor imaging with low background noise. All these data
strongly suggest that TE2A-Bn-NCS has great potential as a
BEC for *Cu-immuno-PET imaging.

B ASSOCIATED CONTENT

© Supporting Information
Characterization of compounds (4—8), characterization of Cu-
TE2A-Bn-NH,, UV spectra of chelator and Cu complex, acid
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decomplexation study by spectrophotometer, X-ray crystallo-
graphic data of Cu-TE2A-Bn-NH,, serum stability. CCDC
902630 contains the supplementary crystallographic data for
this paper. This material is available free of charge via the
Internet at http://pubs.acs.org.
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